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Abstract

Starting with a review of the development of fibre optic temperature sensing tech-
niques, this thesis is comprised of the author’s work on the fibre optic fluorescence
thermometry, a prominent branch of fibre optic thermometry. First, the temperature
dependences of fluorescence in Cr3+doped materials, a large family of promising tempera-
ture sensing materials are examined, which lay the theoretical basis of the fluorescence
thermometry discussed herein. Based on the Tanabe-Sugano diagram, such temperature
dependences are characterised with the crystal field strengths of'the host materials and two
single configurational coordinate models are proposed for the temperature dependences in
materials with high and low crystal field strengths respectively. These models have
successfully explained the great diversity in the temperature dependences of the Cr3+
fluorescence lifetimes, by their close fits to the experimental data of various corresponding
materials.

Then, the work contributing to the instrumentation aspects of the fluorescence
thermometry is discussed. Evolving from the lock-in amplifier technique, a category of
novel, effective and versatile instrumentation approaches: the phase-locked detection of
fluorescence lifetimes (PLD), is presented. The operating principles of these new signal
processing approaches are described with theoretical analysis and graphic illustrations. The
theoretical basis of the electronic design is provided.

After the descriptions of the PLD techniques, examples of their applications in
various successful Cr3+luorescence based fibre optic thermometer schemes are presented,
which are developed in the course of this study. These demonstrate that the PLD schemes
can be operated over a wide consecutive measurement range of fluorescence lifetime with
a high measurement resolution, and are particularly useful for temperature sensor applica-
tions using long lifetime (> 1 fis) fluorescent media. Some considerations in relation to
specific applications, e.g. in high temperature sensing or in medical RF hyperthermia
treatment, are discussed including the fabrications of temperature fibre probes for various
specified applications. The applications of the two single configurational coordinate
models proposed in this work are also discussed showing their good potentials for the
calibration of the Cr3+ fluorescence based thermometers.

Finally, the feasibility of the incorporation of the fluorescence thermometry with the
long-established radiation thermometry, to extending the measurement range of a fibre
optic temperature sensor is illustrated, by a fibre optic sensor scheme based the cross
referencing between the fluorescence lifetime of Nd:YAG and the blackbody radiation at
a single wavelength, 1064 nm. To conclude this thesis, a cross comparison to previous
experimental work is made with a discussion of the future work, and the further potentials
of this work are also investigated.

Abstract
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Symbols and Abbreviations

4A2 Ground electronic state of transition metal ions in crystal fields
c\,C2 Radiation constants, C\ = 2nhc2and C2 = hc/k
°C Degree Celsius
Cr3+ Trivalent Chromium Ion
Dq/B Normalised octahedral crystal-field strength
E, AFE Energy and energy splitting between two different energy states

2F One of the low-lying electronic state of transition metal ions in

crystal fields, from which the sharp /Cline emissions initiate.

E/B Normalised energy of the low-lying excited energy states
FID Fluorescence inducing and detecting device

G giga, 109

/ Frequency of a repetitive signal

h Planck constant, 6.625 x 10"34] s

hv Quantum energy
/ Fuminous intensity
k kilo, 103

k Boltzmann constant, 1.38 x 1023 J K"1
K Degree Kelvin
FD Faser diode
LED Light emitting diode
LPF Low-pass electrical filter
m meter, or milli, 10"3

M mega, 106

Symbols & abbreviations
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Nd3+

opt
PLD

PLD-AMSR

PLD-PMSR

PLD-PMTR

PSD
RF
R-line, R/, R2

S, S

4t 2

VCO

x, x0

nano, 10"9

Population of an energy state

Trivalent Neodymium lon

Optimum

Phase-locked detection of fluorescence lifetime

Phase-locked detection with analog modulation of excitation

source and single reference signal

Phase-locked detection with pulse modulation of excitation source

and single reference signal

Phase-locked detection with pulse modulation of excitation source

and two reference signals

Phase sensitive detector

Radio frequency

Emission resulting from the non-phonon 2E —» 472 transitions
Sensitivity, or second

Area

Time

Temperature, or time

Period of a repetitive signal

One of the low-lying electronic state of transition metal ions in
crystal fields, which is responsible for the low energy optical

absorption band

The amplitude of a voltage signal
Voltage-controlled oscillator
Power

The ratio of the period of the repetitive signal to the measured

fluorescence lifetime in a phase-locked detection (PLD) system
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y The output of a phase sensitive detector

® Mixer, or switch type, double balanced demodulator in a phase

sensitive detector

a, G Ratios of transition rates, or the phase shift ratios in a

phase-locked detection (PLD) system
5 Sight path factor
8 The emissivity of a surface

7 The ratio of excitation leakage amplitude to that of the

fluorescence response
X AX Wavelength and variance of wavelength
F Micro-, 106
71 pi =3.142
a Error, or deviation
X Fluorescence lifetime, or the time-constant of a exponential signal
Fluorescence signal
Wi Intensity modulation signal to the excitation source
W Reference signal
Excitation light leakage

U-Z Fluorescence response signal contaminated by excitation light

leakage
Phase angle

© Angular frequency
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Chapter 1

Fibre Optic Fluorescence
Thermometry: Introduction

1.1. Introduction

Temperature is one of the four or five most important parameters in industrial process
control. The particular importance of the measurement of temperature is found equally in
most spheres of scientific activity and daily life. Almost all chemical processes and
reactions are temperature-dependent. Not infrequently in chemical plant, temperature is the
only indication of the progress of the process. Where the temperature is critical to the
reaction, a considerable loss of product or efficiency may result from incorrect tempera-
tures. In some cases, loss of control of temperature can result in catastrophic plant failure

with the attendant damage and possible loss of life.

There are many other areas of industry where temperature measurement is essential.
Such applications include steam raising and electricity generation, plastics and glass
manufacture and moulding, manufacturing processes in metallurgical industries, milk and
dairy products and many other areas of the food industries. Further, in biomedical areas,
the taking and the monitoring of patients’ temperatures provide the basic diagnostic

criterion, and it is essential during some hyperthermia treatments, for the safety ofpatients.

The importance of temperature measurement can even be seen simplistically by
consideration of the financial aspects of the sensors and devices used world-wide. Esti-

mates on the world-wide sales of temperature sensors run to several hundred million
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pounds per year M, a figure that could be increased several times when the associated

controllers, indicators, and other aspects of the measurement system are added.

Although a wide range of existing instruments is available for use either in industry
or in laboratories, or under special industrial conditions, the innovation and the research
and development activities have never ceased, due to the ever extending areas of use of
thermometers in the industrial, the research and development and biological environments.
These environments can present many significant difficulties for the determination of
temperature. The region to be measured may be moving, extremely hostile, in a position
where access is extremely difficult, or where the physical contacting of a sensing probe
may even be impossible, or where the presence of interference from other electromagnetic
noise excludes the use of electronic thermometers. Examples of these situations are the
measurement of the temperature of a rotating blade of a turbine-engine, the monitoring of
winding temperatures in electrical transformers, and the temperature monitoring during
clinical RF heat treatment, etc. To seek alternative means of temperature sensing, one of
the most active research and development areas is in thermometry based on the use of

fibre-optics.

1.2. Fibre optic temperature measurement

1.2.1. Historical overview

It is already over two decades now since the first concepts of the use of fibre optic
techniques for sensor purposes were discussed. The initial drive for the development of
fibre optic sensors came from their potential use in military and aerospace applications
where the cost factors of the introduction of new technology were less rigid and the

working environment more hostile than is experienced with other areas of application.

In many cases fibre optic techniques simply make more convenient the use of "open
air path" optical approaches, through the more convenient channelling of the light to and
from the region of measurement Thus, for example, radiation pyrometry can easily be
adapted to fibre optic measurement |3f However, fibre optic sensors in their own right have

been produced in recent years and much research effort has been directed toward the
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development of this technology. As a result, a considerable body of publications has
appeared and specifications for a number of commercial products have been advertised by

major manufacturers.

In addition, fibre optics for communication purposes are now well established  The
U.S., Japan, and most European countries have extensive programmes of fibre optic
cabling for the main trunk networks of their telecommunications systems. Many computer
data links rely on fibre optics, and there is considerable discussion ofthe use of fibre optics
as communications channels for data into the home. By this means the superior data
handling capacity of fibre optics over conventional cabling may be used. All these have
resulted in a considerable decrease in the price of fibre optics and their associated
optoelectronic devices, i.e., emitters and detectors. With the increase in sophistication of
electronic signal processing techniques, there is no reason why inexpensive fibre optic
sensors relying upon sophisticated electronic signal processing cannot be commercialised

at reasonable costs.

It is, however, disappointing to note that in spite of the wealth of information that has
been published in the literature on fibre optic sensors, as yet the product range commer-
cially available is small and few manufacturers are using fibre optic devices for actual
industrial or process control. As a result, the industrial or medical sphere has not experi-
enced the development of fibre optic sensors that was predicted up to 10 years ago in many
of the earlier, somewhat over optimistic, papers of the field Nonetheless, steady
progress is being made and the advantages of the use of fibre optic sensors, as discussed
later, are evident. Contrasts and comparisons with the slow development of the use of the
laser outside the laboratory can be made, as this technology has taken about 25 years to
mature. Many commercial fibre optic products only now have evolved to product stage,

following initial ideas and early research work of 10 years previously [6].

1.2.2. Advantages of fibre optic temperature measurement

The primary reason for interest in fibre optic sensors in most cases stems from the
fundamental differences between an optical fibre and a metal wire. These differences give

fibre optic sensors the following advantageous characteristics:
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Electrical, Magnetic and Electromagnetic Immunity:

This is the dominant attribute of the fibre optic sensor. The materials in the probe are
typically good electrical insulators. Since they do not conduct electricity, the probes cannot
(in principle) introduce electrical shorting paths or electrical safety problems. Likewise,
since they do not absorb significant amounts of electromagnetic radiation fields or be
heated by such fields with the resultant introduction of thermal artifacts into the readings.
Last, but not least, stray fields cannot induce electrical noise in the fibres, so the probes
exhibit a very high level of electromagnetic immunity (EMI) when used in electrically or

magnetically hostile environments.

Small sensor size:

Since the typical sensor does not have to be any larger in diameter than the fibre itself, the
sensor can, in principle, be extremely small. This allows use in applications such as in
medicine or in microelectronics where size is critical. Further, since small size means small
thermal mass, the fibre optic sensors typically exhibit a commensurate very rapid thermal

response.

Safety:

The safety issue may be the main reason for the use of fibre optic sensors in some particular
areas of application. Most fibre optic sensors require no electrical power at the sensor end
of the system. They generate their own optical signal or they are "powered" remotely by
radiation from a light source located within the instrument. Therefore they introduce no
danger of electrical sparking in hazardous environments. There is reason to believe that at
the normal levels of optical power coupled into fibre optics, i.e., levels of up to several
hundred milliwattes of optical power, there is almost no hazard with any accidental fracture
of cable and possible focusing of the optical radiation by the lensing effects of the broken
end. Particularly in chemical industry, where highly explosive gases or gas mixtures may
be used, this is an important consideration, but on the whole in normal use, fibre optic
sensing systems can be considered intrinsically safe. A considerable discussion of this
aspect has been made in reports commissioned by the U.K. Optical Sensors Collaborative

Association by Tortishell » and others.
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Capability ofremote measurements:

The small size of the fibre and its electrical, chemical and thermal inertness allow
long-term location of the sensor deep inside complex equipment and thereby provide
access to difficult to address locations where temperature may be of interest. Beyond this,
however, certain ofthe optical techniques allow non-contact or remote sensing of tempera-
ture. For example, the sensor may be located at some distance from the fibre tip. This is
most easily accomplished with the fluorescence-based fibre optic techniques and with
infrared radiometry. The point of interest may in fact be located on a moving or rotating
part or behind a transparent window as in a pressure or vacuum chamber, and yet the

radiation can be collected and analysed to gain the remote temperature information.

Other advantages:

Beyond these generic advantages, certain of the optical techniques exhibit an unusually
wide range of operation with precision good enough to meet requirement. At the same time
these techniques provide simplicity of calibration (or, as in the case of the fluorescence

lifetime techniques, the absence of the need for calibration for individual probes).

1.2.3. Sensor devices

There is perhaps most diversity in the techniques that are used for optically-based
temperature measurement, as a result of the fact that, there are essentially as many ways
of making a temperature measurement optically as there are temperature dependent optical
properties. As the sensor can either be formed from the fibre itself (termed "intrinsically")
or from a material or structure attached to the end of the fibre (termed "extrinsically"), the
number of possible fibre optic temperature sensor devices is quite large. Indeed, there has
been something of an explosion of device proposals seen in the literature. Extensive
reviews have been given by Grattan t2, and Wickersheim ~ on the proposed sensor
schemes. Based on the classification methods used by these authors, some typical sensor
schemes, among those which have been considered seriously to date, are listed in Table

1.1. according to the temperature dependent properties used.

In addition, a variety of simpler optomechanical schemes, such as those employing

the changes in the intensity of reflected light, due to the thermally-induced displacement
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Table 1.1: Fibre optic temperature sensor schemes.

Temperature
dependent
property used

Sensor material

Examples of work by:
or structure

Liquid crystal;

: . Rozzell et al F3L Brenci F41
Thermochromie material

Optical reflection

Optical scattering Fibre itself Dakin et al F5’ 161
Birefringence Lithium niobate Knox etal F7l

Sholes and Small F8f

Gallium arsenide; Wickersheim and Alves F9];
Fluorescence . ol
various phosphors Bosselman et al C°l;
Grattan and Palmer t2F
Optical interference Fabry Perot étalon Saaski et al 122-231; Beheim 24"
Ovtical absorpti Gallium arsenide crystal; Christensen F5];
plicat absorption GtiAs Kyuma et al 1261
Thermally-generated Blackbody cavity Dakin and Kahn 271

radiation

of a reflecting surface, or grating displacement which has been proposed for pressure
measurement 1l0], have been considered [2I At the other extreme, highly sophisticated
interferometric systems, such as the dual wavelength interferometric device which signifi-
cantly extend the useful range of a normal interferometric system [2- 1l| and those using
white light interferometry which would be free of "switch-on" re-calibration 112], have been

suggested.

First of all, among the wide choices of potentially usable sensor schemes listed above,
the right selection for development would rely strongly on matching to the intended
application. For industrial applications, system cost, range, ease of calibration, stability and
durability would be the primary considerations; for bio-medical purposes, probe size,
sterilisability, biocompatability and precision as well as disposability (cost) would be
important. If the application requires multi-point sensing, distributed sensing schemes such
as those using optical scattering properties, may be the better answer; whereas if the
temperatures are very high, as in an aircraft engine, the radiometric approach might be the
best.
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At a more basic level, there are some fundamental considerations as well. Sensor
fabrication should, as far as possible, be simple. The performance of the instrument should
not depend on which individual sensor is being used. Substitution of sensors should be
quick and easy. Ideally, the system should not require calibration before use or after sensor
replacement. If a calibration is required, it should be very simple to perform, preferably by
the user. The sensor materials or structure, should also be very stable over time with

repeated thermal excursions.

Most importantly, the performance of'the system has to be insensitive to optical signal
changes such as those caused by fibre bending, light source degradation, variable connector
losses, or changes in fibre transmission over time. Many of the early sensor designs were
based on detection of a simple change of light intensity with temperature. In these systems
it was impossible to separate the effects of thermally induced changes in intensity from
other non-thermal sources of signal change such as those just mentioned. Therefore, in the
more successful systems available today, some type of intensity ratioing is employed or a
temperature-sensitive parameter other than intensity (e.g. fluorescence lifetime) is de-

tected.

To meet the requirements of the above list, a range oftechnologies are now becoming
available. For point sensing in the low to moderate temperature range (e.g. -200 to +700
°C), the dominant techniques by far are based on the measurement of the fluorescence
properties of selected sensor materials. This approach, particularly in those systems in
which fluorescence lifetimes are measured, such as Luxtron model 750 1281 and those
developed at City University [29 m30 ?avoids the problem of non-thermal optical intensity
variations. In addition, since the fluorescence lifetime is intrinsic to the sensor material,
such a system is inherently self-calibrating. The fluorescence technique also leads to very
simple sensor fabrication and allows the use of a single fibre, since exciting and emitted
radiation are of different wavelength and therefore are easily separated by filters. If the
sensor materials are properly selected, the fluorescence technique also yields a wide range

of operation with great stability over time and with temperature exposure.

Among the sensors of the reflection type as classified in Table 1.1, are those in which
the sensor material is a liquid crystal film. Such sensors were among the first fibre optic
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temperature sensors to be developed. Rozzell et a /1131 developed such a sensor for use in
medical and biomedical applications. Later, Windhorn and Cain [321have developed a more
elaborate sensor in which the plane of polarisation is rotated by a sensor formed from a
mixture of liquid crystals. A more recent device in this category is that developed by Brenci
[14]. In biomedical applications, as pointed out by Grattan f2| the potential problem of such
a system exists in that the thermochromic material may spill and could be a health hazard
to the patient. The limitations of liquid crystals also lie in their narrow range of operation
and their inherent chemical instability. The latter problem leads to both calibration insta-
bilities and unacceptable hysteresis and has prevented such systems from becoming

commercially successful

Apart from that utilising fluorescence, two other types of point sensors are also
available commercially. In one of them, the sensor is a small Fabry-Perot etalon made from
a thin film of single-crystal silicon, on the order of 1 micrometer in thickness and
sandwiched between two layers of an appropriate transparent material by micro electronic
fabrication techniques, as shown in Figure 1.1 “331 While the optical properties are not
intrinsic to the materials alone, since structural variations also enter in, the sensors are
simple to fabricate. Once a sensor is calibrated, its individual calibration is communicated
to the instrument via an electrical interface. Two wavelength ratioing, using the extreme

wavelengths of the emission from the LED light source, as illustrated in Figure 1.2 is used

LIGHT SHIELD
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RESONANT FILM

SUBSTRATE
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Figure 1.1: Interferometric film temperature sensor mounted on fibre optic pedestal.
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LED

Figure 1.2: Schematic of a fibre optic thermometer system using the thin-film Fabry
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Figure 1.3: Interrelationship between LED spectrum and film reflectance I33].

to minimise the non-thermal intensity variation problems mentioned above. The interrela-
tion between the LED spectrum and the film reflectance is shown in Figure 1.3, at 0 and

150°C.

An example of the second type of instrument is that developed by Christensen [25] In
this system, the sensor is an absorbing gallium arsenide crystal fabricated as part of a
compact structure which returns the transmitted signal back to the instrument through a

parallel fibre using two 90° reflections t25]. The intensity changes in the sensor are
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produced by the wavelength shift of the optical absorption edge of gallium arsenide with
temperature. Although the version of this system which was originally introduced for use
in medical hyperthermia operates at only a single wavelength, two wavelength ratioing can
again be used to make the system less sensitive to non-thermal intensity changes. This
system has been licensed to Clini-Therm, a manufacturer of hyperthermia therapy equip-

ment.

An experimental device of the above type is also developed by Kyuma et a/ 16l in
Mitsubish Electric Corporation, Japan. Their system, depicted in Figure 1.4 , uses either
polycrystalline CdTe, or gallium arsenide as that used by Christensen [25]. As shown in
Figure 1.4(c), the configuration of the sensor probe is different from that of Christensen’s.
It could simplify the manufacturing of probes, however, with added difficulty in the
planting of probe in applications. The performance of the system is examined over the
region from -10°C to 300°C, and it is found that gallium arsenide sensor is more sensitive
than the CdTe sensor at lower temperatures (<150°C). It was claimed that an accuracy of

+1°C is achievable over the above temperature region.

Optical fibre\

Absorption
n >
Optical transmitter
Optical sensor
D -
_ , (b)
Optical receiver
Stainless holder
t = 1 J i
Wavelength .
Ti<I2<T3 absorber

(a) (c)

Figure 1.4: (a) Basic principle of the temperature sensing system described by Kyuma et al |26f; (b)
Schematic diagram of the fibre-optic measurement system; (c) Configurational of the fibre-optic
temperature sensor.
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For use at moderate to very high temperatures (above 300°C), the fibre optic
equivalent of the infrared radiometer is now available, e.g. Accufiber model 100 f341. This
is the only type of fibre optic system which can cover the range up to 2000 °C but is limited
at lower temperature region. The probe is typically made of sapphire, as shown in Figure
1.5. Either a blackbody cavity is constructed at the tip of the sapphire fibre by means of an
opaque coating or the sapphire fibre is simply used as a light pipe to collect and analyse
thermal radiation from a particular portion of a hot source of interest. The thermally
generated radiation is transmitted to the far end of the sapphire probe where it is coupled
into a conventional optical fibre for transmission to the instrument. The conventional fibre
does not transmit a sufficient amount of intermediate infrared radiation to allow measure-

ments down to a few hundred degrees Celsius.

Figure 1.5: The fibre temperature probe of Accufiber’s blackbody radiation thermometer
systems 134f

There are also a variety of types of distributed temperature sensors, most of which
utilise some form of time domain reflectometry. The system which is the most developed
commercially t15»161at this time uses laser-induced Raman scattering to produce two return
(Stokes and anti-Stokes) optical signals from the fibre, the time of arrival of which
indicates the location within the fibre of the region whose temperature is being sensed with
relative intensity of the two back-scattered wavelengths carrying the temperature informa-
tion. A single fibre loop some 2 kilometres in length can provide as many as 100 well
separated sensing points. The measuring instrument tends to be quite sophisticated and

therefore expensive, but the cost per sensing point given a large enough array of sensors,
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can in fact be reasonable. Processing time is (presently) quite slow and the sensors are not
small, typically consisting of a meter or more of coiled fibre. However, the potential of this
technique for extended area measurement seems quite promising, presuming the right

applications can be identified.

1.3. Fluorescence-based fibre optic thermometry

1.3.1. Photoluminescence

Photoluminescence is the phenomenon of light emission, in excess of thermal radia-
tion, from a material which is excited by some form of electromagnetic radiation incident
in the ultraviolet, visible, or infrared regions. Such emission is the release of the energy
gained from the absorption of the incident photon energy. It may be either fluorescence or
phosphorescence, or both, while the distinction between the latter two terms is often
somewhat arbitrary 135). In conformity with current usage in the application field discussed
hereby, the term fluorescence will be applied generally to all sort of photoluminescence,
and the corresponding luminescent materials will be termed as fluorescent materials or

"phosphors", thereafter.

The excitation spectrum of a fluorescent material, that is the incident radiation
spectrum required for the induction of fluorescence, is determined by the absorption
spectrum of the fluorescent material, which it often closely resembles, and by the efficiency
with which the absorbed energy is transformed into fluorescence. Normally, the excitation
spectrum is of higher photon energy (shorter wavelength) than that of the corresponding
fluorescence. This is well demonstrated by the excitation and fluorescent emission spectra,
shown in Figure 1.6, of the tetravalent manganese activated magnesium fluorogerma-
nate ‘361, which is well-known as colour corrector for high pressure mercury vapour street
lamps and has been used as the sensing material in a fluorescence based fibre optic
thermometer scheme by Luxtron 128L In this scheme, a xenon flash lamp is used as
excitation light source. In Figure 1.7 is another example given by the absorption and
emission spectra of a newly developed laser material LiSrAlFg: Cr3+137) an analysis of the

fluorescence lifetime of which is quite useful for temperature sensing in bio-medical
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WAVELENGTH (nm)

Figure 1.6: Excitation and emission spectra of magnesium fluorogermanate activated
with tetravalent manganese.

region 38301 A compact and low cost visible laser diode emitting at 670nm can effectively

induce fluorescent emission from this chromium activated material.

The initial persistence of fluorescent emission following the removal of excitation
depends on the lifetime of the excited state. This emission decays exponentially and the
time-constant of such a exponential decay is used as the measure of the lifetime of the
excited state, often termed asfluorescence lifetime orfluorescence decay time. In fluores-
cence thermometry, most materials used have relatively longer fluorescence lifetimes (>

10"6 s). It means that fluorescence corresponds to weakly allowed transitions between

oN osoge ZoH oo

I
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Figure 1.7: Absorption and emission spectra of LiSrAlIFr,: Cr3+.
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electronic energy levels of the fluorescent material. The material emits light because that
is one of the ways for the electron, once excited by incident radiation, to give up its energy
and to return from the excited state to the ground one. Any reasonably effective competitive
relaxation process can shorten the lifetime of the excited state. A variety of competitive
processes, some radiative and some non-radiative, exist. Hence all luminescent materials
can be expected to exhibit a temperature-dependent fluorescence lifetime, and tempera-
ture-dependent fluorescence intensity over some temperature range. These are the thermal

properties used in fluorescence thermometry.

Several classes of potentially useful fluorescent materials exist. Most lamp phosphors
and many solid state materials are insulating compounds containing ionic "activators". The
spectra of the rare-earth activators resemble, to a first approximation, ofthose of free ions,
while the electronic spectra of the transition-metal activators differ from those of free ions
quite significantly due to the strong interaction with the crystal fields of host materials.
Many of the early CRT and television phosphors are semiconductors such as ZnS, CdS, or
CdZnS, the emission from which corresponds approximately to the semiconductor band
edge observed in absorption. There are also organic materials, both liquid and solid, which
exhibit "molecular" fluorescence. Finally there are self-activated materials and materials

with charged defects (colour centres) which also exhibit fluorescence.

The choice of sensor material determines range, sensitivity, and stability. By consid-
ering the latter factors, it is found that inorganic insulating compounds, such as most lamp
phosphors and many solid state laser materials, are the most suitable materials for
thermometric applications. Indeed, these materials are most commonly used in the existing

fluorescence thermometer schemes.

Finally it is worth of mentioning the relation between fluorescence properties and the
concentration of activator content. The fluorescence intensity increases initially with
increases in the concentration of activator content. However, the increase in the concentra-
tion above a certain critical value can lead to a reduction in fluorescence intensity. This is
called concentration quenching. It can also be observed from the reduction in the lifetime

with the increase in the concentration, as shown in Figure 1.8 in the case of ruby, where
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Figure 1.8: An example of concentration quenching. In ruby the observed decay time
of the fluorescence at 77 K is independent of chromium concentration up to a concentra-
tion of around 0.3 weight % of Cr2C3in the material B91

the activator is the Cr3+ion. Therefore, it is of advantage to select an activator concentra-

tion short of the critical value to achieve a good level of fluorescence intensity.

1.3.2. Early fluorescence thermometer schemes

A variety of fibre optic thermometry systems using fluorescence sensors have become
available over the past few years. Most of the earliest systems are based on the temperature
dependent fluorescence intensity of appropriate materials. One example of early commer-
cial systems is the Luxtron model 1000, shown as Figure 1.9, which utilised europium-ac-
tivated lanthanum and gadolinium oxysulphide as alternate sensor materials The
fluorescence from these rare-earth phosphors consists of sharp lines originating from
different excited states of the trivalent europium ion. Since the relative populations of these
excited states after excitation are strong functions of temperature, the relative intensities of
the emission lines are also quite temperature dependent. By measuring the intensities of
two lines originating on different excited states, the system derives the temperature from

the ratio of the line intensities.

Another example of early systems is the ASEA model 1010, shown as Figure 1.10,
introduced by ASEA AG, a large Swedish automation and energy systems company. In
this system, the sensor is a small crystal of gallium arsenide sandwiched between gallium
aluminum arsenide layers t40]. The sensor is caused to luminesce in the vicinity of its band

absorption edge by radiation from a gallium arsenide LED. As the temperature of the
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Sensor

Figure 1.9: Schematic representation of Luxtron model 1000

sensor is raised, its emission broadens and shifts to progressively longer wavelengths.
Portions of the luminescence are transmitted through two optical filters with adjacent pass
bands, the intensity in each pass band is measured, and a ratio is constructed which can

then be correlated with temperature.

Although a substantial number of intensity-based systems, such as the Luxtron model
1000, the ASEA model 1010 and the like, were built, it was seen that the technique had
limitations in terms of performance and cost These limitations stem from the need of
an additional "referencing channel", e.g. the luminescence intensity at another wavelength,

for the separation of the effects of thermally induced changes in intensity from other
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Figure 1.10: ASEA model 1010 temperature sensor t40f

non-thermal sources of signal change, such as fibre bending, light source and detector
degradation, etc. As a result, the technique based on the measurement of fluorescence
lifetimes was developed t1§ 20, 221 and it is much preferred in the development of

fluorescence-based commercial systems to date.

1.3.3. Fluorescence lifetime-based schemes

In such a category of schemes, the temperature-dependent lifetime of fluorescence in
appropriate material is utilised. There are a variety of fluorescent materials potentially
useful for temperature sensing, as mentioned in section 1.3.1., and those materials which
have been used, were often selected with relatively longer lifetime (> 10'6 s) so that no
special high speed electronic components are needed and the design of lifetime detection
electronics could be simple and low cost. Since the temperature of an appropriate fluores-
cent material can be determined from the measurement of a single intrinsic parameter (its

fluorescence lifetime), the system in this category is to a first approximation calibration-
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free. With such system, virtually any probe configuration can be used interchangeably
since the measurement of the fluorescence lifetime does not depend on the exact signal

level or on the particular optical configuration.

In addition to choosing the right fluorescent material to meet the requirement of the
desired applications, the achievement of an effective, simple and economic electronics
scheme for the detection of the fluorescence lifetime is also critical in the development of
an acceptable sensor system with potential for commercialisation. Quite a few signal
processing techniques for the detection of the fluorescence lifetime have been used in
fluorescence-based thermometry systems. Indeed, all these systems can be categorised

according to the signal processing techniques used, in the following items.

1.3.3.1. Pulse measurement of fluorescence lifetime

The common feature of'the schemes in this category is that the excitation light applied
to the fluorescent material is a high intensity "delta" function pulse (e.g. a laser pulse or
that from a flash lamp) or an rectangular pulse, and the measurement is derived from the
observation of the fluorescence decay after the removal of the excitation light. The
following are the outlines of some typical schemes which are of this type and have been

used in thermometry applications.

Two-point time constant measurement:

This is a very straightforward method which was used by several groups of workers in the
early stage of the development of a fluorescence-based sensor system '2>28 4\ The
fundamental principle of this technique can be well illustrated in Figure 1.11. This is to
compare the intensity level at two points along the exponential decay curve after the
excitation pulse has terminated. The circuitry is designed to measure first the value of
decaying signal, 7o, that occurs at a fixed time, ¢\, after the termination of the excitation
pulse. A second voltage Ip/e is then calculated and established as a reference level. When
the decaying signal falls to that level, the time ?2 at which crossover occurs is noted. The
interval between ¢i and ¢\ is the time constant, x, of the exponentially decaying signal. In
most cases, the fluorescence decay process observes a single or "quasi-single" exponential
law, as that shown in Figure 1.11. Thus time constant, x, is used as the measure of

fluorescence lifetime.
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Figure 1.11: Two-point time constant measurement technique 128!.

Timing circuits are provided for measuring precisely the time between ¢2 and ¢\. That
time difference can be correlated directly with the temperature of the fluorescent sensor by
reference to an empirically determined "look up" table stored digitally within the instru-

ment.

This type of method is simple and inexpensive in relation to the electronic compo-
nents used. Since the fluorescence signal is measured after the excitation pulse is over, the
detector optics do not have to be designed to discriminate strongly against stray signals
from the excitation source. However, a significant disadvantage of this type of system is

that the signal is only measured at two times and, as a result, precision is rather limited.

This two-point measurement technique is used in the system reported by Wicker-
sheim and Sun D28, where a lamp phosphor, tetravalent manganese activated magnesium
fluorogermanate, mentioned above is used as fluorescent sensor. The excitation and
emission spectra of this sensor material are shown in Figure 1.6. With a xenon flash lamp
used as the excitation source, the observed fluorescence lifetime ranges from approxi-
mately 0.5 ms at 450°C to more than 5 ms near liquid nitrogen temperature. It is claimed
that an accuracy of +2°C over the whole range can be achieved without calibration of the

instrument. With a single point calibration, +0.2°C accuracy is claimed.
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Integration method:

To achieve higher precision from the pulse measurement, several techniques have been
developed which are based on the integrations of the decaying fluorescence signal over
different periods of time. One example is the signal processing scheme used by Sholes and
Small |I81in their non-fibre study of ruby fluorescent decay. As illustrated schematically
in Figure 1.12, when the decaying fluorescence falls below a preset level, the start of the
measurement process is trigged. The signal is integrated at two fixed delay times, 7\ and
T% and then the integration values over these periods of time, 4 and B are sampled. After
the signal has decayed to zero, the integrator is reset and restarted. Integrated noise and dc
offset levels are then sampled for the same two fixed delays, and are given by C and D,
which are equivalent to the noise and dc offset components in 4 and B respectively.
Therefore, the fluorescence lifetime, t, could be obtained by solving the following implicit

relation:

A-C _ 1—eTA

(1-1)
B-D~ 1-eT" °

Another example is the balanced integration method described by Sun f421. This

technique is designed to achieve 0.0 1°C resolution using tetravalent manganese activated

Figure 1.12: Schematic illustration of the integration technique used by Sholes
and Small (1980) [18f
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Figure 1.13: Illustration of the balanced integration method.

magnesium fluorogermanate, the same sensor material which have been used with the
two-point measurement by Wickersheim and Sun as mentioned above. The system
utilises a dual-slope integrator to balance the integrals of two sequential areas under the
decay curve of the phosphor, as shown in Figure 1.13. The first integration is carried out
over a preselected fixed time interval. Integration starts at a predetermined time, ¢\, after
the excitation pulse has terminated. Upon completion of this initial integration, i.e. at 7,
polarity is reversed and negative integration (deintegration) begins. This continues until
the second integrated area exactly equals the first and the combined integral equals zero.
The time of the zero crossing, 13- [%is measured with high resolution (to <20ns). The
observed value of #j can be related to the decay time of the phosphor and hence to its

temperature.

The result of this balanced integration system is very sensitive to any background
signal, whether optical or electronic. Hence ac noise must be minimised and any dc offsets
must be measured and corrected, e.g. in some way similar to that used by Sholes and
Smalland illustrated in Figure 1.12. It is also be pointed out that the dynamic range of
this system is fairly narrow (~100°C for a given choice of the initial integration period)

relative to that of the less precise two-point system '42(
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Digital curvefit method

Recently Luxtron has introduced a modular system WTS-11 designed to monitor winding
temperature in power transformers K3!, utilising a technique which takes advantage of the
newest, commercially available, high-speed digital signal processors (DSPs), and it has

been described in detail by Sun f;21 and is termed "digital curve fit method".

In this system, an un-named fluorescent material is used, the excitation spectrum of
which allows the use of a convenient excitation source, e.g. ared LED or laser diode. When
the sensor is excited by sequential light pulses from an LED or laser diode, a repetitive
decaying luminescent signal results. A selected portion of each decay curve is digitised
after the detected signal has passed through a low noise, wide bandwidth amplifier. The
digital samples, after correction for any offset, shown in Figure 1.14, are then processed
by the DSP to provide the best exponential by means of a least squares curve fitting
technique. The exponential is first converted to a straight line by taking the natural
logarithm of the digitised signal values. The slope ofthe best fit straight line is proportional

to the decay time of the luminescence.

The result of anumber of curve fits are averaged to further reduce the effects of noise.
The averaged decay time is then compared with values stored in a digital look-up table to

determine the temperature of the sensor.

Figure 1.14: Illustration of linearised digital curve fit technique.
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The use of this technique with a DSP has resulted in a rather compact instrument. It
was reported that the development of this technique is aimed to eliminate dependence on
many of the drift-prone components and should thereby improve system stability [42

However, no assessment of it in such aspects was given by the reporter.

In fact, an investigation into the errors caused by baseline offset and noise in the
least-squares estimation of exponential lifetimes, has already been carried out by Dowell
and Gillies [44]. It shows that the two-parameter estimation, which only estimates /g and x
and assumes zero baseline (or called dc) offset such as that illustrated in Figure 1.14, is
rather sensitive to small, residual baseline offset. The normalised lifetime-estimation error
is proportional to the normalised offset. The ratio is greater than 3 when the normalised
observation time (3>3, where 3= 77x; T is the actual time of observing the signal and x the
lifetime. Therefore, as a matter of fact, the performance of the digital-curve-fit technique
will greatly rely on the effectiveness of the measure utilised to correct the dc offset in the
observed signal. The three-parameter least-squares estimation, that is, including the esti-
mation of the dc offset, might be a better solution. However, it requires a reiterative
numerical algorithm, and this will not only increase the complexity of programming, but

also greatly prolong the signal processing time.

1.3.3.2. Phase and modulation measurement

A schematic representation of this category of techniques is depicted in Figure 1.15.
The intensity of the excitation light is sinusoidally modulated so that the fluorescence
response from the sensor material is forced to follow the same sinusoidal law, but lagging

behind the excitation light by a phase shift qg which is expressed as

tancp = 27V/x. (2-2)

Thus, the fluorescence lifetime x can be derived from a measurement of

This technique is of high accuracy and is meant to be used in precision measurement
instrumentation, for it is inherently insensitive to dc-offset and the ac-noise in the sinusoi-
dal signal which can be substantially reduced by a great variety of electronic devices
ranging from various electronic analogue filters, digital filters to the most effective lock-in

amplifiers.
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where tancp=2ji/T and ¢=phase difference

Figure 1.15: Phase and modulation measurement of fluorescence lifetime.

At the early stage of development, the lack of a convenient and economic excitation
modulation scheme, has limited the use of such a phase shift technique in fluorescence
thermometry. Now with the wide availability of cheap and easily modulated high-power
LEDs or laser diodes, this technique has found its application in the thermometry area.
Grattan et a/ ~ have demonstrated the use of this technique in a ruby fluorescence-decay
thermometer, where a high-power green LED was used as the excitation light source. Over
the range from room temperature to 170°C, a quite satisfactory measurement deviation was
achieved under a poor signal-to-noise ratio condition. A similar system was also reported
by Augousti et al #5', which uses alexandrite as the sensor material and was capable of

accuracy of £1°C over a range 20-150°C, with a response time of Is.

However, since the kind of system requires the measurement of fluorescence during
the excitation period, it is highly sensitive to the excitation light leakage to the detector and

the optics required to prevent such leakage would make the system quite costly.

1.3.3.3. Phase-locked detection of fluorescence lifetime
This is a new category of signal processing approach, which has been developed for
the achievement of a simple, inexpensive and versatile electronic scheme for the detection

of fluorescence lifetime, and has been successfully applied to several fibre-optic ther-
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Figure 1.16: Phase-locked detection of fluorescence lifetime using single reference signal.

FID: fluorescence inducing and detecting devices; X signal to modulate the output intensity

of the excitation light source; Vf. the fluorescence signal; LPF: low-pass electronic filter;

VCO: voltage-controlled oscillator.
mometer schemes. Though as illustrated schematically in Figure 1.16, these schemes stem
from the phase and modulation techniques, but they differ from them in several important
aspects. In general, the excitation light source is modulated by a signal from a voltage-con-
trolled oscillator (VCO), either a sine-wave or square wave. The fluorescence response
signal from the sensor follows the variation of excitation light in intensity, but lags behind
it by a phase shift, (p which corresponds to the fluorescence decay time as expressed in
Eq.(1-2). This signal is sent to a lock-in amplifier to mix with a reference signal derived
from the VCO output with a phase lag of a fixed fraction, a, of the period. Then the
resulting mixed signal is filtered by a low-pass filter (LPF) and further integrated. The
resultant voltage signal is fed back to control the output frequency ofthe VCO. The VCO
will finally be driven to operate at a frequency at which the integration of the mixed signal
is zero. The period of this frequency is directly proportional to the lifetime, and thus the
measurement. This allows a high resolution to be achieved over a wide range of lifetimes.
It has been found in such systems that while the frequency varies with the fluorescence
lifetime, the phase shift between the excitation and fluorescence signals is always kept at
a constant value, determined by the reference delay ratio, a. Therefore this category of

techniques has been termed "phase-locked detection" by Zhang et al [311
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Closely related early scheme - simple oscillator method:

The earliest scheme which is closely related to the phase-locked detection technique is that
described by Bosselmann KU6LIn this scheme, a positive feedback is formed by sending the
fluorescence response signal back to control the output intensity of the excitation light
source, via a timing circuit which amplifies the signal with an added phase shift, so that
the system will oscillate at a frequency determined by the combination of the time-constant
of the timing circuit and the fluorescence lifetime. The measurement of the lifetime is
derived from the oscillating frequency, which is subject to the parameter drifts of the timing
circuit. The sensitivity of the frequency to the lifetime is also limited by the fact that is

given by the combination of the lifetime and the time-constant of the timing circuit.

Phase-locked detection using single reference signal:

A revision of the simple oscillator method was reported later by Bosselmann et al/ m
which gives a primitive form of the phase-locked detection technique, and has been
classified as the phase-locked detection using single reference signal by Zhang et a [[31].
The operation mechanism of this scheme is similar to that depicted in Figure 1.16 except
that a VCO of square-wave type is used, that is, the excitation light is square-wave
modulated. The sensor material used in the thermometer system is a chromium-activated
rare earth aluminum borate. In this system, the standard deviation of consecutive measure-
ment is 0.04°C over the temperature region from 0 to 70°C, and no detectable long term

drift is observed.

A conclusion that the measurement sensitivity of using square-wave modulation is
greater by a factor of 2 than that of using sinusoidal modulation was made by Bosselmann
et a [10] from a comparison between this primitive phase-locked detection scheme and the
simple oscillator scheme mentioned before. In fact, the fundamental difference between
these two techniques lies in their configurations instead of the modulation modes used. In
the simple oscillator system, the fluorescent material is directly used as a timing component
in a oscillator by means of opto-electronic coupling, and hence the oscillating frequency is
determined by the combination of the fluorescence lifetime and the time-constant of an
additional electronic timing circuit, which limits the sensitivity of the oscillating frequency
to the lifetime. However, in the phase-locked detection system, the oscillation is generated
by a voltage-controlled oscillator with the oscillating frequency only controlled by the
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fluorescence lifetime, and thereby the sensitivity of the frequency to the lifetime is higher

then that in the former case.

Perhaps the first detailed discussion of such a technique (shown in Figure 1.16) was
given by Zhang et al in the work 1471 related to this thesis, based on both mathematical
analysis and experimental simulation. Examples ofthe electronic design ofthe correspond-
ing system and the application of the technique in a ruby fluorescence-based fibre-optic
sensor system are also listed. This shows that there is no difference in the measurement
sensitivity between a system using square-wave modulation and one using sinusoidal
modulation. However, the former performs a little better in terms of the measurement

resolution.

As demonstrated by the work of several groups of workers t20,47°48" this system is
highly suitable for high precision, wide range applications. However, like the phase and
modulation measurement schemes, since the system requires measurement of fluorescence
during the excitation period, even a tiny fraction of excitation light leaking into the
photodetector will seriously degrade the performance of the system. An excess of such
leakage can even cause the operation of'the system to fail 311 Therefore, high quality optics
might be needed to prevent such leakage and this would make the system rather costly and

bulky.

Phase-locked detection using two reference signals

The problem of excitation light leakage in a high-temperature sensor scheme based the
fluorescence lifetime of crystalline alexandrite [49], has led to the introduction of a new
version of the phase-locked detection technique, termed the phase-locked detection using
two reference signals by Zhang et al f3'11in this thesis. In that work 9\ two reference
signals derived from a VCO output are used to mix successively with the fluorescence
signal, so as to delete the excitation leakage component from the final integration of the
mixed signal which is used to control the oscillating frequency of the VCO. It has been
proved theoretically and experimentally, that such a technique is intrinsically immune to
the impact of excitation light leakage. Therefore, in the phase-locked detection system, it

is no longer necessary to use high cost optics in the optical arrangements.
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In the system which uses crystalline alexandrite as the sensor material a meas-
urement reproducibility of +1°C is achieved over a wide temperature region from 20 to
700°C. The same technique is applied to another fibre optic thermometer system which is
designed for bio-medical sensing applications and uses LiSrAlF6.'Cr3+ as sensor mate-
rial 138f The standard deviation of the measurement recorded by this system is better than

0.01°C within the 20°C and 50°C region.

The easing of the requirement for high quality optics by using this two reference
technique, and employing those characteristics which are somewhat inherent to the phase-
locked detection techniques, such as high precision, wide measurement range and so on,
would make this category of technology much to be preferred in the development of

cost-effective fluorescence-based fibre-optic thermometers.
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1.4. Structure of the thesis

This thesis is comprised of the work carried out by the author in the development of
the fibre optic fluorescence thermometry. Beginning with an introduction to the subject of
fibre optic fluorescence thermometry as presented above, the work will then explore
theoretical basis ofthe fluorescence thermometry: the temperature dependences of fluores-
cence materials in Chapter 2. Mostly based of the original work of the author, the
discussion will concentrate on the temperature dependences of the fluorescence charac-
teristics and lifetimes of Cr3+ doped materials. A number of models will be given which
can successfully interpret the great variety of the temperature dependences shown by the
fluorescence lifetimes of Cr3+doped materials, according to the crystal field strengths of
the host materials. The great variety of such temperature dependences as well as other
spectroscopic characteristics, e.g. the wide-band absorption spectrum, fluorescent emis-
sion over the deep red to infrared part of spectrum which is easy to detect, have made Cr3+
doped materials be one group of the most promising sensor materials for fluorescence

thermometry use.

Chapter 3 discusses work contributing to the instrumentation aspects of the fluores-
cence thermometry with the presentation of a category of novel, effective and versatile
instrumentation approaches: the phase-locked detection offluorescence lifetimes. Exam-
ples of the applications of these techniques in various successful fibre optic thermometer
schemes are presented in Chapter 4. The opto-clectronic construction of the related
thermometers, the fabrication of the fibre probes for biomedical or high temperature
applications, as well as other instrument design considerations are covered in Chapter 4.
In addition, the development of a special, gold-coated high temperature fibre probe is also

described in this Chapter.

In Chapter 5, the possibility of extending the measurement range of fibre optic
temperature sensor, is discussed by means of the cross referencing between blackbody
radiation and fluorescence lifetime, in a new approach independently proposed by the

author and co-workers.
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Finally, the conclusion of this work is presented in Chapter 6, together with the points
of the author’s view on the aspect of the future work and further development of the

fluorescence thermometry.

1.5. Aims and objectives of the thesis

(1) Investigate established work on fluorescence thermometry;

(2) Develop and examine the theoretical basis of the fluorescence of suitable

materials;
(3) Develop and examine new electronic schemes;
(4) Develop experimental systems for a range of temperatures

(5) Cross compare results with previous work - limitation of the methods.
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Chapter 2

Temperature Dependences of Cr
Fluorescence Lifetimes

2.0. Abstract

In this Chapter, the temperature dependences of the fluorescence lifetimes of Cr3+
doped insulating crystals, which have been used as temperature sensing elements or have
such potential uses over different temperature regions, are reviewed in terms oftheir crystal
field strengths. Two single configurational coordinate models are developed to aid the
interpretation of the temperature dependence of Cr3+ fluorescence in materials with low
and high crystal field strengths, respectively. The validities of the two models are seen in
their close fit to the lifetime data of Cr3+fluorescence in appropriate materials. The content
of this Chapter forms the theoretical background of'the entire thesis work. It shows that the
temperature dependence of the fluorescence lifetime is intrinsic to the physical properties
ofthe fluorescent material itself. As such, the temperature dependence is reproducible from
material to material, and is of particular thermometric use. The models discussed here are
also applicable to selection of a suitable fluorescent material for thermometric application
over a specific temperature region, or to be used as empirical calibration formulae in the

operation of various Cr3+ fluorescence lifetime-based thermometers.
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2.1. Introduction

The transition metal ions, Cr3+ are widely used as active dopants in solid-state laser
crystals. Unlike rare-earth ions such as Nd3+ Cr3+ions in ionic crystals interact strongly
with the crystal-field strength and the lattice vibrations. Thus Cr3+ activated materials are
characterised by a wide optical absorption spectrum spanning the ultra violet (UV) through
the red portion of the visible spectrum. This allows the use of cheaper and compact light
sources for excitation, such as high power LEDs and visible laser diodes, highly suitable
for practical sensor applications. Again due to the strong crystal-field interaction, the
energy gaps of the electronic levels of Cr3+ions vary from one host crystal to another, as
do the temperature dependences of the fluorescence lifetimes of Cr3+ doped materials.
Therefore, significant variety in such temperature dependent phenomena is observed and
a useful level of control of this temperature dependence is made possible by systematic
changes in the crystal field strength, through the variation of the host material or the crystal

composition, to cater for differing thermometric needs over various temperature regions.

The electronic energy levels of the Cr3+ion are well illustrated by the Tanabe-Sugano
diagraml50] which plots E/B, the normalised energy of the low-lying excited states as a
function of the normalised octahedral crystal-field strength Dg/B. A simplified Tanabe-
Sugano diagram is presented in Figure 2.1, for the Cr3+ion in an octahedral crystal field.
The ground state is always the orbital singlet, 44 2, irrespective of the strength of the
octahedral crystal field. The energy splitting, AE, between the low lying states, 473 and 2E

is defined as:

AE=E (% )-E (2E). 2-1)

It varies strongly with Dg/B and may be positive or negative, as shown in Figure 2.1,. The

broken lines indicate the energy level positions of a number of different crystals. In a high
strength crystal field, Dg/B » 2.3 as in ruby (Al2C3:Cr3+) and alexandrite 'sI AE > 0
(2350 cm"1 and -800 cm'z for ruby and alexandrite 51" respectively), and the Cr3+
emission is dominated by the sharp R lines (2E —4A2 transition). However, by contrast in
alow strength crystal field, Dg/B « 2.3, as in LiISAF (FiSrAlFg); AE < 0 and the dominant
emission is the broad 472 —»4A2 band transition. The intrinsic lifetime of the Cr3+ions of
472 is much shorter than that of the 2E state, e.g. 6.6ps and 1.54ms for 472 and 2F
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Crystal field, Dq/B

Figure 2.1: Simplified Tanabe-Sugono diagram. The broken lines represent the approximate energy level
positions of the Cr:,+ion in various host crystals.

respectively in alexandrite £51%, and so the magnitude of Dg/B also gives the temperature
dependence of the Cr3+ fluorescence lifetimes, showing different characteristics. For
instance, in the case of Dg/B » 2.3, such a temperature dependence is mainly due to the
thermally activated repopulation between the 2E and 472 states, over a wide temperature
region (e.g. 300 ~ 600K for ruby and 150 ~ 700K for alexandrite). In the case of Dg/B «

2.3, the 2E state has little to do with this temperature dependence which is mainly
determined by the non-radiative process of the 472 —sA2 transition or the so-called thermal

quenching offluorescence.

Therefore, in the present study, the temperature dependences of the fluorescence
lifetimes of Cr3+ doped insulating crystals, which have been used as temperature sensing
elements or have such potential uses over different temperature regions, are reviewed in
terms of the influence of the crystal field strength. The success of modelling work on the
temperature dependences of Cr3+ fluorescence lifetimes is presented, and as a result

empirical formulae resulting from the above work may be applied to fit the experimental
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data of fluorescence lifetimes of Cr3+ in different host crystals, showing the potential for

this to be used in the assessment and calibration of thermometers based on such materials.

2.2. Temperature dependence of Cr3+ fluorescence
in low field crystals

In a low crystal field, the lowest excited state is 479. The 2F state is less populated by
the excited Cr3+ions, according to Boltzmann principle. Furthermore, due to the fact that
the 2E —>44 2 transitions are doubly forbidden by parity and spin, these transitions are one
or two orders of magnitude weaker than the 472 —4*2 transitions. Therefore their impact
on the fluorescence lifetime, which is mainly determined by the radiative and non-radiative
processes of the 472 — 44o transition in the material, is negligible. Its temperature
dependence shares a similar profile to that of the fluorescence intensity, as demonstrated
in Figure 2.2 by the experimental data of the Cr3+ fluorescence in the laser crystal LiSAF

(LiSrAlFe6), a low crystal field material.

A single configurational coordinate model with only one excited state, as depicted in
Figure 2.3, could describe such a temperature dependence qualitatively, and also quantita-
tively to the extent that it is adequate for the present thermometric applications, as will be
shown later. The excited and ground states involved are 472 and 4A? respectively. The 472
—>4A> transitions of the excited Cr3+ ions occur via two processes. One is the radiative
transition initiated from I, the lowest energy point of the excited state. The other is a
nonradiative process, that is the thermal quenching of the Cr3+ ions which have been
thermally elevated to Q, the energy crossing of the excited and ground states and which
will rapidly loose energy to reach the bottom of the ground state through nonradiative
relaxation, as indicated schematically in Figure 2.3. The two processes are continuously
competing with each other. The higher the temperature, the more excited ions will be
elevated to the level crossing Q, and the stronger the nonradiative process will be.
Normally the nonradiative transitions are much faster. Therefore, the 472 —>4A2 transition
rates increase with elevated temperature, and a decrease of fluorescence lifetimes with

temperature increase is observed.
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Temperature, K

Figure 2.2: Thermal characteristics of Cr’+ fluorescence in LiSAF. ¢ « «: data for the fluorescence
lifetimes. AAA: data for the fluorescence intensity.

Figure 2.3: The single configurational coordinate model for Cr3+ fluorescence in low field crystals, r:
configurational coordinate.
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According to this model, 1/x, the transition rate of Cr3+ in the excited state may be

given by:

1 = 1/, + (I/xq e~aEqg/kr, (2-2)

where x is the observed fluorescence lifetime; 1/x, the intrinsic radiative rate at the excited
state; Hxqthe thermal quenching rate; AEq the thermal activation needed to elevate ions at
the bottom of the excited state to the level crossing Q; &, Boltzmann constant; 7, the
absolute temperature; and thus e~4¥kT represents the possibility of the excited ions being
elevated to the energy corresponding to the crossing of the levels, Q. On the assumption
that the output power and spectral characteristics of the excitation light source, as well as
the absorbance of the luminescent sample over the corresponding spectrum are constant
over the temperature region concerned, the observed fluorescence intensity, /, may be

expressed as:

I= i+ pé-~'7" <2'3)

where /0 is a constant determined by the excitation scheme used; and

P=w (2-4)

To obtain a direct expression for the fluorescence lifetime, Eq.(2-2) may be rewritten as:

X,

] - (2-5)
e o HEQKT

X =

It is clearly shown by Egs.(2-3) and (2-5), that the temperature dependences of the

fluorescence intensity and the lifetime are similar.

The Cr3+ doped LiSAF is a recently developed laser crystal 137°53!. Its crystal field
strength, estimated from the spectroscopic data obtained by Payne et a /|53], is in the order
of Dg/B=2.0. In the work related to this thesis |[Ref3(), it has been shown successfully for
use in an fibre optic thermometer for the monitoring of temperature in clinical RF heat
treatment. To compare with performance in such an application, Eqs.(2-3) and (2-5) are
used in a fit of the experimental data of Cr:LiSAF fluorescence plotted in Figure 2.2 and

the results are depicted as the dashed and solid lines respectively. The standard deviation
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Table 2.1: Empirical values of parameters in the configurational coordinate model of Cr:LiSAF

fluorescence.
Inp AEj], cm"1 X, ps
Values fitted to the lifetime data 18.89 4557 65.25
Values fitted to the intensity data 18.70 4533

for Eq.(2-5) to fit the Cr:LiSAF fluorescence lifetime data over the region 300-353K, is
0.12%, representing a very close agreement. The fitted values of AE¢g-and [l as well as x,
are listed in Table 2.1. The differences between these values, fitted to the lifetime and
intensity data respectively for In(3 and AE are only ofthe order of 1%. These verify that the
lifetime and intensity of Cr3+ fluorescence in LiSAF have the same temperature depend-
ence, a conclusion also obtained theorectically from the configurational coordinate model

in Figure 2.3.

Two other crystal materials, FiBAF (FiBaAlF6) and FiCAF (LiCaAlF(,) are similar
to FiSAF in chemical structure, and are also of low crystal field strength. From the
spectroscopic data obtained by Stalder ef al tRet 54*and Payne et al [Ref 53" their crystal field
strengths Dg/B are also in the order of 2.0. The temperature dependences of Cr3+ fluores-
cence lifetimes in FiBAF and FiCAF are plotted in Figure 2.4 according to the experimen-
tal data of Stalder ef a /[Ref54], together with that in FISAF. As shown by these examples,
the fluorescence lifetimes of Cr3+ in the low crystal field are particular sensitive to
temperature variance over a limited temperature region. This characteristic makes the low
field crystal materials quite suitable for thermometric applications where high measure-
ment resolution is required over a relative narrow region of temperature, and thus confirm
the observation that low field crystal materials can cater for such applications over various
temperature regions. Typically, for measurements in the biomedical region, as in the
application mentioned before, the temperature dependence of Cr:FiSAF fluorescence
lifetime is most useful. Those of the CnFiBAF and CnFiCAF fluorescence lifetimes can
be seen to have a significant potential for applications over the cryogenic region, 100K-

250K, and the higher temperature region, 470K-650K, respectively.
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Figure 2.4: Temperature dependences of the fluorescence lifetimes of Cr:LiBAF, Cr:LiCAF 1541, and
Cr:LiSAF.

The lower limit of effective use of the corresponding thermometer, Tm#n may be
determined by the sensitivity of the fluorescence lifetime to the temperature variance. For
instance, Tmjn can be selected to be the temperature where the fluorescence lifetime x is
reduced to -95% ofthe intrinsic radiative lifetime, t,, as X is quite insensitive to temperature
change below this point and has little value for thermometric use. Due to the decrease of
the fluorescence intensity with increasing temperature and the consequently decreasing
signal-to-noise ratio, the performance of the thermometer would be expected to deteriorate
at higher temperatures. Therefore the upper limit of the effective measurement range, Tnex
should be set by the lowest signal-to-noise ratio that the instrument can tolerate. A practical
value of Tmax could, for example, be chosen at the temperature where the fluorescence
intensity is reduced to 1% of its maximum value. In addition, the highest temperature
which the luminescent material can withstand, without change in the temperature depend-
ence of its fluorescence, should also be considered in the determination of the upper limit
mentioned above. This is normally much higher for doped thermometric crystal materials
than for doped glasses (e.g. a study of Nd3+ doped materials, by Grattan et a /[55]) due to

permanent thermal decomposition.
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2.3. Temperature dependence of Cr3+ fluorescence
in high field crystals

In a high strength crystal field (Dg/B>>2.3), the lowest excited state of Cr3+is 2E. At
low temperatures, the Cr3+luminescence is dominated by 24 —>4A2 transitions so that long
fluorescence lifetimes are observed, e.g. ~1.5ms at 100K for alexandrite f51' and ~3.5ms at
300K for ruby. With increasing temperature, a higher percentage of the excited Cr3+ ions
will populate the short lifetime state and consequently, more 472 —>4A2 transitions will
be initiated, which results in a decrease of the fluorescence lifetimes. Thus, at lower
temperatures, the temperature dependence of the Cr3+ fluorescence lifetimes is dominated
by the thermally activated repopulation between the excited 2E and 472 states. At even
higher temperatures, a higher level of nonradiative transitions appear which will signifi-
cantly speed up the decrease in the fluorescence lifetimes. In this section, a discussion of
a two-level model is undertaken, describing the temperature dependence of the fluores-
cence lifetimes due to the thermally activated repopulation between the 2E and 472 states
at lower temperatures. This is developed to take account of both the thermally activated
repopulation mentioned above and the nonradiative process, where a single configurational
coordinate model with two excited levels is discussed for the temperature dependence over

the whole region studied.

2.3.1. Two level model for the Cr3+fluorescence in high fields

At lower temperatures, where the nonradiative transitions of the excited Cr3+ ions
back to the ground state are negligible, the temperature dependence of the Cr3+ fluores-
cence in high crystal fields can adequately be described by a two level model, which has
been used by Walling et a/[51] in the case of alexandrite (BeAl2C%:Cr3+) laser action, as
shown in Figure 2.5. Due to the long lifetime ofthe 2F state, at elevated temperatures, most
radiative transitions will initiate from the 472 state and the 2F functions more as a store of
the excited ions; thus it is termed here the ‘storage level’. The assumption that the 472 and
2E are in ‘quasi-thermodynamic equilibrium’ with one another can be made, and this is
verified for ruby and alexandrite where the upper limits of the nonradiative relaxation times
for the 472 —2F transition are 7 ps for ruby and 27 ps for alexandrite respectively 571

Thus by taking account of the degeneracies of the «7i and 2F states, a mathematical
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Figure 2.5: The 2 level model for Cr3+ fluorescence in high field crystals.

expression for the fluorescence lifetimes as a function of temperature can be deduced from

the two-level model as the following:

1 +Cd-e- T 1+ 3e~ABAT

n 2-6
I+C Ax./x, ) “*"[+ae” 7 =0

=X

where x is the fluorescence lifetime; AE, the energy gap between the 472 and 2F states as
defined in Eq.(2-1); X;, X5, the lifetimes of the 472 and 2F states; and Q, the ratio of the

degeneracy of 472 to that of 2E, with a value of 3; a = C" m(x/x,).

The temperature dependences of alexandrite fluorescence are depicted in Figure 2.6,
where the open triangles represent the fluorescence lifetime data from Walling ef a/ 1m
over the region 4-500K and the solid circles the data over the 290-940K region obtained
by the author, as described in a related work 491 The solid line is the least squares fit of
Eq.(2-6) to the fluorescence lifetime data obtained in that work, ranging from 290K to
680K. It shows that the Eq.(2-6) fits to the fluorescence lifetime data quite well over the
region 200K-700K. The fitted values of the parameters in Eq.(2-6), are listed in Table 2.2.

According to the spectroscopic data obtained by Suchocki et a/|58], the energy difference
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between the lowest members ofthe 472 and 2F states is 807.5 cm"1at 12 K. The fitted value
of AE is rather close to this spectroscopic value. The value of xs was measured by Walling
et aj1s11 to be 1.32 ms at 4 K (for the mirror site). Though based on data beyond a
temperature of 290 K, the observed value of xs fits the above value quite well. In earlier
work 191, AE and xvwere fitted to be -750 cm"1and 2.52 ms, where the difference between
the 472 and 2F states in degeneracies was neglected, that is, the value of Q/in Eq.(2-6) was
taken as 1. Here, based on the same data, a much closer fitting is achieved by taking account

of the degeneracy difference.

As shown in Figure 2.6, there are two temperature regions where the discrepancy
between the fluorescence lifetime data and the fitted curve is quite significant. One is from
4 K to -200 K over which the discrepancy is due to the rise in lifetime with increasing
temperature between 4 and 70 K caused by thermal excitation in excited ions from the
lower 2E to the longer lifetime upper 2E level "SIf Over this region, the relationship

between the fluorescence lifetime and the temperature is not monotonic, so it has little

Figure 2.6: Temperature dependence ofthe alexandrite fluorescence. ¢ * « :the fluorescence lifetime data
taken in this work. Solid line: the least squares curve of the two-level model [Eq.(2-6)] fitted to the lifetime
data over the region 290 - 680 K. Dashed line: the least squares curve of the configurational coordinate
model [Eq.(2-10)] fitted to the lifetime data over the region 300 - 930 K. A A A: the lifetime data from Walling
etal I54. * * * data for the fluorescence intensity at the broadband vibronic emission (>-690 nm) induced
by a 662 nm diode laser.

Temperature dependences of C ?+ Chapter 2

59



Figure 2.7: Temperature dependence ofthe ruby fluorescence. * * *: the fluorescence lifetime data where
a He-Ne laser (633nm) is used as the excitation source. Solid line: the least squares curve of the two-level
model [Eq.(2-6)] fitted to the lifetime data over the region 300 - 475 K. Dashed line: the least squares curve
of the configurational coordinate model [Eq.(2-10)] fitted to the lifetime data over the region 300 - 800 K.
AAA: data for the fluorescence intensity at the broadband vibronic emission (>~695 nm) induced by the
He-Ne laser, o o o: the lifetime data from Nelson et al (601

thermometric use. For the same reason, such a region also exists in the case of ruby, as
shown in Figure 2.7 from 20 K to -275 K, where the solid line represents the least squares

curve of Eq.(2-6) fitted to the lifetime data ranging from 300 K to 570 K.

The other region over which the fluorescence lifetime decreases sharply with increas-
ing temperature is beyond -700K . The decrease in the fluorescence intensity over the
broad band emission with increasing temperature beyond this temperature, as shown in
Figure 2.6, reveals that the discrepancy of the two-level model with the experimental data
over this region is due to the nonradiative transitions which are becoming stronger with
increasing temperature beyond -700 K. Again the same phenomenon can be observed in
ruby at a lower temperature (beyond -600 K), as illustrated in Figure 2.7. The nonradiative
transitions accelerate the decrease in the fluorescence lifetime with increasing temperature,
and make the fluorescence lifetime much more sensitive to temperature variance at high
temperatures. Therefore, it is of particular thermometric interest to take an account of the
nonradiative transitions in the model of the Cr3+ fluorescence in high field materials, as is

discussed in the following section.
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2.3.2. The configurational coordinate model for
the Cr3+ fluorescence in high fields

To include the effect of the nonradiative transitions, a single configurational coordi-
nate model, redrawn in Figure 2.8, has been used by the author and co-workers in the
case of alexandrite. According to this model, the change of the total population of the 472

and 2F states, n is described by the rate equation,

dn

A== (1A WA+ (2/1,) e’ "] (2-7)

where ns, nl are the populations of 2F and «7i respectively; l/xt, Ux, and l/xq, AEq are as
defined in Eq.(2-6). On the assumption that the 472 and 2E states are in ‘quasi-thermody-

namic equilibrium’ with one another, that is,
n. -bE/KT
e Cde (2-8)

where Q = 3, as defined in Eq.(2-6), the rate equation may be rewritten as:

dn  UTVF (3/T)) +(3/\) e<0Eg+
dt 1+ 3 e- AFAT

(2-9)

Figure 2.8: The single configurational coordinate model for Cr3+ fluorescence in high field crystals, r:
the configurational coordinate.
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Therefore the fluorescence lifetime, x is given by:

1+3 eouenr
T= XV,1 . e—AF/kT ,+op é(AE%JrAEykT' (2-10)
where a = 3x/x,; 3= 3x/x". The dashed line in Figure 2.6 is the least squares fitting of Eq
(2-10) to the lifetime data from 290 K to 930 K for alexandrite. The fitted values for AE,
Tsand Ina are listed in Table 2.2 by comparison to those fitted using the two level model,
and the values for AEq and In{3 resulting are 10,807 cm"1 and 24.8 respectively. In this
approximation, the samples used are separated by a temperature interval of ~20 K. The
standard deviation of the relative fitting errors of the lifetimes is ~0.3 %. Eq (2-10) has also
been applied to fit the lifetime data of ruby presented in Figure 2.7 from 300 K to 800 K.
The fitted curve is depicted as the dashed line in the same figure. The deviation of the curve
fitting is -1%.

Table 2.2: Empirical values of the parameters in appropriate models, fitted to the alexandrite
fluorescence lifetime data.

AE, cm'l Tv, ms Ina

Spectroscopic data 8075 a 1.32b L
Two-level model (290 - 650 K) 857.0 1.17 5.40
Configurational coordinate model 8517 123 544

(290 - 930 K)

a. Suchocki et al 758", b. Walling et al 1]

2.3.3. Other contributions to temperature dependence
at low temperatures

At sufficiently low temperatures, e.g. T < AE/(k Ina) (that is T <400 K for ruby and
T< 200 K for alexandrite), contributions other than those from the thermalisation between
the 472 and 2F states will have a significant effect upon the temperature dependence of the
Cr3+fluorescence lifetime in a high strength field, as will be shown in the case of ruby. The
illustration of the temperature dependence of ruby fluorescence lifetime presented in
Figure 2.7, is magnified at low temperatures in Figure 2.9. The solid line is the least squares

fit of the two level model, expressed in Eq.(2-6), to the fluorescence lifetime data ranging
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Figure 2.9: Temperature dependence of ruby fluorescence lifetime at low temperatures.

Table 2.3: Empirical values of the parameters in appropriate models, fitted to the ruby fluorescence
lifetime data ranging from 300 to 500 K.

AE, cm"1 Tj, ms Ina On, %

Spectroscopic data a 2350 L L L
Two-level model 1957 3.69 6.76 0.77
Modified two level model 2351 4.2 8.53 0.14

a. Data from Fonger and Struck 52

from -300 K to 500 K, denoted by the solid circles. The corresponding fitted values of the
parameters in Eq.(2-6) are listed in Table 2.3. The fitted value of AE differs from the
spectroscopic value, 2350 cm'l, by -17 %. Due to the size of this discrepancy, it would be
expected that other mechanisms are involved in the determination of the temperature
dependence. Also the increase in the fluorescence lifetime with increasing temperature at
even lower temperatures, 7 < -100 K as observed in ruby and alexandrite, could not be

interpreted in a satisfactory way by the two level model.
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As clearly identified by Fonger and Struck I52' from the phonon sidebands of the ruby

2E " 44 2emission at 77 K, there are two prominent phonon energies given by:

hvl =430 cm-1, hv2=280 cm*1 (2-11)

The ratio of the peak intensity of the sidebands corresponding to these two phonon
energies, /(hvi)/I(hv2) is -0.65. The contribution of the phonon-induced transitions to the
temperature dependence results in an increase in emission probability by a factor of

co\h(hv/2kT).

In addition, the 2FE state is further split into £ and 2A states by a tiny energy gap of
AFr = 29.1 cm"lin ruby, which results in two sharp i?-line emissions, R| (693.4nm, £ —»
442) and R2 (692nm, 2A —»44 2), familiar in the ruby laser. At temperatures close to AE"Vk
or below, the thermalisation between the £ and 2A states will dominate the temperature
dependence of the fluorescence lifetime. Due to the longer radiative lifetime of the high
lying 2A state, this gives rise to the increase in fluorescence lifetime with increasing

temperature over certain parts of the "cryogenic region," as demonstrated by the tempera-
ture dependences of the alexandrite and ruby fluorescence lifetimes below 100 K. It has
been verified by the work of Weinstein t61' that such thermalisation in ruby can be

adequately described by simple Boltzman statistics over the region 0 - 100 K as:

IR2/I R\= a R-e-AE/KT (2-12)

where Irj, Ir 2 are intensities of R\ and R2emission respectively; and the ratio ar is found

to be:

a* = 0.65. (2-13)

Therefore, to describe closely the overall temperature dependence of the Cr3+ fluo-
rescence lifetime at low temperatures, the two level model expressed by Eq.(2-6) has to be
modified to take account of the phonon-induced transitions and the splitting of the 2F state.
Thus, in the case of ruby, by assuming that the /?-line phonon sidebands induced by #vj
and hv2 originate from the R| and R2 emission respectively, the two level model may be

modified according to the following expression:
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Ue*EIK-*-e*E*r
coth(/rv|2A;7)+akco\h (hv/lkT) m~-M"kT-a- e~AF/k

where AEr =29.1 cm'l; the values of Avp [4/2 and cIr are given in Eqs.(2-11) and (2-13)
respectively. The values of AE, Ts and Ina obtained by a least squares fit to the ruby
fluorescence lifetime data ranging from -300 K to 500 K, are listed in Table 2.3. Not only
does this modified model fit the lifetime data much better, with a standard deviation 0f0.14
%, compared with that 0of0.77 % achieved by the previous model, but also the value of AE
resulting from the using of this model agrees with the spectroscopic data quite well, as

shown in Table 2.3.

2.4. Discussion

The temperature dependence ofthe Cr3+ fluorescence is strongly characterised by the
crystal field strength. Further, the observation of the variation of the fluorescence lifetime
with temperature can indicate whether the field strength ofthe host material is high or low.
In a host with a low crystal field, the decrease in the Cr3+ fluorescence lifetime with
increasing temperature changes rapidly only over one continuous temperature region, as is
observed in the cases of LiSAF, FiBAF and FiICAF and shown in Figure 2.10. However,
in a high field host, two such regions are found. For instance, in alexandrite, such regions
range from -150 K to -300 K and from -700 K and beyond; in ruby, from -300 K to -500
K and from -600 K and beyond; and in emerald, from -75 to -600K and from -650K and

beyond as shown in Figure 2.10.

Two configurational coordinate models, presented in Figure 2.3 and Figure 2.8 are
sufficient to allow the interpretation of the temperature dependences of the Cr3+ fluores-
cence in crystal materials qualitatively, even quantitatively to an extent of sufficient
precision for thermometric applications, as shown in the cases of CriFiSAF, alexandrite
and ruby. In high field strength host crystals, two mechanisms, the thermal repopulation of
the 472 and 2FE states and the nonradiative process dominate the temperature dependence
alternately over different temperature regions. Thus the fluorescence lifetimes are quite
sensitive to temperature variances over a wide temperature region, and are suitable for wide

range thermometric uses. In addition, the total fluorescence efficiency does not decrease
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Figure 2.10: Temperature dependences of Cr3+ fluorescence lifetime in various host materials. Materials
with low strength of crystal field: 1. LiSAF; 2. LiBAF[54]; 3. LICAF f54f Materials with high strength of
crystal field: 4. alexandrite 151’591; 5. ruby (data from ~20 to 300 K obtained from Nelson et a/ £6°J, those
from 300 K and beyond by the author); 6. emerald 52f

with increasing temperature over the region where the thermal repopulation of the 472 and
2F states dominates, and an increase in absorption of the excitation light is observed, as in
alexandrite [S91 These features are of significant advantage in achieving an acceptable
signal-to-noise ratio in the corresponding optical thermometers. In low field crystals, only
the nonradiative process dominates the temperature dependence, and the fluorescence
intensity decreases with temperature increase, as with the lifetime. Therefore the measure-

ment range of the corresponding lifetime based thermometer is rather limited, though high

measurement resolution could be achieved.

By contrast, in Cr3+ doped low field crystals, partly due to the lower degree of
overlapping between the absorption and emission spectra, compared with that in high field
crystals, the self-trapping of fluorescence is rather weak. In some low field crystals, the
dependence of the fluorescence lifetime on the Cr3+concentration is rather slight even up
to very high concentrations, e.g. from 2 % to 15 % for Cr:LiSAF 162l and from 1% to 10
% for Cr:LiBAF[54]. These properties indicate that slight changes in the Cr3+concentration

of the samples used in the thermometers, the size and the positioning of the sample
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materials in the formation of the temperature probes, will have no significant effect on the
measurements. As the result, the measurement reproducibility and the exchangeability of
the temperature probes made of low field sensing materials could be better than those in
the case ofusing high field materials, especially when probes are made by using the sensing

materials which are of the same kind but are from different batches of crystal production.
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2.5. Impact on subsequent experimental work

The purpose of the discussion of this Chapter is to explore the reason for the
temperature dependence of the Cr3+ fluorescence lifetimes. It shows that the temperature
dependence is intrinsic to the properties of a fluorescent material. Thus, such a temperature
dependence is reproducible from fluorescent material to material, and can be of thermo-

metric use. This lays the basis of the fluorescence thermometry discussed subsequently.

The work discussed here is, perhaps, the first published attempt which has been made
to look into the mechanism of the temperature dependence of Cr3+ fluorescence lifetime
for the purpose of thermometric applications. The proposed models for this temperature
dependence are strongly application-oriented. They could be used to predict the tempera-
ture dependence of the Cr3+fluorescence lifetime in a host material and hence to assist the
selection of suitable material for thermometric application over a specific temperature
region. They also could be used as empirical calibration formulae in the assessment of
various Cr3+fluorescence lifetime-based thermometers. These will be illustrated in various
experimental works presented in Chapter 4, after the description, in Chapter 3, of a new
category of effective signal processing techniques used in this thesis work for the detection

of fluorescence lifetimes.
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Chapter 3

Phase-Locked Detection
of Fluorescence Lifetime

3.0. Abstract

A new category of signal processing schemes for the detection of fluorescence
lifetime is discussed. These schemes are developed independently in this thesis work for
applications in a number of inexpensive, compact and reliable fluorescence lifetime-based
fibre optic thermometers. With phase-sensitive detectors being used to achieve a high
noise-suppression ability, the schemes include some of the features of existing phase and
modulation techniques for lifetime measurement. However, they differ from them in
several aspects, especially in that they operate in a way rather similar to that of a
phase-locked loop. Based on such schemes, the measured lifetime is converted to a
repetitive signal whose period is directly proportional to it, and thus a high measurement
resolution can be achieved. Such schemes can be operated over a wide consecutive
measurement range of fluorescence lifetime, and they are particularly useful for tempera-
ture sensor applications using long lifetime (>l|is) fluorescent media, such as the Cr3+
doped materials discussed in the previous Chapter. Illustrations of the applications of these
schemes in lifetime-based fibre optic thermometers are to be presented in the following

Chapters.
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3.1. Introduction

Apart from the searching for better sensing materials, progress of fluorescence
thermometry is often accompanied with the introduction of new signal processing tech-
niques for the measurement of fluorescence lifetimes. This is illustrated by the diversity in
the lifetime measurement techniques employed in various existing fluorescence ther-
mometer schemes reviewed in Chapter 1. In fact, the various existing schemes are, quite
often distinguished by the signal processing techniques employed, instead of the sensing
materials used 1421 These reflect the importance of the achievement of an an inexpensive,
simple and versatile signal processing technique, in the commercialisation of the fluores-

cence thermometry.

In this thesis work, a whole category of new signal processing approaches, termed
here the Phase-Locked Detection of fluorescence lifetime (PLD), has been independently
developed and successfully applied to several fibre-optic thermometer schemes [30, 38, 47«
49°63J, though as mentioned in Chapter 1, some primitive form of this category of schemes
could be found in the work of Bosselmann et al 46,20 These schemes stem from the
existing phase and modulation techniques [64], but they differ from them in several impor-
tant aspects. In particular, they operate in a way rather similar to that of a phase-locked
loop, so that the measured lifetime is converted to a repetitive output signal which also
serves as the modulation signal, and whose period is directly proportional the measured
lifetime itself. Therefore the measurement can be made by determining the period of this
repetitive output. This allows a high resolution to be achieved over a wide range of
lifetimes. The operating mechanism and some important design considerations of a variety
of Phase-Locked Detection (PLD) techniques are covered in this Chapter with theoretical
analysis. The applications of these techniques in a number of fluorescence thermometer

schemes will be given in the following Chapters.
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3.2. From lock-in to phase-locked detection

The motivation for introducing the PLD schemes is seen in a simple analysis of the
measurement error of a two-phase lock-in system used for fluorescence lifetime measure-
ment. An illustration of such a system is presented in Figure 3.1. If the intensity of the
excitation light is modulated by x¥m, a sinusoidal signal, the DC-decoupled fluorescence

response signal, Vf is given as:

I = VA sin(cot-cp), (3-1)
and @, its phase lag with respect to wmis given by:

tancp = cox (3-2)

where cois the radian frequency of the modulation signal; x, the fluorescence lifetime; Va,
the amplitude of fluorescence response signal and t the elapsed-time. Therefore the
measurement of the fluorescence lifetime, x can be calculated from y,-, yg , the outputs of
the in-phase and quadrature PSDs (Phase Sensitive Detectors) shown in Figure 3.1

respectively, by the following formula:

tancp yq 1
(¢) jv 00

(3-3)

In-phase PSD'
r o1

Figure 3.1: A two-phase lock-in system. FID: the fluorescence inducing and detecting devices.
Mixer: switch type, double balanced demodulator. LPF: low pass filter. PSD: phase sensitive detector.
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Thus, the standard deviation of the relative measurement error of the system maybe

estimated to be:

5 A <r A
& K y (3-4)
P At/t ! T +' 2
Y fr ) A y* i

where Oy. , 9y and O0) are standard deviations of yL yq and to respectively; and the

approximation is made that (am/co)2 is negligible as compared with the other two terms in

most application situations.

For a well balanced two-phase system, it may be assumed that,

°Y - ar - av (3-5)
Then,
2
oai/t—ovly i +yi2
M ay 1+tan
cos @+ sin'z"qo, = P (3-6)

kvVAV kVA  tancp

where k is the gain of the PSDs. In fact, V4, the amplitude of the fluorescence response
signal does also depend on qu which as expressed in Eq.(3-2) is a function of the modulation

frequency and the fluorescence lifetime: that is, it is given by:

V20 Vo

VA= 15 159 (3'7)
[1+ (ore)¥ T [1+ tan"cp]

where VAo is a constant independent of qp As a result,
3-8
Wy 2(9). (3-8)

and
(1 +tan2cp)y2

. 3-9
z(tp): tancp (3-9)

where z(cp) is depicted as a function of gin Figure 3.2. It can be shown that the minimum

value of z occurs at a corresponding value of phase lag, qopt where
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(pop, = arctan O/fi") ~ 35.3° (3-10)

Therefore in order to minimise Gavt »the measurement should be made under the
condition that (p, the phase shift of the fluorescence response is as close to (popt as possible.

This can be achieved by letting the modulation frequency, co automatically vary with the

measured lifetime according to the following equation:

@) = - (3-11)

By doing so, op the phase shift of the fluorescence response is kept constant and it is the
modulation frequency, Mthat follows the change of the measured lifetime T. Consequently
the value of Tcould easily be deducted from the measurement of the modulation frequency
or period, a parameter which is easier to measure with high precision and to transfer, e.g.
using Eq.(3-11). This is essentially how the PLD category of signal processing schemes
operates. The following discussion is of a variety of schemes, in several categories

illustrating some main design considerations.

0 rc/8 n/4 371/8 ti/2

Figure 3.2: zv.s. pwhere z is normalised to its minimum.
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3.3. PLD with analog modulation of excitation source and single
reference signal (PLD-AMSR)

Figure 3.3 is a schematic of a Phase-locked Detection system. The excitation light
source is intensity-modulated at a frequency, um, a sinusoidal signal generated from a
voltage controlled oscillator (VCO). As the result, t)/, the DC-decoupled fluorescence

response signal is given by:

v f VA sin(cot-cp)=------- A sin(coi—ep) (3-12)

(1+tanAp) 2

where (pis expressed as in Eq.(3-2). As depicted in Figure 3.3, the reference signal for the
Phase Sensitive Detector (PSD), ur stems from the modulation signal Xmbut lags behind
it by a phase shift of 2rna. So the output of the PSD, designated as y, is given by the
following:

y:—Wa cos(27ta - tp) = --——- 2>— (os(27ta- )
it Tt(l+tan»12

2kVAo
= cos[ 27ta - arctan(27i/x) /=f(x,a) (3-13)

a1 + (2-n/xj2 ]]72

where x is the ratio of T, the period of the modulation signal to the lifetime, x, given by:

Figure 3.3: A PLD-AMSR system. VCO: Voltage Controlled Oscillator.
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*=r/r (3-14)

and £k is the gain of the PSD. As shown in Figure 3.3, y is forwarded to an integrator, and
then Ve, the time integration of -y is fed back to control oo, the radian frequency ofthe VCO
output. It is obvious that to will keep varying unless it can be stabilised to the value (Qp,

where:

tan(2rax- v 2)
v (R (3-15)

which results in y = 0, that is the ‘locked’ state for a Phase-locked Detection system, and

this means keeping the modulation period to lifetime ratio at the value given by:
(3-16)
For this system, at the locked state, ¢pis given by:

@=27ta- y2 (3-17)

It can be shown that by choosing a within the region (j/4 , 1/2) so that V2 < 27toc < it,

then when axcq,, y<0 and to will be increased from the integration of -y; and vice versa,
when co>% , y>0 and to will be decreased accordingly. That shows that the change of coin
the system is always in the direction of approaching oo, the value given in Eq.(3-15).
Consequently, it can be expected that no matter what the initial state is, after a finite period
of time, the system will be able to reach the locked state, y =0, and keep itself in such a
state by letting its modulation frequency trace the change of (Oo introduced by the variation
of the measured lifetime, as shown in Eq.(3-15). Thereby, the measurement of the
fluorescence lifetime can be made from the measurement of the modulation frequency

using Eq.(3-15) or its period using the following formula:

(3-18)

where x0is as expressed in Eq.(3-16), and is referred to as the gain of the lifetime-to-period

conversion of the system.

As the measurement is made when the phase difference between the intensity-modu-

lated excitation signal and the fluorescence response signal is being kept constant, as
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indicated in Eq.(3-17), the term Phase-Locked Detection of fluorescence lifetime (PLD) is
appropriate to describe it. The system presented in Figure 3.3 may be further classified as
that using analog modulation and one single reference, which is abbreviated to PLD-

AMSR.

3.4. PLD with pulse modulation and single reference signal
(PLD-PMSR)

The PLD-AMSR scheme shown in Figure 3.3 can be directly adopted to a scheme
using a pulse modulated excitation source, called PLD-PMSR, by replacing the sinusoidal
output VCO with an ordinary VCO which generates a periodical rectangular pulse with a
50% duty cycle. There are at least two reasons which favour the use of rectangular pulse
modulation in the PLD scheme. First, the rectangular pulse can carry more excitation
power from the light source than the sinusoidal one, therefore a higher signal-to-noise ratio
can be achieved from the corresponding fluorescence response. Secondly, the rectangular

pulse modulation of the excitation light source is simpler and much easier to be realised.

An illustration ofa PLD-PMSR scheme is depicted in Figure 3.4, and the waveforms
of some signals designated in the figure are presented in Figure 3.5. As the excitation

source is pulse modulated by a rectangular wave signal, the DC-decoupled fluorescence

response, V¥ is given by:

(3-19)

and
vf () =-X)f( t+1)2 ). (3-20)
Xf(=vf(t+nT), n=123 (3-21)
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Figure 3.4: A PLD-PMSR system. (Components as Figure 3.1)
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0 772 !

Figure 3.5: Waveforms of signals designated in Figure 3.4.

ur, the reference signal is obtained by delaying the modulation signal umby a time a ¢. Thus

the output of the PSD may be expressed as:

i T 1 .aTl faT+1/1 T
y="STj ‘dmixdt —sq¢ J 'O (0)dt+ 1 Xf()dt ] X (1) dt
i 0 ! 0 aTl aT+T/1
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0.5

Figure 3.6: y v.s.x for PLD-PMSR.

=érl v,(t)dt =k-VAo 1-4a +-~(1- ~ {27
1 aT L f 1 '+ €
yl Q —O0xX
=/(cu), (1<a<i/2,x>0) (3-22)

where * as defined in Eq.(3-14). y is plotted as a function of x with respect to different

values of @ in Figure 3.6, normalised to the product of £ and vao -

x0, the gain of the lifetime-to-period conversion of the system is given by:

xo=x \f(x,a)"=f " (3-23)

and is depicted as a function of a in Figure 3.7 in solid line. It is rather close to that of the

PLD-AMSR scheme, presented as a dashed line in the same figure.
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Figure 3.7: x0Ov.s. a. Solid line: for PLD-PMSR; dashed line: for PLD-AMSR.

3.5. The selection of the phase shift ratio, a

A PLD system can have a very high noise suppression ability, as with other phase
sensitive detection systems. The tracking performance, the way in which the system
monitors the measured lifetime, is described by its noise bandwidth and transient response.
These are mainly determined by the parameters of the PSD and the VCO used. The
configuration of a PLD system bears a distinct resemblance to a linear PLL; thus the
existing theory of a linear Phase Locked Loop can be adapted to analyse the system,
and to select the parameters of the PSD and the VCO to obtain the desired tracking

performance.

In designing a PLD system, apart from the consideration of its tracking performance
which can be referred to the PLL, the importance of choosing an appropriate value for a,
which sets the phase lag between the modulation and reference signals, is unique to a PLD
system. It can have a significant impact on the performance of the system, in particular in
aspects of measurement resolution and accuracy, as shown below by the error analysis of

the measurement made by the PLD system.
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According to Eq.(3-18), the relative error of the measurement made by the PLD

system is given by:

At AT A%
T~T Xo

(3-24)

The first term at the right of the equation is the departure of the system output, 7 from the
expected value, x@. As T is controlled by the PSD output, y, this term could be expressed

as:

\
AT ( dy
~ 4y (3-25)

T Jy =o
where Ay can be regarded as the equivalent total amplitude noise of the whole system.
The second term on the right of Eq.(3-24) is the relative variance of the gain of the

lifetime-to-period conversion, xa. It is caused by Aa, the drift of the phase shift ratio a, and

it can be expressed as:

(0 dx0)
A g o Aa (3-26)
Vv

Thus, it can be shown that the standard deviation of the relative measurement expressed in

Eq.(3-24) is given as:

\I/2
a? 7 7
a2+ Sk (ra G-27)
vsy
where av, aa are standard deviations ofy and a respectively; and
d
Ay P (3-28)
dx dx
y=0
and
1 dxQ
where 3-29
x0 da ( )
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sy is the sensitivity of the PSD output to the relative change of the measured lifetime, and

sx, the relative sensitivity of the gain of the lifetime to period conversion, xoto a.

It is clearly shown in Eq.(3-27), that the measurement error of a PLD system arises
primarily from two sources, the amplitude noise Ay and the phase shift drift Aa. The
contributions from these two source are scaled by 1/sy and sx respectively. As will be shown
later, sy and sx are functions of a. Therefore, in designing a PLD system, the optimal value
of a should be chosen so that the values of 1/sy and sx are as low as possible, in order that
the error contributions from both Ay and Aa could be minimised. These two error sources
are independent of each other, and, initially, the choice of optimal value of a will be

analysed with respect to Ay and Aa separately, in the following discussions.

Firstly, to minimise the error contribution from the amplitude noise, Ay, the optimal
value of a is that which makes sy have be as high a value as possible. For the PLD-AMSR

scheme, sy is given by:

_ 2kF40 tan(27ta-V?2)

v 7 [l-rtan2(2rax-% )]** >

and for the PLD-PMSR scheme,

1- 4a+[(1-y)-(174a) - 2le~xF1 + 8a-<f**

Sy'\‘k/\AOI }_r_eﬁg(z (3-31)

where Vz <a < VWV2.

As shown in Eqs.(3-30) and (3-31), both values of svare functions of a and are plotted
against a in Figure 3.8 accordingly, with their values normalised to the product of k and
Vagq. As illustrated in Figure 3.8 , sy can vary rather dramatically with a. For example, in

both cases, at a = 7/16, sy drops down to nearly a third of its maximum value, which occurs

at the value of a given by:

1 arctan( //fc)

- -
Ct()pt lamsr 4 271 0.348 (3 32)
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a

Figure 3.8: sy & sxv.s. a. Solid lines: for PLD-PMSR; dashed lines: for PLD-AMSR.

for PLD-AMSR, and

°V IpMSR °-355° (3-33)

for PLD-PMSR respectively.

Thus, by considering sy only, the optimum values for a are given in Eqs.(3-32) and
(3-33) for the designing of the PLD-AMSR and PLD-PMSR systems respectively. The
maximum value of sy for the PLD-PMSR system is about 20% higher than that for the
PLD-AMSR system. It is interesting to note that in the case of PLD-AMSR, by setting a
to the value given in Eq.(3-32), the measurement of fluorescence lifetime is taken with the
phase lag between the excitation and response signals fixed to a value which is the same
as the optimum phase shift expressed in Eq. (3-10) for the two-phase lock-in discussed

before.

Secondly, to minimise the error contribution from the phase shift drift Aa, sx, the
relative sensitivity of the gain of lifetime-to-period conversion to Aa, should be minimised

as shown in Eq.(3-27). For the PLD-AMSR scheme, it is given by:

1 dxo 471

(3-34)
xo da sin(47ta)
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and for PLD-PMSR:

1 dxo 1 df/da

sx =
*o da  xodfldxo fix« =0

4/1,4_7)(/(} _rzf(XX
(e e (3-35)

1-4a+ [(1 - y)(l - 461)-2]e~x/2 + 8ae ™y

Both values of are also depicted in Figure 3.8 as functions of a , and their minima occur
at the same value of a given by:

a=ay;=;=0375 (3-36)

So, with respect to minimising the error resulting from the drift of a, o”pt is the optimal
value to choose in designing both PLD systems. It can be noticed that the minimum value

of sx for the PLD-PMSR is a little less than that for the PLD-AMSR.

In summary, the choice of the optimal value of a for a single reference PLD system

lies between aopt |JAMSR~ 0.348 and cCpr=0.375. In fact, both values of sy and sx do not

vary very much with a in the above region for PLD-AMSR and PLD-PMSR, as illustrated
in Figure 3.8 , and a can be chosen within this range taking into account the convenience
of the design of the electronic circuit. In addition, with reference to the values of sy and sx,
the overall performance of the pulse modulated scheme is better than that using analog
modulation. Moreover, apart from the ease of implementation, the use of pulse modulation
can greatly simplify the design of the system by allowing the use of digital components for

the signal generating and timing circuits and further increase the stability of the system.

A circuit design example of the PLD-PMSR scheme is presented in Appendix A
(page 174). In this example, the phase shift ratio a is chosen at the value of 3/8, which is
within the optimal region mentioned above. In addition, the signal generator circuit uses
least number of electronic components to generate the required modulation and reference
signal, xm and ur when the phase shift ratio between them is set at 3/8. In this design, no

special or expensive components are used, and the minimum value of fluorescence lifetime
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measurable is set at 10|ls. By changing the timing components of the VCO, the system
could measure a fluorescence lifetime down to ~l|is, a limit set by the high performance

of AD630, the switch-type mixer used here.

3.6. The impact of excitation leakage on single reference
PLD schemes

A departure from the theoretically ideal set-up of the fluorescence inducing and
detecting devices (the FID in Figures 3.3&3.4) will result in a substantial component of
the excitation light being received by the photo-detecting device, where only the detection
of the fluorescence in the system is required, and the excess radiation from the source,
pouring to the detector is termed the excitation leakage. In the case of the PLD-AMSR
shown in Figure 3.3, when the fluorescence signal, vy, is additionally contaminated by the

excitation leakage, the actual output of the FID is designated as D4/ and may be expressed

as:

ul=VF (1) +m t) (3-37)

where Vf(t) is as defined in Eq. (3-12); and

vI(t) = Vo sincor (3-38)
is the excitation leakage which is in phase with the modulation signal, ¥m with its maximum
amplitude as V/0. As the result, the output of the PSD will be given by:

v —KkVA [cos(27ia - P+ 1] (3-39)

where 7| is the excitation leakage-to-fluorescence ratio, given by:

n=1V,/A (3-40)
Then, in the presence of the excitation leakage, the gain of the lifetime-to-period conver-
sion can be rewritten as:

) 2k (3-41)

tan[27u(a- V) - arcsinp]
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In Figure 3.9, the relative change ofthe conversion gain in the case of 0ot=3/8, is plotted

as a function of the fluorescence-to-excitation leakage ratio, according to the following

expression:
Ax0 x0-x0_ tan[27t(a- 1/4)] "
Xxo xo  tan[27i(a- %) - arcsinr)]

It is obvious that the value of x0' can vary dramatically with the presence of excitation
leakage. A higher percentage ofr) can even cause the operation of'the system to fail. It can

be shown that when:

rj > sin[27t (a -V 4 )] (3-43)
the system will have no locked state. For instance, in the case of 073/8, when r| > sin(%)

~0.707, the system will not reach the locked state.

r

Figure 3.9: The impact of the excitation leakage (in the case of AMSR with oc=3/8).
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3.7. Pulse modulated PLD with two reference signals
(PLD-PMTR)

To tackle the excitation leakage problem, another pulse modulated PLD scheme has
been developed which uses two switch-type mixers with different reference signals [49], as
presented schematically in Figure 3.10. The waveforms of the signals designated in Figure

3.10 are drawn in Figure 3.11. On the assumption of'the presence ofthe excitation leakage,

the output of the FID (in Figure 3.10), D4/ is given as:

WA =Xf (1) +v1 (1), (3-44)

where "0/(0 is the true fluorescence response, defined in Eq.(3-19), and X5 (?), is the
excitation leakage. Therefore, the outputs of the mixers M1 and M2 shown in Figure 3.10,
Ximixl and Xmie could also be expressed as the sums of their fluorescence and excitation
leakage component respectively, as depicted in Figure 3.11, where the upper traces of
Xmix\ and 2 are components corresponding to the fluorescence response and the lower
traces are those corresponding to the excitation leakage. The leakage signal DY (/) is in phase
with the modulation signal Xm and is rectangularly profiled, and thus D4/ could be written

as:
Vf (t)+Vio, 0<t<T/I

VH = 3f+(t) =\ (3-45)
Lvf(t)-Vio, T/2<t<T

Figure 3.10: A PLD-PMTR system. (Components as Figure 3.1)
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Um

Figure 3.11: Waveforms of signals designated in Figure 3.10.

where Vo is the amplitude of the excitation leakage.

Then as illustrated in Figure 3.11, the output of the first mixer is given as:

0 <t<T/2, (3-46)
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and

rmx1(T+2)=21(0 - (3-47)

Thus, y is given as:

) AT/2 f (P+/2)T/2 ;T2
- J D@ (it- 1 DO <g+1] D/ @) < ]
r 0 P72
9 J3ir2 (PI>)7v2 172
+¢'[f  Vtodf-f VioT7z+ Viodt 3-48
G LTy Viedit o, VOTZE 104l (3-48)

where the last part of the above expression equals zero, y is determined only by the true
fluorescence response as illustrated graphically in Figure 3.11. It can be shown that:
4kVAD(1-gx4)( 1-2e~"¥2te~x/4)
y=f{*$) (3-49)
x-(l+e~x/2)
This integral value is independent of the excitation leakage. Hence the gain of lifetime-to-

period conversion of this PLD system, which is expressed as:

x llq,p)=0 (3-30)

is also independent of the excitation leakage. Therefore the system is theoretically immune

to the effect of excitation leakage.

In Figure 3.12, x0is depicted as a function of (3, as a solid line, together with that for
the PLD-PMSR scheme as a dashed line for comparison. Also the values ofx0against some
typical values of (3 are listed in Table 3.1, along with their counterparts in other PLD

schemes.

The relative sensitivity of xoto [3is expressed as the following:

ldxo 1 gm
A T3 df/9%o

(3-51)
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Figure 3.12: x0vs. 3 for PMTR in solid line; x0 v.s. a for PMSR in dashed line.

Table 3.1: Values of Xo against some typical values of the phase shift ratio a or (in various
PLD schemes.

a= 516 38 7,6
AMSR 15.169 2n 2.603
PMSR 15.768 6.784 2.923
PMTR 22.052 9.75 4.178

P= Lie Vs 316

and is depicted as a function of 3on a logarithmic scale as curve 1 in Figure 3.13. The

minimum value of sx occurring at p=0.12, is very close to that for PLD-PMSR.

The relative sensitivity of'y is given by:

4kVAO(l-e~x"/4) T 4
X P*’

3-52
sy= J/‘:O 1+e-X il ( )

It is also plotted as curve 2 in Figure 3.13, as a function of p, with its values normalised
against the product of k and V4o- Those for the PLD-AMSR and the PLD-PMSR are also
presented in the same figure as curves 3 and 4 respectively. The maximum value of sy

occurs at P=0.117 with the magnitude being -60% of that for PLD-PMSR.
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Figure 3.13: Curve 1: sx vs. Gfor PMTR; curve 2: sy vs. P for PMTR; curve 3: sy vs. a for AMSR;
curve 4: sy vs. a for PMSR.

In some applications, it may be preferred that only the decay part of the fluorescence
evolution be processed to give the measurement of its lifetime. The PLD-PMTR scheme
presented in Figure 3.10 can be adapted to meet such a requirement by replacing the mixer
designated as M1 in Figure 3.10 , with an analog switch in the configuration as depicted
in Figure 3.14. This will introduce some change of the waveforms of the output signals of
the two mixers as shown in Figure 3.15. As the result, y, the output of the PSD is only
determined by the decay process of the fluorescence response, as does the gain of the
lifetime to period conversion, x(0. The above change will reduce sy, the sensitivity of the
PSD output to lifetime by 50%, but will not alter the lifetime conversion gain, x0. This

revision of the PLD-PMTR scheme is distinguished as the Single Sided PLD-PMTR.

Figure 3.14: The configuration of the pre-mixer for single sided PLD-PMTR.

Chapter 3 Phase-locked detection of fluorescence lifetime

90



Figure 3.15: Waveforms of signals designated in Figure 3.14.

3.8. Discussion

In motoring the fluorescence response signal, ty, it is not necessary to use DC-decou-
pling before the input of a PLD system, for theoretically the DC component of the response
signal will be filtered out by the PSD in the system. The assumption that iy is DC-decou-
pled is made partially for the ease of illustration. In practice, DC-decoupling of the
response signal is also desirable to increase the dynamic input range of the PSD or its

pre-mixer.

Though the use of the PLD-PMTR schemes results in a 60% reduction of the PSD
output sensitivity for the two-sided scheme shown in Figure 3.10, it is greatly compensated

by the advantage of being theoretically immune to the excitation leakage. This advantage
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is critical for a fibre optic sensor scheme where the level of the excitation leakage could be
quite significant due the lack of flexibility of the geometrical arrangement of the fluores-
cence sample. The single sided PLD-PMTR scheme will further reduce the PSD output
sensitivity by 50%; however, with this scheme, the temporal waveform of the excitation
pulse need not be strictly rectangular. This feature gave the latter a better measurement

reproducibility compared to the other PLD scheme.

After all, based on the lock-in techniques, the whole category of the PLD schemes is
featured with a high noise-suppression ability. With the measurand being converted to a
repetitive signal of which the the period is directly proportional to the measurand, the
measurement output of a PLD system can be transferred faithfully for a long distance and
is easy to interface with computer; and moreover further high measurement resolution
(better than 0.1%) is achievable over wide consecutive measurement range (1:1000). The
electronics of a PLD system is inexpensive and compact, and the minimum of measurable
fluorescence lifetime is ~1 jxv, a limit set by the electronic components used. All these

features make the PLD schemes highly suitable for fluorescence thermometer applications.

3.9. Impact of this work

Though the primitive form of the PLD-PMSR scheme was initiated in the work of
Bosselmann ef cil[46°20], the detail description of this scheme, with theoretical analysis and
design considerations, is first published as a result of the work carried out inde-
pendently in this thesis study. The novelty and originality of the PLD-PMTR schemes
developed in this study 149,31], are obvious. These schemes overcome the vital shortcoming
of the PLD-PMSR scheme and other phase modulation schemes, that is the vulnerability
to the excitation light leakage, while retain all the advantages which the latter has. The
advantages ofthe PLD techniques, as listed before, are well illustrated in their applications
in various thermometer schemes which are to be discussed in the following Chapters. It is
believed that this category of technology should be much preferred in the development of

cost-effective fluorescence-based fibre optic thermometers.
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Chapter 4

CrQ’ Fluorescence Thermometers
and Applications of PLD Techniques

4.0. Abstract

In this chapter, the general optical arrangement of several fluorescence thermometers
are briefly reviewed first. Then three Cr3+ fluorescence lifetime based fibre optic ther-
mometer schemes, developed in the course of this study, are presented, either for wide
range temperature measurement, or for biomedical applications. The Phase-Locked Detec-
tion technique (PLD) techniques are employed in these thermometer schemes, and their
advantageous features are demonstrated by the use of a wide consecutive measurement
range and the sensor resolution achieved. Some considerations in relation to specific
applications, e.g. in high temperature sensing or in medical RF hyperthermia treatment, are
discussed. Finally, the development of a metal-coated high temperature fibre probe will be
described in the discussion of a related thermometer scheme, and results on its use

provided.
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4.1. Introduction

As discussed in Chapter 2, Cr3+ ions in ionic crystals interact strongly with the
crystal-field strength and the lattice vibrations. Thus Cr3+ activated materials are charac-
terised by a wide optical absorption spectrum, and a significant variety in temperature
dependences of fluorescence lifetime is found in such materials, which can cater for
differing thermometric needs over various temperature regions. Though a great diversity
of such temperature dependences could be observed from one host material to another, the
profile of such a dependence could be predicted, based on one of the two configurational
coordinate models proposed in Chapter 2, according to the crystal-field strength ofthe host.
This is of advantage in the selection of most suitable sensing materials for any required

thermometric application.

In addition, compared with the use of the rare-earth activated materials, the use Cr3+
activated materials as sensors also show some significant advantages in relation to the
optics of the sensor instrument itself. Firstly, as mentioned before, the wide optical
absorption spectrum of Cr3+activated materials, which spans from the ultra violet (UV) to
the red portion of the visible spectrum, allows a great variety in the choosing of excitation
light sources, and this makes it possible to use cheaper and more compact light sources for
excitation, e.g. high power light-emitting diodes (LEDs) and visible laser diodes. These
diode light sources are also rather convenient to modulate electronically. This convenience
allows them to be directly incorporated with the circuits based on various effective signal
processing schemes, e.g. the PLD techniques, without additional light modulation appara-
tus, such as a mechanical or electrical shutter, acousto-optic modulator, or the high-volt-
age-controlled Pockels cell such as that used by Augousti et a/|66] in an alexandrite
fluorescence decay based temperature sensor scheme which employs a He-Ne laser as the

excitation light source.

Secondly, due to the wide absorption spectrum, a small level of wavelength drift in
an LED or laser diode will not cause significant change, either increasing or reducing in
the intensity of the resulting fluorescence. This frees the excitation schemes from the strict
control of the spectrum of the excitation light, and gives a substantial tolerance on the peak

emitting wavelength of the excitation source.
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Thirdly, the fluorescence of most Cr3+ activated materials consists of either the red
iNlines or a broadband red-infrared emission with the peak wavelength ranging from
~750nm to -1000nrn, or both. This can be very effectively detected by the use of stable,
compact and inexpensive silicon PIN photodiodes. All the above features are highly

favoured in the terms of compact and convenient instrumentation.

4.2. Optical arrangement of fluorescence lifetime thermometers

The optical arrangement of a typical fluorescence lifetime thermometer is one of the
simplest among those of various fibre optic sensor schemes discussed. Examples of a
typical optical arrangement used in several Cr3+ based fibre optic thermometer schemes
are illustrated in Figure 4.1. In Figure 4.1(a) the optical arrangement which has been used
by Bosselmann et a/[2a] in a scheme based on a chromium activated material, Fu(CrxAl]
x)3(Bo3)4 is shown. The arrangement used by Grattan et a/ t29] in a ruby fluorescence based
thermometer is depicted in Figure 4.1(b), which was aimed to be simple and of low cost,
at the expense of a relatively low signal-to-noise ratio. That shown in Figure 4.1(c) is the
apparatus employed in this work in a Cr:FiSAF based thermometer for biomedical
applications f3°J. As is seen in these examples, the optical arrangement of a Cr3+ fluores-

cence lifetime based thermometer consists, in general, of the following three parts:

a. An excitation light source with an appropriate emission spectrum to induce a
significant fluorescence response from the sensing materials, and with some accesso-
ries to facilitate the modulation of the output light intensity. Although it is possible to
supply high-energy excitation over the absorption band of the material with UV light
sources, like the flash lamp used by Wickersheim and Alves'l9, it is much simpler
to use a visible laser diode or FED, or a He-Ne laser, to pump into the lowest energy
absorption band from the green to the red portion of visible spectrum, which exists in
almost all of Cr3+activated fluorescent materials. FED sources can be electronically
modulated and now offer as high power output as many He-Ne lasers which must,
however, be acousto-optically or electro-optically modulated. With both the advan-
tages of FED and He-Ne laser sources, laser diodes are the most promising excitation

light sources, and it is an ideal light source for the excitation of Cr3+ fluorescence in

Ct3+ fluorescence thermometers.... Chapter 4

95



Temperature Probe

(a)

Figure 4.1: Schematics of the optical arrangement and temperature probes for the Cr?+ fluorescence
lifetime based fibre optic thermometers. S: the fluorescence material used as sensing element; Vm. signal
to modulate the output intensity of the excitation light source; Vf. the detected fluorescence response from
the sensing element; LED: light emitting diode; Fi: short-pass optical filter; F2: band-pass or long-pass
optical filter; LD: laser diode.

a sensor system. Rapid advances in laser diode technology and a steady reduction in

its price has been seen in recent years. Thus it is not supposing to see the ultimate use

of laser diodes in fibre optic sensor systems;
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b. A photodetector with suitable response spectrum for the detection of the fluores-
cence emission. As mentioned before, the fluorescence of most Cr3+ activated
materials consists of either the red /Mines or broadband infrared emission with the
peak wavelength ranging from ~750nm to lOOOnm, or both. Thus, the widely
available compact and inexpensive silicon PIN photodiodes are the most suitable
photodetectors for the application discussed herein. In some particular circumstances
where high speed and high sensitivity detection is required, a silicon based avalanche

diode could be the best alternative for the PIN photodiode;

c. Variety of optical alignment accessories for the launch of the excitation light into
the fibre optic temperature probe, the collection of the fluorescence response, and
optical filters used to isolate the excitation and fluorescence emission at the detector

and in some cases at the excitation source, as well.

Fibre optic fluorescence thermometry can provide quite several flexible approaches
to access the required measurement areas. The temperature probes can be configured for
remote measurement, as shown in Figure 4.2, where the sensing material is detached from
the optical fibre and coated onto the surface of the object. An unique application of this
approach has been demonstrated by Noel et al/ 167" in the measurement of temperatures on
the blades and vans of an operating turbine-engine, an extremely difficult measurement

task for the conventional thermometry technologies.

For general thermometric applications, the probes are constructed for actual contact
measurement, with the sensing materials directly attached to the optical fibres, as shown
in Figure 4.3. In the contact measurement configuration, temperature probes could be of
either the reflection-type, as that in Figure 4.3(a) shows, or the transmission-type as is that
in Figure 4.3(b). The use of transmission-type probes can avoid the need for the optical
accessories for the coupling of the excitation light and the fluorescence into the sensor
system, as illustrated in Figure 4.1, where the transmission-type probe may be used in the
arrangement depicted in Figure 4.1 (b) while the reflection-type probes are also used in the
other arrangements shown in the same figure. Thus, the application of transmission-type
probes can simplify the design ofthe optical arrangement and consequently reduce the cost
of the device. However, this could cause inconvenience for users in planting the probe in
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COATED ONTO SURFACE

Figure 4.2: Remote measurement probes

(a)

(b)

Figure 4.3: Temperature probes for contact measurement, (a). The reflection-type probe; (b). the trans-
mission-type probe.
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the region where the measurement is to be made. Therefore the reflection configuration of

temperature probes is more widely used in the development of commercial devices.

Of course, the temperature probes could be further classified according to specific
applications, e.g. biomedical temperature measurement, high temperature sensing up to
>500°C, etc. The development of the temperature probes for the applications cited is
among the objectives of'this work, and it will be discussed in the following sections, where

the specific application is concerned.
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4.3. Ruby based thermometer using PLD-PMSR technique
with potential range 20 to 600°C

Apart from being a precious gem stone, ruby is well-known as the laser crystal used
in the world’s first successful laser operation. It is also among those earliest materials of
which the fluorescence lifetime properties were proposed for thermometric applica-
tions 8L The actual use of ruby as the sensor element in a fibre optic fluorescence lifetime
thermometer was perhaps first reported by Grattan et a/|2y|. In this thermometer system,
an LED was used as the excitation light source and a silicon PIN diode was employed for
the detection of the fluorescence signal. The temperature measurement has been achieved
over the region from room temperature to 170°C. The thermometer system described in
this section was devised in an effort to extend the measurement range of this compact and

low-cost system and further improve and conveniently extend its performance.

4.3.1. Experimental setup

The experimental system setup of the ruby fluorescence thermometer developed in
this work is schematically depicted in Figure 4.4. A green LED, Type TLMP 7513
manufactured by III-V semiconductors with a typical luminosity of 300 mcd, was used as
the excitation source, which can pump into the strong absorption band centred at ~550nm,

as shown in the absorption spectrum of ruby in Figure 4.5. As the radiation of the green

Figure 4.4: The ruby fluorescence lifetime based fibre optic thermometer system. Fi: short-pass optical
filter; F2:/;-line band-pass optical filter.
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LED contains weak emission band in the red portion of visible spectrum, which overlaps
part of the fluorescence emission spectrum, a short-pass optical filter, Fi shown in Figure
4.4, with the cut-off wavelength at 630nm is used to eliminate this red "tail" of the LED
emission. The fluorescence emission spectrum is obvious at longer wavelengths, as shown
in Figure 4.6, with the strongest emission on the R-lines (around 694 nm). Thus, a long-pass
Schott glass filter, e.g. RG695, could be used as the F2 in Figure 4.4, to isolate the
excitation light from the fluorescence emission at the detector stage. However, in order to

achieve better isolation, a band-pass interference filter with the pass-band centred at 694.3

Figure 4.5: The absorption spectrum of ruby. From Evtuhov and Neeland

Figure 4.6: The emission spectrum of ruby. From Fonger and Struck t52f
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nm and a bandwidth of 12 nm, Ealing Type 35-4100, is used as the filter F2 in Figure 4.4

instead.

In this system, gold-coated silica fibres were first used to fabricate the probe for
temperature measurement up to ~600°C. The core diameter of the fibre used is 400pm. The
probe is configured in the reflection-type configuration, similar to that shown in Figure
4.3(a). Due to the lack of a large diameter fibre coupler and the corresponding fibre slicing
device in the laboratory when the system was set up, the probe had to be made of a bundle
of the gold-coated fibres, so that at the sensor end, the transmission of the excitation light
and the collection of the fluorescence response are via separated fibres. The detail of the

construction of this special gold-coated fibre probe will be presented in the latter section.

Due to the low emission intensity of the FED light source, the intensity of the induced
fluorescence response which could be detected at the photodetector stage, is only in the
order of several nanowatts. Thus a poor signal-to-noise ratio of the detected fluorescence
response is observed, as illustrated in Figure 4.7 by the temporal profile of the photodetec-
tor output recorded by a digital oscilloscope when the sensor is exposed at room tempera-
ture. An even less favourable signal-to-noise ratio is expected at higher temperatures due

to the decrease in the fluorescence intensity with the increasing temperature.

To tackle the poor signal-to-noise ratio problem, the "phase and modulation method"

reviewed in Chapter 1 was used by Grattan et a /|29] to measure the fluorescence lifetime,

Figure 4.7: Temporal profiles of excitation light and fluorescence emission at room temperature. Upper
trace: modulation signal applied to the LED with a frequency of ~40Hz. Lower trace: fluorescence response
signal output by the photodetector shown in Figure 4.4.
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with the employment of a high Q-value bandpass electronic filter to the wideband noise in
the fluorescence signal. Though the effectiveness of this scheme was well demonstrated,
its measurement range is limited by the fixed single modulation frequency, and a slight drift
in the parameters of the high Q-value bandpass filter could introduce error in the phase

measurement. The latter would impair long term measurement stability of the system.

To solve the above problems, the PLD-PMSR technique described in Chapter 3 was
devised in this work and was applied to this ruby based thermometer system, as shown in
Figure 4.4. Here, the phase shift ratio, a, is chosen to be 3/8, an optimum value according
to the discussion in Chapter 3, and thus the gain of the lifetime to period conversion, x0, is

given as 6.78.

4.3.2. Development of the high-temperature fibre probe

The novel part of the temperature probe in this thermometer system is the use of
gold-coated fibres, which are well suited to the specific application to allow high tempera-
ture to be reached, as they have more favourable characteristics than the plastic-clad silica
(PCS) fibres used earlier * for such a high temperature region. The fluorescent material,
ruby, is sealed in a small metal enclosure, which is soldered using gold working techniques
developed in the course of the work to secure it to the end of the optical fibres. This would
enable a strong and secure join to be made and produce a probe which could be totally
immersed in the hot region, where the measurement is to be made. As the fibre was small
as was the gold and crystal of small mass, and so on, the thermal response of the device
could be relatively rapid and the cost of expensive material kept low. The aim was to
measure continuously over the range from room temperature (and potentially below) to

600°C.

4.3.2.1. Characteristics of the metal-coated fibres used

The feasibility of developing this particular high-temperature fibre optic probe was
based on the availability of fibres with a high-temperature capability. Normal PCS fibre is
limited to a maximum operating temperature of ~150°C but in order to exploit the much
higher temperature capability of sapphire-based materials such as ruby, another type of

fibre is needed. A range of such fibre is fabricated by Fibreguide Industries [70] and ofthese
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the type with the highest temperature capability has an upper temperature limit of 750°C.
This considerable improvement is achieved through the use of a thin gold coating on the
silica material. The probe was constructed using four 400-|im fibres using two of them to
carry the excitation light and two to receive the fluorescence. These fibres are considerably
less expensive than the next largest available size, 800-p.m, which would offer a greater
emitting and receiving area. However, there is some considerable loss of probe flexibility
with the use of these larger fibres. They are of fused silica core and doped silica cladding.
The numerical aperture is 0.22 and the clad-to-core ratio of diameter used was 1:1.1. The
specified temperature range of their operation is from sub-room temperature, -190 °C, to
+750 °C. A particular advantage was that the metal coating offered the additional possibil-
ity of a direct metal-to-metal seal between this fibre coating and the metal capsule
containing the ruby material. The thinness of the fibre coating meant that considerable
research was needed to develop optimum techniques for achieving this joint, avoiding

stripping the coating from the fibres and overheating the joint.

4.3.2.2. Probe fabrication

A number of probe-fabrication techniques were tried before a successful and repro-
ducible technique was established. Gold solders and fluxes 1711 were investigated experi-
mentally and a low temperature flux was finally chosen as the most suitable. It proved
impossible, as expected, to use a conventional soldering iron and a soldering iron/bunsen
burner combination forjointing as this crude approach merely resulted in the stripping of

the gold from the fibre.

The application of a microburner gas torch was investigated and the fine flame from
this was used in a series ofjointing experiments with the solder. This is similar to the type
of flame used in fine gold jewellery repair and it was hoped that a successful probe could
be produced. However, although a few good joints between the fibres and the thin gold
sheet used to enrobe the crystals were made, it was impossible to make a reproducible joint
and more often than not the fibre was stripped of its gold. Thus, it was decided to adopt a
new approach, using a modified vacuum-deposition plant. The method is as described
below, and copper was used, both for cheapness and because of its similar thermal
properties to gold, for the crystal enclosure. The probe fabrication process is discussed in
detail below and a schematic of the device is shown in Figure 4.8.

Chapter 4 Ch3t fluorescence thermometers....

104



gold-coated
optical fibres

\

solder A
joint ruby crystal

Figure 4.8: Schematic ofthe fibre-optic probe used with the ruby fluorescence lifetime based thermome-
ter described in this thesis work.

. The threaded copper cylinder, 4, was drilled to ~125pm over the maximum
dimension of the diameter of the fibre bundle, and this cylinder was chamfered at the input
end to an angle 0f45°. The fibre ends and the copper cylinder 4 were cleaned in a solution
of sodium hydroxide at 60°C for about 5 minutes. The alloy solder used (Easiflo 102) was
reduced to a thickness of ~300pm using hydraulic rollers. In this form, the strip produced

was sufficiently flexible for the required purpose.

The soldering process was undertaken in a modified vacuum coating unit to achieve
closely defined and repeatable conditions, and it was found necessary to support both the
probe head and the gold fibres, which can be brittle if bent excessively. The probe head, 4,
was supported vertically by screwing its base into a plate fixed in the evaporation unit. The
fibres were then tied to a frame vertically above this plate. The heating element used to
melt the solder was a simple ring made from a single length of tungsten wire secured
between two electrodes. This ring surrounded the copper probe and care was taken to

ensure that this tungsten element did not touch the probe.

The fibre bundle was pushed into the copper cylinder, 4, until about 2 mm protruded
through the threaded end. The fibres were required to be supported vertically about 50 mm
away from the probe to maintain them straight and in their correct order. This support

ensured that there was no strain on the bundle during the soldering process.

A short length of alloy solder was wrapped around the fibre bundle and this solder

rested on the chamfered surface but did not touch the gold coating . This point has been
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found critical. Failure to ensure that the alloy did not touch the metal jacket resulted in gold
being torn away from the fibre and microcracks being formed. A small quantity of easy
flow flux was mixed and was dropped onto the solder end. A thermocouple was positioned

next to the copper head and a vacuum better than 10'5S Torr was developed in the plant.

The heating element current was slowly increased (manually ) in stages until the alloy
solder finally melted and began to run. This heating process was extended over a period of
approximately an hour. The current was then switched off and after the plant and probe had
cooled the probe was removed, cleaned, and the threaded end with the short length of
protruding fibres was polished. The probe was assembled by screwing the mating end into
the copper assembly B which contained the ruby crystal. Calibration tests were then carried

out as described below.

4.3.3. The calibration of the thermometer system

The optical fibre probe was assembled with the ruby sample and placed in a small
electrically-heated oven, which was insulated from the environment, and a conventional
thermocouple was placed in intimate contact with it. The temperature of the oven was
raised up to a maximum of 600°C, in stages of approximately 20°C, and the fluorescence
lifetime output was monitored via the period of the modulation frequency as indicated in
Figure 4.4. The characteristic calibration curve is shown in Figure 4.9 on a logarithmic
scale, over a range from 30°C to ~550°C. The calibration process was repeated several
times and a similar characteristic was obtained on each occasion. In the region between
150°C and 450°C, the maximum sensitivity is seen. Beyond 500°C, the calibration curve
tends to "flatten out" quite dramatically, and the sensitivity of measurement achievable in
this region is limited, as shown by the dashed line in Figure 4.9, which represents the

relative temperature sensitivity of the observed fluorescence lifetime, savt defined as:

(At/x)

iSAt/t AT (4'1)

where x is the observed lifetime; Ax and AT are the increments of the lifetime and

temperature.
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Figure 4.9: Characteristic calibration curve for the ruby fluorescence based thermometer in the region

from room temperature to ~550°C.

The intensity of the fluorescence emission detected at the photodetector stage was

plotted as a function of temperature over the same range, and this is shown in Figure 4.10.

It falls off rapidly with temperature increase over the whole temperature region. This does

not contradict the experimental evidence of Burns and Nathan '72J who showed that the

fluorescence quantum efficiency of the ruby fluorescence integrated over the entire band

from 620nm to 770nm is independent of temperature (to ~5%) in the region from -196°C

to 240°C, for the emission detected here is only the R-line part of the total fluorescence
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Figure 4.10: The ruby fluorescence intensity recorded in the experiment.
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emission. The reduction in R-line emission intensity with temperature increase from room
temperature to 240°C, is mainly due to the increasing thermal elevation of the excited Cr3+

ions from the 2F state to the 472 state, which results in a higher portion of fluorescence

emission being initiated from the 472 state. This is supported by the research on the
temperature dependence of ruby fluorescence showing an increase in broad band emission

with temperature increase over the above region (Chapter 2, Figure 2.7).

The assessment of the measurement performance of this system was made through
two procedures. The first procedure was to determine the measurement reproducibility of
the system. This was based on the observation of the measurements at several temperature
fixed points carried out under the laboratory conditions. The test results are listed in Table
4.1, where the control resolution of the temperature of the calibration oven were, as

indicated in Table 4.1, = 1 °C.

Table 4.1: Reproducibilities of the measurements made by the ruby based thermometer system.

temperature 40+ 1°C 180+ 1°C 300 +1 °C 500 £1 °C

reproducibility 3°C 2°C 3°C 5°C

The second procedure was the evaluation of the temperature measurement deviations
to determine a measurement range within which the errors are under certain defined criteria
for reproducibility. According to the investigation on errors and their sources in exponen-
tial-parameter estimation by Dowell and Gillies [44], the lifetime-estimation error is pro-
portional to the amplitude of the noise presented in the exponential signal, and thus the
lifetime measurement deviation is inversely proportional to the signal-to-noise ratio of the
fluorescence signal, that is given by:

AALA @ Ji (4_2)

where c2t/t is the relative lifetime measurement deviation; ay the noise amplitude and /
the fluorescence intensity as presented in Figure 4.10. Therefore, the estimation of the

temperature measurement deviation, <3jcould be given by
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Gy, oc AA Xt L Ov (4_3)

% AAUL
where ywt is the temperature sensitivity of the observed lifetime as defined in Eq.(4-1) and
as depicted in Figure 4.9 for this ruby based system; other parameters as defined in
Eq.(4-2). For this system, o Tis depicted as a function of temperature in Figure 4.11, where
the values are normalised to its minimum at ~130°C and, Gly is treated as a constant over
the entire temperature region, as Gy is related to the temperature of the environment not to

that of the sensor point.

Figure 4.11: The calculated temperature measurement deviation of the ruby fluorescence thermometer

system.

The deviation of consecutive temperature measurements at 450 °C, Ox50°c is ob-
served to be 0.3 °C in the system. Thus, with reference to the G7-v.s. T curve in Figure 4.11,
a measurement resolution, defined by 3G75 of 1 °C or better could be expected over the

region from room temperature to 450 °C and of 0.1 °C in the vicinity of 130 °C.

4.3.4. Further improvement

The calibration curve shown in Figure 4.9, is not inherent to the characteristic
temperature dependence of the ruby fluorescence lifetime, especially over the temperature
region beyond 420°C. As will be shown later, instead of "flattening out", the rapid
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reduction in the fluorescence lifetime continues beyond 420°C and extends even to 600°C.
The loss of temperature sensitivity beyond 420°C in this system is due to the long
response-time of the photodetector (~120|is) which becomes longer than the ruby fluores-
cence lifetime beyond 420°C. Such a long response-time is an inevitable feature ofa silicon
PIN photodiode configured with excess high-gain for the detection of the weak fluores-
cence signal. Thus, the performance of the system could be improved with the use of more
efficient laser source to excite stronger fluorescence emission from the ruby sample and
the consequent use of a fast photodetector with enough gain for the detection of the
fluorescence. The recent development of short wavelength, diode laser has now made this

possible with physically convenient sources.

An experiment has been carried out in this work, which used a 3mW, 632nm He-Ne
laser together with a acousto-optic modulator to replace the LED light source in the system
shown in Figure 4.4 and allowed the employment of a fast photodetector. Due to the
monochromaticity of the laser source, a long-pass glass filter, RG695 was used which
effectively isolated the excitation light and also allowed both the R-line and broadband
fluorescence emissions be received by the photodetector, giving an additional advantage
in the signal-to-noise ratio condition. The corresponding experimental results are presented

in Figure 4.12.

As illustrated in Figure 4.12, the temperature sensitivity of the observed lifetime is
greatly enhanced over the higher temperature region by the use of a fast-response photode-
tector, now used due to the much higher level of fluorescence emission induced by a He-Ne
laser. As both the R-line and broadband emissions are received by the photodetector, the
decrease in the intensity of the observed emission only occurs beyond ~340°C. The
increase in such an intensity with temperature increase from 20°C to ~340°C, is mainly
due to the thermal elevated broadband emission as discussed in Chapter 2, and the higher
transmittance of the long-pass glass filter (RG695) at the peak wavelength of the broad-

band emission, than that at the /Clines.

The configurational coordinate model for Cr3+fluorescence in a in a high field crystal,
described in Chapter 2, has been used to fit the data of the observed lifetime presented in
Figure 4.12. The corresponding least squares fitting curve is depicted in solid line in the
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Figure 4.12: Thermal characteristics of ruby fluorescence observed by the improved system. AAA: data
for the observed lifetime. Solid line: the least squares curve fitted to the lifetime data using the configura-
tional coordinate model for Cr3+fluorescence in a high field crystal, presented in Chapter 2. Dashed line:
the relative temperature sensitivity of the observed lifetime. ¢ + «: the observed fluorescence emission
intensity.

same figure. The deviation of such fitting is 1%. Though such a low deviation is quite
enough to support the validity of the model, it is not adequate for the model to be used
directly for calibration purposes, for it can only result in a 4°C precision. The discrepancy
between the results of the model to the experimental data is mainly due to exclusion of the
impact of the phonon-induced transitions which are significant at the lower temperature
region, as discussed in Chapter 2. To include the impact of the most prominent phonon

energy, #v = 280crrT1 identified in ruby, the expression of the configurational coordinate

model given in Eq.(2-10) is rewritten as:

1+3 if™
X Ttcoth(/iv/i2W) +a e-AEAT+p e(&Eg+m*T (<

The deviation of the fitting of the experimental data over the entire temperature is 0.15%,
by using Eq.(4-4). This could give a precision of 1,5°C for Eq.(4-4) to be used as calibration

formula.

The Orvs T curve of the improved system, calculated by Eq.(4-3) and normalised to
its minimum at ~380°C, is depicted in Figure 4.13. The measurement resolution of the
system, defined by 30", is observed to be 0.3°C at 90°C and 1°C at 600°C. Thus, according
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to the <¥ vs T curve in Figure 4.13, over the region from 90 to 530°C the measurement
resolution achievable is 0.3 °C and from 60 °C to 600°C itis 1 °C. As a comparison, the
oTvs T curve for the previous system is also drawn in Figure 4.13 in dashed line with its
values normalised with respect to that for this improved system. It graphically shows that
the measurement range of a ruby fluorescence based thermometer system could be greatly

extended into higher temperatures by using a much more powerful excitation source.

Intrinsically, the ruby fluorescence lifetime is not suitable for the sensing of tempera-
ture below water freezing point (0 °C), for its temperature sensitivity is quite low over this
low temperature region. Low sensitivity also limited the performance of the ruby based
thermometer system up to ~50 °C. That is why poor measurement reproducibility was
found at 40 °C in the system shown in Figure 4.4, where the long-term drift in the
time-constant of the entire electronic system, especially that ofthe high-gain photodetector,

could be much higher than the resolvable change in the fluorescence lifetime.

As with all other thermometer systems based on the fluorescence of refractory
materials, the highest temperature which could be measured, is limited by the difficulty in
the detection of the extremely short lifetime under excessively poor signal-to-noise

conditions, caused by low fluorescence efficiency at high temperature. According to the

Figure 4.13: The calculated temperature measurement deviation of the improved ruby fluorescence
thermometer system, in solid line. Dashed line: that of the previous system presented in Figure 4.11.
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data presented in Figure 4.12, at 600°C, the fluorescence intensity is reduced to 0.7% of
its maximum value occurring at ~340°C, and the fluorescence lifetime is 1(is, reaching the
shortest lifetime which could be detected according to the operational bandwidth of the
electronic components employed. A cost-effective solution of further extending the high
temperature measurement limit of a fluorescence based thermometer might be found from
the use of other fluorescent materials, as demonstrated by the example giving in the

following section, which uses alexandrite as the sensing material.
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4.4. Alexandrite based thermometer using PLD-PMTR technique
with potential range -100 to 700°C

The successful operation of chromium-doped chrysoberyl or alexandrite (BeA*Ozp
Cr3+) by Walling eta/ 151-73-74! at room temperature as a tunable laser led to the introduction
of the first commercial solid-state laser with wide tunability Their work also revealed
experimentally that the intrinsic fluorescence lifetime of Cr3+ in chrysoberyl decreases
monotonically with temperature from -120 to 220 °C and this can be explained using a
two-level kinetic model t51", as mentioned in Chapter 2. This change in the fluorescence
characteristics with temperature indicated the possibility of using the fluorescence decay
of alexandrite for temperature sensing applications, over the region mentioned above.
Many of physical and chemical properties that crystalline alexandrite possesses, making it
a good laser host, e.g., hardness, strength, chemical stability, and high thermal conductivity
(two-thirds of that ofruby and twice that of YAG), also make it favourable as a temperature

transducer material.

The use of fluorescence from alexandrite for temperature sensing was first reported
by Augousti et al 166,45 It had previously been the subject of that low-temperature study,
using a low-power LED or a He-Ne laser with rather inefficient modulation accessory
made of bulky, high-voltage controlled Pockels cell, as excitation source. This greatly
limited the practical utility of the scheme and a comparatively poor signal-to-noise ratio
was obtained. The lifetime measurement technique used also imposed a limit on the
consecutive measurement range. Using this limited optical system, an accuracy of +1 °C

over a range 20-150°C was achieved.

The subsequent development of laser diode sources at low cost, and improved
electronic detection, coupled with new probe fabrication techniques have now opened up
this field to a study aimed also at high-temperature measurement. In this section, an
alexandrite fluorescence lifetime based fibre optic thermometer system, with a visible laser
diode as the excitation source is presented, which has achieved a measurement repeatabil-
ity of £1 °C over the region from room temperature to 700 °C, using the lifetime
measurement technique, termed the pulse modulated phase-locked detection with two

references (PLD-PMTR) and described in detail in Chapter 3.

Chapter 4 Cp* fluorescence thermometers....

114



4.41. Absorption and fluorescence spectra

Figure 4.14 shows the absorption spectrum of alexandrite at room temperature. The
main absorption features consist of two broad bands centred at about 420 and 580 nm, three
sets of sharp lines centred near 680, 650 and 470 nm, and the band edge appearing below
300 nm (not shown in the figure). The two bands are associated with transitions from the
44 2 ground state to the 472 and 47\ excited states. These transitions involve changes in the
crystal-field orbitals of the electrons and thus are highly sensitive to the crystal-field
environment of the ion. Vibrational modulation of the field strength produces the broad-
bands. The three sets of sharp lines are associated with transitions from the ground state to
the split components of the 2E (R lines), 271 (S lines), and 272 (B lines) levels. These
involve spin-flips of'the electron wave functions without changes in the crystal-field states.
Thus they are insensitive to vibrational modulation of the crystal field and therefore appear

as sharp lines t76l

The crystal field strength index, Dg/B used in Tanabe-Sugano diagram (Figure 2.1),

is determined from spectroscopic data t50,771 The peak of the 44 2 —472 absorption band

is given by 10Dg, whereas the Racah parameter B (the inter-electron energy) is obtained

from the energy separation between 44 2 —473 and 4 2 —4T\ absorption bands. Thus from

the absorption spectrum shown in Figure 4.14, the magnitude of DB in alexandrite is

Figure 4.14: Absorption spectrum of alexandrite at room temperature.
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estimated to be ~2.6. This shows that the crystal-field strength in alexandrite is signifi-

cantly lower than that of D¢B (=2.8) in ruby [7?’1. As quoted in Chapter 2, the energy split

between 472 and 2E is 807.5 cm'lin alexandrite and 2350 cm'lin ruby.

The fluorescence emission from alexandrite at room temperature is shown in Figure
4.15. The major features of the spectrum are the two sharp lines R| and R2 and the broad,

structured band peaking at lower energies. The latter is due to the superimposition of
low-energy vibronic emission transitions from the components of the 2F level and emission
from the relaxed excited state of the 477 level which is Stokes-shifted to lower energy

compared to the absorption transition involving this level. The structure in this sideband is
a mixture of specific one-phonon vibronic peaks, and zero-phonon lines associated with
transitions from the 47? and 27j levels. By comparison to the fluorescence emission

spectrum of ruby at room temperature shown in Figure 4.6, the broadband vibronic

emission at lower energies is much stronger in alexandrite at the same temperature. This
is consistent with the observation that the energy split between 472 and 2F in alexandrite is

much less than that in ruby as shown by figures quoted above.

Figure 4.15: Fluorescence spectrum ofalexandrite at room temperature, sex- excitation wavelength. From
Powell et al T76f

Chapter 4 fluorescence thermometers

116



4.4.2. Experimental setup

A schematic representation of the experimental system is shown in Figure 4.16. The

modules composing of this system are described below.

Filter (RG695)

Figure 4.16: Schematic of the optoelectronic setup of the alexandrite fluorescence based thermometer.
LD: laser diode.

4.4.2.1. Temperature probe

As the probe is expected to be tested and requiring several excursions to temperatures
up to 800 °C and higher, the probe fabrication technique illustrated in Figure 4.8 could not
be used, for the specified upper operation temperature for the gold-coated fibre is 750 °C.
Even if the gold coating of the fibre could tolerate a temperature higher than the specified
limit, the severe oxidation would not allow the copper-made assembly B and cylinder 4
designed for holding the fibre bundle and sensing material together, as shown in Figure
4.8, to sustain a few excursions to 700 °C. Therefore, the probe used herein has to be
fabricated using bare silica fibres at the high temperature part and non-metal refractory

material to hold the alexandrite sample, as described in the following.

The configuration of the probe is as shown in Figure 4.17. The sensor element itself,
a small (approximately) rectangular-shaped (2x2x1 mm) piece of synthetic crystal alexan-
drite, is held in a ceramic enclosure at the end oftwo fused silica fibres. The first fibre, that
with a 0.4 mm core diameter, is used to transmit light from the excitation source to the

sensor element. The second fibre, with 1.0 mm core diameter, is used to receive the
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Figure 4.17: Schematic of the optical fibre probe.

fluorescence response emitted from the sensor element. This geometrical arrangement
allows the collection of a sufficient level of fluorescence signal from the sensing material
to allow processing to be undertaken. To allow for operation at temperatures higher than
150 °C, parts of the optical fibres, which are to be exposed under high temperatures, have
to be stripped of their outerjacketing and encased with the crystal in a ceramic sheath. The
stainless sheath, shown in Figure 4.17, is used with epoxy to strengthen fibres at the joint

of the fibre jacket and the ceramic sheath, which is extremely fragile to bending.

4.4.2.2. Excitation source and fluorescence detection

A 3 mW laser diode with peak emission wavelength at 670 nm was used as a pumping
source in this work. As seen from Figure 4.16, a PLD technique is used for the measure-
ment of the fluorescence lifetime and, hence the output light intensity of the laser diode is
electrically, modulated in a square wave fashion. The output of the laser diode is coupled
into the first fibre mentioned above using collimating lens, giving a coupling efficiency of
more than 50%. Though the alexandrite absorption spectrum spans the wavelength region
from about 380 to 680 nm, as shown in Figure 4.14, the absorption coefficient at 670 nm
is rather low compared to that at 633 nm, the Fle-Ne laser wavelength used in the work of
Augousti et a/[66l (1987). However, due to the high coupling efficiency and no external
modulation accessory used, which could introduce additional loss in light intensity, the
intensity of the excitation light being finally delivered to the alexandrite sample is much
higher than in that previous work. It ensures the detected fluorescence signal-to-noise ratio

is high enough to be measurable, when the temperature is raised 750 °C.
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At the fluorescence detection stage, the return light from the second fibre mentioned
above (Figure 4.17) consists of not only the induced fluorescence response, but also some
reflected excitation light at 670 nm. As illustrated in Figure 4.16, a long-pass glass filter
(RG695), with a cut-off wavelength at 695 nm, is used to prevent the reflected excitation
light from entering the photodetector (BPX65), a silicon PIN photodiode with Imm?2 active
area. In this arrangement, the strong /;-line emission observed at room temperature, as
shown in the alexandrite fluorescence spectrum in Figure 4.15, has to be excluded from
the input light to the photodetector, for the wavelengths of these emissions are too closely
located to that of the excitation light; and only the broadband emission centred at lower
energy is to be detected, for the sake of good isolation of the excitation light. As shown in
Figure 4.15, the intensity of the integrated low energy broadband emission at room
temperature already matches that of the /Alines, and it is expected to be elevated with
temperature increase. Therefore the loss in the fluorescence intensity due to the exclusion
of the /Alines emission, will not cause serious reduction in the signal-to-noise ratio in the

final output of the detected fluorescence signal at room temperature and beyond.

However, as the glass filter has a transmittance of about 0.01 % at 670 nm, there is
still some excitation light which leaks through. Such an excitation leakage is clearly
revealed from the illustration of the waveform of the photodetector output, the lower trace
in Figure 4.18(b). Compared with that in Figure 4.18(a), this waveform shows that a small
fraction of excitation light is superimposed on the fluorescence response. However, the
excitation light leakage is low enough to allow the fluorescence signal to be sufficiently

amplified without causing a saturation problem.

4.4.2.3. Signal processing

The significant presence of excitation leakage in the received fluorescence signal,
shown in Figure 4.18, prevents the use of the PLD-PMSR technique, which has been
successfully applied to the ruby based system described before, in the application discussed
here, for it will severely impair the performance of the system, according to the discussion
in Chapter 3. So the "anti-leakage" PLD-PMTR scheme is the best choice for this
application. Moreover, the pulse profile of the laser diode output is not an ideal rectangular
one, as shown by the upper trace of Figure 4.18(b); thus the use of the rising part of the

fluorescence emission, shown by the lower trace of Figure 4.18(b), should be avoided in
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(b)

Figure 4.18: (a) Ideal temporal profiles of excitation light and fluorescence emission. Upper trace:
modulation signal applied to the laser diode. Lower trace: fluorescence emission signal, (b) Actual temporal
profiles of excitation light and fluorescence emission received with leakage of excitation light. Upper trace:
the intensity of the square wave modulated light output of the laser diode. Lower trace: fluorescence
emission signal received showing leakage of excitation light.

producing the lifetime measurement. Therefore the single sided PLD-PMTR technique
presented in Chapter 3 was used in the production of the PLD module shown in Figure
4.16. Indeed, the PLD-PMTR scheme was first proposed with the application to this

alexandrite fluorescence based thermometer system.

4.4.3. Experimental results

The output of the system is calibrated against a conventional type K thermocouple by
placing the probe in a well-insulated electric oven with thermostatic control to a 0.5 °C
resolution. A calibration curve, resulting from using a laser diode with 670 nm lasing
wavelength as the excitation source, is depicted in Figure 4.19, drawn with the ordinate

having a logarithmic scale. The relative temperature sensitivity of the fluorescence lifetime
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is calculated using Eq.(4-1) based on these observed lifetime data, and is depicted as a

function of temperature as the dashed line in Figure 4.19.

For comparison with the case with a possible higher degree of excitation leakage, the
data taken with the use of a 655 nm laser diode, are also presented in Figure 4.19. In this
case, the excitation light leakage to the detector stage is only tenth of that when a 670 nm
laser diode is used. It shows that with the use of the anti-leakage PLD-PMTR signal
processing scheme, such a great difference in excitation leakage does not introduce a

significant difference in the fluorescence lifetime measured.

OSSN\ S

Figure 4.19: Observed alexandrite fluorescence lifetime vs., temperature, o o o: data taken in the case
of using 670 nm laser diode, x x x: data taken in the case of using 655 nm laser diode. — : relative
temperature sensitivity of the observed lifetime.

The intensities of the fluorescence signal received in the system using a 670 nm laser
diode as excitation source are also recorded during the calibration process. The data are
graphically presented in Figure 4.20 against the temperature. This show that the fluores-
cence intensity increases dramatically with temperature increase from room temperature
or below to 400 °C and reaches its maximum at -430 °C. Thus, though the temperature
sensitivity of the lifetime decreases with temperature increase over this temperature region
quite sharply, the measurement error would not be expected to increase correspondingly in
an inverse method. This is illustrated explicitly by the calculated measurement deviation
vs. temperature curve depicted in Figure 4.21, which is normalised to its minimum value
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Figure 4.20: Alexandrite fluorescence intensity vs., temperature. ¢ ¢ <: data for fluorescence emission
at low energy broadband (A>695nm) induced by 670nm laser diode.

at -520 °C and shows that the measurement deviation does not change significantly over
the region 20 - 400 °C. As shown in Figure 4.21, the system could have optimum
performance over the measurement regions around 100 °C and 520 °C. This is consistent
with the observation of the systems in the region 20 - 725 °C, which shows the measure-

ment deviations at - 100 °C and - 500 °C are better than 0.2 °C and that at 725 °C is 1 °C.

As mentioned in Chapter 2, the configurational coordinate model for Cr3+ fluores-
cence in high fields, described in Section 2.3.2, was used to fit to the alexandrite
fluorescence lifetime data ranging from 20 to -650 °C. The standard deviation ofthe fitting
errors of the lifetime is 0.3 %. This is equivalent to a temperature fitting error of 1 °C and
matches the resolution of the calibration equipment used quite well. Therefore, a precision
of such an order could be expected should this model be used as calibration formula over

the above region.

The probe has sustained several temperature excursions to 800 °C and no significant
changes in its characteristics were observed. However, due to the extremely poor signal-
to-noise ratio condition and the short medium lifetime, no meaningful measurement of the
fluorescence lifetime could be made at temperatures beyond 760 °C using the system with
the present setup, shown in Figure 4.16. As illustrated in Figure 4.21, the measurement

error at 700 °C is estimated to be already 10 times higher the minimum value, and so it is
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Figure 4.21: Calculated temperature measurement deviation of the alexandrite based thermometer sys-
tem, depicted as a function temperature.

considered proper to specify the upper limit of the measurement range ofthe system as 700

°C.

4.4.4. Potential for applications down to -100°C

As illustrated by the experimental data of Walling et al/*5]\ the decrease in the
alexandrite fluorescence lifetime with increasing temperature starts from the temperature
lower than -120 °C. Since the calculation shows the extrapolated temperature sensitivity
of the lifetime is still as high as 0.8 %/°C at -100 °C, the measurement range of the
alexandrite based sensor system could be extended to the lower-temperature region, to
reach -100 °C. However, the difficulty is that the intensity of the total fluorescence,
including that of the /Cline emission induced by a 670 nm diode laser, will be reduced to
only ~4 % of its peak value at -400 °C on the basis of the extrapolation from the
experimental data presented in Figure 4.20. This would have a consequent reduction in the

signal-to-noise ratio which would undermine the useful performance of the sensor.

Using a typical He-Ne laser source, the extrapolated intensity of'the total fluorescence
that can be obtained at -100 °C is still higher than 30 % of the peak value, and the
corresponding absorbance of alexandrite at 632.8 nm is estimated to be ~ 45 times higher

at that wavelength than at 670 nm. Therefore, in temperature sensing applications down to
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-100 °C, a better alternative is to substitute a 635 nm laser diode as source, which is now
commercially available at a reasonable cost, for the 670 nm diode used. This will also
involve a minor change of the long-pass optical filter (Figure 4.16) to substitute one with
a shorter cut-off (e.g., RG665 Schott glass) instead ofthe RG695 (Schott glass), so that the
strong R-line emissions occurring at lower temperature can also be detected by the

photodetector and the signal intensity can be greatly enhanced.
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4.5. Cr:LiSAF based thermometer for biomedical applications

4.5.1. Application background

Benign Prostatic Hyperplasia (BPH) is a common condition amongst the ageing male
population. It is estimated that 75 % of men over the age of 50 years have symptoms arising
from BPH, the most prominent of which is urethral obstruction. In the past, treatment of
the condition has required surgical intervention; but during the 1980s local hyperthermia
was tried as a candidate solution for more conservative therapy. The effect of heat treatment
(normally at 43 to 45 °C for one hour duration) is to cause the prostate gland to shrink,
which eventually produces a reduction in urethral pressure. As this pressure reduces, the

obstruction is cleared and urine can flow freely once more.

The heat source for the above treatment stems from an externally applied radio
frequency (RF) field (434 MHz). It is extremely important to monitor the effective internal
temperature during treatment, as there are physiological structures which surround the
prostate and are prone to heat damage, e.g. the sphincter muscles. Current technology uses
thermocouples mounted in an indwelling catheter as the temperature sensing element. A
disadvantage of this measurement system is that the RF field interferes with the monitored
signal from the thermocouple, so it must be switched off during the measurement period
(once every 15 seconds). An advantage of replacing the thermocouples with an optical
thermometer is that it is inert to applied RF fields. This allows for continuous monitoring
of temperature, together with the application of an un-pulsed external RF field as the heat
source. As a consequence of this change in measurement technology, a further feature of

the system is that it enhances patient safety.

For the convenience of planting the temperature sensing element with the RF
applicator for heat treatment for BPH, a optical temperature probe with a fibre optic
configuration is required. As reviewed in Chapter 1, there exists a variety of such
temperature sensing schemes. Among them, the scheme based on the detection of fluores-
cence lifetime which this thesis work concerns, is most applicable to clinical applications.
First of all, the monitoring of temperature using the fluorescence lifetime of appropriate

materials has a significant advantage in that it is independent of the accurate measurement
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of light intensity. Therefore, the corresponding fibre optic probe can be free of the impact
of fibre sterilising processes and fibre bending as well as reconnecting, and be potentially
robust enough for harsh day-to-day usage. Second, there are a number of chemically stable
fluorescent materials, of which the fluorescence lifetimes are highly sensitive to tempera-
ture variance over the biomedical temperature region and which could have the potential
for such a thermometric application. The temperature dependence of the alexandrite
fluorescence lifetime over the region 20 - 80 °C illustrated in Figure 4.19, shows alexan-
drite could be used for this application. However, in this thesis work, it is that the
trivalent-chromium ion doped material, LiSrAlF6 (Cr:LiSAF) which is more favourite for
this application, due to both the temperature sensitivity ofits fluorescence lifetime over the
biomedical application region and its other optical properties which give advantages in the
design of the thermometer system. This will be illustrated by the following discussion,
which describes a fibre optic thermometer based on the Cr:LiSAF fluorescence lifetime
developed in this thesis work, and the corresponding test undertaken in the clinical RF heat

treatment environment.

4.5.2. Absorption and emission spectra of Cr:LiSAF
The crystal structure of LiSrAlF6 (LiSAF) is related to that of the colquiriite mineral
LiCaAlFg [371 (Payne et al, 1989a). The host is uniaxial and contains a single type of Al
site. The n (E [ c) and a (E Lc) absorption and emission spectra of Cr3+in LiSAF are
shown in Figure 4.22. The basic features in the absorption spectra involve three broad
bands. From longer to shorter wavelengths, they are assigned as the 4Ao0 —472, 4T \ci and

AT\b transitions. The sharp features superimposed on the 472 band arise from the 2F and

27\

The fluorescence emission spans the wavelength region from 700 nm to 1100 nm with
the peak at 825 nm, as shown by the emission spectra drawn in Figure 4.22. It is within the

most effective detection region of an ordinary silicon PIN photodiode. Such a broadband
emission is due to the AT2 —>4A2> transition, or the inverse of the transition which gives rise

to the first absorption band.
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Figure 4.22: Polarised absorption and emission spectra of LiSrAlIF6:Cr3+ from Payne et al

From the absorption spectra shown in Figure 4.22, the magnitude of the crystal field
strength Dg/B in LiSAF is estimated to be ~2.0. It indicates that LiSAF is of low crystal
field strength. This is verified by the sharp feature appearing at -670 nm (14925 cm'l) in
the absorption spectra and corresponding to the 2E state, and the zero-phonon line of 474
—>4A2 with an energy of 14296 cm-1 identified by Payne eza/  in the emission spectrum

at 28K.

4.5.3. Experimental set-up for clinical test

Figure 4.23 is a schematic representation of the Cr:LiSAF fluorescence lifetime-
based thermometer. The absorption spectrum of Cr:LiSAF spans the wavelength region
from the ultra violet (UV) to near 750 nm with a peak falling between 600 nm and 700 nm,
as depicted in Figure 4.22, and thus a visible laser diode with a lasing wavelength at 670
nm (and 1 mW of optical power output) can efficiently excite or ‘pump’ the Cr:LiSAF
sample used as sensor element, to induce a fluorescence response from it with a sufficiently
high signal-to-noise ratio to be detected. As shown in Figure 4.23, the isolation of
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excitation light at the fluorescence detection stage is provided by a glass filter, type BG3.
The BG3 glass filter has a long-pass band starting at ~ 720 nm, and this well matches the
Cr:LiSAF emission spectrum shown in Figure 4.22. Indeed, due to the clear separation
between the excitation light and fluorescence emission in wavelength terms, little compro-
mise has been made between efficient transmission of fluorescence and good isolation of
excitation light at the detector stage. This is a near perfect optical arrangement and a much
higher signal-to-noise ratio is obtained, compared to those in the cases of the ruby and

alexandrite based systems discussed before.

Though no significant excitation light leakage was present in the received fluores-
cence signal, the pulse profile of the laser diode output is not ideally rectangular as in the
case of the alexandrite based scheme. Thus the single-sided PLD-PMTR technique is
employed to form the PLD module in this thermometer system, so that the lifetime
measurement is produced only using the decay part of the fluorescence signal. To make
comparisons, the PLD-PMSR technique used in the ruby based scheme and the PLD-
PMTR technique using both the rising and decaying parts of the fluorescence signal were
also tried in this system. It shows that much better measurement repeatability could be

achieved from the use of the single-sided PLD-PMTR technique.

Figure 4.23: Schematic of the Cr:LiSAF fluorescence based thermometer.
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Figure 4.24: The configuration of the RF applicator.

The construction of the temperature probe is also depicted in Figure 4.23. The size of
the Cr:LiSAF sample is about 0.4x0.3x0.4 mm3, although this is not critical. It is housed,
using optical adhesive, on the sensor port of a 1x2 bi-directional fibre coupler made from
200 pm hard-clad silica fibre. With the outer plastic coating, the total diameter of the fibre

used is about 0.6 mm.

The configuration of the clinical RF applicator is depicted in Figure 4.24. The RF
antenna is placed in a pure silicone catheter which is to be planted at the location of the
prostate. The retention balloon near the end of the catheter is used to help secure the
position of the RF antenna. Its inflation or deflation is controlled through an air tunnel in
the wall of the catheter, of which the entrance is indicated in Figure 4.24. To monitor the
temperature of the tissue under RF treatment, the temperature probe is placed in the
catheter along with the RF transmission cable and with the position of the sensor tip at the

point with maximum RF power output.

4.5.4. Experimental results

The calibration of the thermometer was undertaken in a water bath over the region 0
- 100 °C. The data for the fluorescence lifetime are plotted against temperatures in Figure
4.25, together with its relative temperature sensitivities calculated using Eq.(4-1). It shows

that the Cr:LiSAF fluorescence lifetime decreases monotonically with the temperature
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Figure 4.25: The observed lifetime of the CnLiSAF fluorescence decay and its temperature sensitivity.
AAA: data for the observed lifetime. Solid line: curve fitting to the data. Dashed line: the relative temperature
sensitivity of the observed lifetime.

increase, although it is rather insensitive to temperature variance around 0 °C or below.
From about 5 °C, the fluorescence lifetime drops more and more sharply with temperature
increase. This is seen explicitly from the rapid increase in its temperature sensitivity with
temperature increase. It reaches 0.60 %/°C at 35 °C, and the significance of such a
sensitivity increase is clear from a comparison to the case of ruby, which has once been
proposed for biomedical thermometric uses”18, and its temperature sensitivity is only
-0.26 %/°C at the same temperature. The fluorescence intensity recorded also decreases
with the temperature increase as shown in Figure 4.26, and this would be expected
according to the configurational coordinate model for the Cr3+fluorescence in low strength

fields described in Chapter 2.

The standard deviations of consecutive measurements at some typical temperature
points, the values ofthe corresponding lifetimes and as well as the temperature sensitivities
are listed in Table 4.2. The normalised deviation curve calculated using Eq.(4-3) is drawn
in Figure 4.27 and is close to the profile of the data in Table 4.2. The measurement

repeatability of the system is observed to be better than 0.1 °C at 20 °C. Therefore with
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Figure 4.26: The Cr:LiSAF fluorescence intensity recorded in this system. *++: data for the fluorescence
intensity. Dashed line: curve fitting to the data.

Table 4.2: The observations of the consecutive measurements made in the

laboratory.
Temperature Observed Sensitivity
°C Lifetime, ps %/°C cred
20 63.24 0.24 0.05 °C
35 59.63 0.60 0.02 °C
40 57.62 0.75 0.015 °C
50 52.00 1.25 0.01 °C
60 44.64 1.87 0.008 °C

reference to the error vs temperature curve in Figure 4.27, a precision in such an order could

be achieved over the region from 20 to -135 °C by this thermometer system.

As mentioned in Chapter 2, the configurational coordinate model for Cr3+ fluores-
cence in low strength fields has been applied to fit the Cr:LiSAF fluorescence lifetime over
the region 27 - 80 °C (300 - 353 K), and the deviation of the fitting errors is 0.12 %. Such
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Figure 4.27: Calculated temperature measurement deviation ofthe CnLiSAF based thermometer system.
The part beyond 100 °C is extrapolated using the configurational coordinate model for Cr3+ fluorescence
in low strength fields.

a close agreement indicates that a precision of 0.2 °C could be provided by the use of this
model in the calibration of the corresponding thermometers. A precision like this is more
than adequate for the applications discussed here where temperature need to be resolved

to ~ 1°C.

The intrinsic response time of the thermometer is less than 1second. However when
in use, as the temperature probe is separated from the treated tissue by the catheter wall, of
which the thickness is ~ Imm, and so the temperature indicated by the probe is expected to
lag behind the tissue temperature change during the heating up process. To monitor the
effect of such lag, an experiment was carried out to measure the total response time of the
probe inside the catheter, by applying a step change of temperature outside the catheter
from 25 °C to 45 °C. The thermometer indicated 43 °C (corresponding to 90 % of the
change) 10 seconds after the step change and this is taken as an indication of the value of

the total response time of the whole system.

4.5.5. Further considerations in the application

For safety reason, the output power of the RF applicator is reduced so that the heating
up from 37 °C to 45 °C takes about 3 minutes, that is the average heating rate is ~1 °C in

20 seconds. With the 10 seconds total response time discussed, the thermometer in the
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catheter can follow the temperature change to less than 0.5 °C. This difference is quite
insignificant in this application. If for some reason the temperature need be monitored more
closely, the temperature probe could be placed outside the catheter so that the sensor part
can be directly in contact with the treated tissue. To do so, further measures should be
undertaken to ensure the patient’s safety. For instance, the material for the plastic coating
of the sensor is not expected to have an irritating or toxic effect on human tissue, and it
should also be robust enough to sustain clinical uses, even though no toxic effect has been

reported or is expected in connection with Cr:LiS AF, an inert sapphire-like based material.

Although the optical temperature probe is immune to the effect of the RF field, the
electronic system of the thermometer does pick up some RF interference. Without metal-
plate shielding, a previous model of this kind of thermometer could still work properly in
the environment of an 434 MHz RF field. It started to malfunction when the RF frequency
was tuned beyond 2 GHz. Such an RF pick-up problem has been solved in a later model
by shielding the electronics of the instrument in a iron box of ~2 mm thickness and using
a RF de-coupling socket for the mains supply of the equipment, a series of easy-to-imple-

ment precautions.

4.6. Discussion

Since Cr3+impurity is nearly always situated in octahedral sites, the absorption and
emission spectra are similar in a large variety of materials, the main distinction being the
strength of the octahedral field, rather than its exact nature [S31 This is well demonstrated
by the absorption and emission spectra of ruby, alexandrite and Cr:LiSAF, the materials
used here. The absorption spectra at lower energies are all characterised by two broadbands
corresponding to the 44 2 —4T\ and M 2 —4T2 transitions, with the positions of the peaks
changing according to the field strength. The emission spectra are formed by broadband
emissions in the infrared region mainly due to the 472 —»4A2 transition, with or without the
sharp R-line emission related to the 2E —»4A2- The positions of the peak emissions and the

presence of the R-lines are again determined by the field strength.
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The existence of a strong absorption band, at low energy region that corresponds to
the 44 2 —472 transition, allows the use of a great variety of diode light sources, especially,
the powerful visible laser diodes recently developed. This is one of the significant
advantages of the use of Cr3+activated materials in the development of fluorescence based

thermometers.

An additional advantage could also be provided by the similarities in the absorption
and emission spectra among the Cr3+ doped materials, that is the exchangeability of the
optical arrangement of the thermometer system with different sensing materials in the Cr3+
doped family. For instance, an substantial absorption coefficient at around 635 nm could
seen in the absorption spectra of ruby, alexandrite and Cr:LiSAF. Therefore an optical
arrangement, which uses an 635 nm visible laser diode as the excitation source and an
RG665 long-pass schott glass filter for the isolation of the excitation light, could be
employed effectively for all thermometer systems which use the sensing materials men-

tioned above.

As demonstrated by the examples presented in this chapter, the fluorescence lifetime
of a Cr3+ doped high field strength materials, e.g., ruby and alexandrite, is substantially
sensitive to temperature variance over a wide region, within which the lifetime is long
enough to be detected by non-special electronic circuitry and the fluorescence intensity
could maintain a satisfactory level of signal-to-noise ratio for such detection. The fluores-
cence lifetime of a low field strength material, e.g., Cr:LiSAF 1is highly sensitive to
temperature change within a limited region, and is particularly useful for thermometric
applications which requiring higher measurement sensitivity over a narrow temperature
region. The mechanisms involved in such temperature dependences could be explained by

the configurational coordinate models presented in Chapter 2.

The PLD techniques discussed not only have a powerful noise suppression ability as
illustrated by the simulation experiment in the assessment of the ruby based system, but
also can cover a wide consecutive measurement range. In the alexandrite based system, the
dynamic range of lifetime measurement covered is 300:1 (from 300 jus to 1 ps), while in

the ruby based system, the dynamic range achieved is up to 3500:1 (from 3.5 ms to 1 ps).

Chapter 4 Cr2* fluorescence thermometers....

134



Such a wide dynamic range is difficult to achieve by a conventional method which uses a

fixed frequency for the modulation of the excitation light.

The excitation leakage, a former problem in the PLD schemes, is overcome by the
introduction of the PLD-PMTR technique. This is illustrated by the experiment carried out
in the case of alexandrite and showing two identical lifetime vs temperature curves
obtained with the presence of excitation leakage at two rather different levels respectively.
The measurement reproducibility is further enhanced by the use of the single-sided
PLD-PMTR technique. This latter scheme would even allow the use ofa high power, "delta
shaped" pulse laser as the excitation source, provided that it can be modulated with a

continuously varying frequency, from perhaps the newer generation of laser systems.

Apart from the physical properties of the materials of which the fibre probes are made,
one of the major obstacles to the extension of the measurement range to higher tempera-
tures is the shortening of the fluorescence lifetime. As shown in figure 4.28 for the Cr3+
doped cases, even though the intrinsic temperature sensitivity ofthe lifetime could be much
higher, the actual sensitivity of the observed lifetime is greatly reduced at high tempera-

tures where the magnitude of the intrinsic lifetime is close to that of the time-constant of

Temperature, °C

Figure 4.28: Relative temperature sensitivities of the observed fluorescence lifetimes of various materi-
als. 1: for ruby observed by the system using a green LED as excitation source and characterised with long
time-constant; 1 for ruby observed using He-Ne laser excitation; 2: for alexandrite; 3: for Cr:LiSAF.
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the entire electronic system. However, this is not a problem inherent to the PLD schemes
alone. The other major obstacle, obviously, is the poor signal-to-noise ratio condition due

to the dramatic decrease in the fluorescence intensity.

The lowest temperature at which a fluorescent material could still have thermometric
use may be determined by the temperature sensitivity of its fluorescence lifetime. How-
ever, the bandwidth of broad absorption bands in the absorption spectrum will constract
with the peak wavelengths shifting towards shorter wavelengths, as observed by
McClure in the case of ruby. Consequently absorption coefficients at the wavelengths
situated on the low energy edge of a strong absorption band, such as those corresponding
to the lasing wavelengths of various laser diodes available nowadays, would decrease with
the decrease in temperatures. Thus, though the quantum efficiencies of most Cr3+ doped
materials are near unity at low temperatures, the intensities of the fluorescence induced by
using the above excitation sources would decrease with the temperature decrease, as
illustrated in the case of alexandrite by Zhang et al*59\ As the result, the fluorescence
intensity also plays a important role in the determining of the effective lower temperature

limit of the measurement range of a specific thermometer system.

Therefore normalised measurement deviation vs temperature curves calculated based
on the temperature sensitivity and fluorescence intensity data for various thermometer
systems, could be used to estimate the corresponding measurement range of different
systems. These curves are redrawn in Figure 4.29 and normalised to their minimum values
respectively. The measurement ranges estimated using these curves are as listed in Table
4.3 together with the measurement resolutions observed at or near the boundaries of these
regions. For instance, in the case of the alexandrite based system, if the maximum error is
limited to 10 times the minimum value occurring at the corresponding deviation vs
temperature curve, the estimated measurement range is from -60 to 680 °C. For the
measurement resolution observed at 680 °C is 0.5 °C, a resolution of 0.5 °C or better could

be expected to be achievable over the above region.

To explore the use of fluorescence to further, higher temperatures (>750 °C), a laser
source with higher output power, or a high-speed and high-sensitive photodetector e.g. a
photomultiplier or avalanche detector, has to be used. Thus a special design of the
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Figure 4.29: Error vs., temperature curves. 1: for the ruby based system using green LED excitation; 1
for the improved ruby based system using He-Ne laser excitation; 2: for the alexandrite based system; 3:
for the CnLiSAF based system.

Table 4.3: Measurement ranges and resolutions of the discussed thermometer systems

Error limit: 10 x minimum error Error limit: 20 X minimum error
R Resolution Ran Resolution
ange (response time) £e (response time)
Ruby based system 1°C at 450 °C
-15 to 450 ° -30 to 470 °
using green LED © ¢ (2 seconds) 0470°°C -
Ruby based system 0.3 °C at 90 °C 1°C at 600 °C
° to 600 °
using He-Ne laser 9010 330 °C (2 seconds) 50 t0 600 °C (5 seconds)
Alexandrite based
. o 0.5 °C at 680 °C o 1°C at 725 °C
system using -60 to 680 °C (< 1 second) =75 to 725 °C (1 second)

670nm diode laser

CnLiSAF based
system using 15to 150 °C
670nm diode laser

0.06 “Cat 15 °C
(< 1second) - -

electronic system for high speed operation has to be introduced. However, these measures
could not prove feasible for the development of a practical or commercial fibre optic
thermometer system. It is worthwhile to search for new fluorescent materials for higher
temperature sensing uses, for example, for engine turbine or furnace measurements.

However, taking into account the ultimate effectiveness of radiation thermometry for
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temperature sensing beyond 500 °C, it was proposed in this work that a fibre optic sensor
scheme with wide temperature sensing range from room temperature or below to > 1000
°C could be devised as an effective measure by the cross referencing between the
fluorescence lifetime and blackbody radiation. The related work will be discussed in the

following chapter.
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Chapter 5

Cross Referencing between
Blackbody Radiation and
Fluorescence Lifetime

5.0. Abstract

In this Chapter, a high-temperature fibre optic thermometer scheme, based on the
cross referencing between a fluorescence lifetime measurement and a blackbody radiation
measurement, is discussed. The device demonstrated has relative simplicity of the con-
struction, where the fluorescent material used is Nd:YAG and the lifetime measurement is
made by use of the PLD-PMSR scheme. By reference to the use of the fluorescence
lifetime measurement, the problems, in pyrometry, of emissivity and sight path factor in
the blackbody radiation measurement could be corrected in such a scheme having an

internal "self-calibration."
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5.1. Introduction

It has been shown by the discussions and experimental results presented in Chapter 2
& 4, that the temperature dependence of fluorescence lifetime is an intrinsic feature of the
material itself. Hence, with the unique characteristic of being independent of the precise
measurement of light intensity, fluorescence lifetime based thermometers are characterised
with the feature of being able to be self-calibrated, if necessary, as a result. Such a feature
is important in the exploration of the use of fluorescence in high temperature regions.
Substantial progress has been made in this aspect. By using magnesium fluorogermanate
as the sensing material, a lifetime based thermometer system made by Luxtron|2H is able
to cover a measurement range from -200°C to 450°C and it has been reported later that this
sensing material could cover the temperature range up to 650°C In the work carried
out by the author, alexandrite has been successfully demonstrated to be able to cover the
entire temperature range from -100°C to 740°C. However, the extending of the measure-
ment range towards even higher temperature is severely hampered by difficulties of
measuring the ever-shortening lifetimes under a worsening signal-to-noise condition
experienced at high temperatures, even though the temperature sensitivities of the lifetimes

might be still rather high, as shown in Chapter 4.

Some rare-earth activated materials do show strong fluorescence phenomena at
temperatures even up to 1000°C with a lifetime long enough to be detected without
particular difficulties, as demonstrated in the cases of Nd:YAG and ScPC>4:Eu3+by Grattan
et al and Bugos et a [[79] respectively. However, as shown in Figures 5.2 and 5.1, the
use of the fluorescence lifetimes of these materials alone can only cover a very limited
region of temperature. In both cases, the optimum region for the lifetime information to be
used for temperature sensing purposes is from ~700°C and beyond. From room tempera-
ture (or lower) to ~600°C, there is some significant increase in the Nd:YAG fluorescence
lifetime with temperature increase. This might be of thermometric use, but unless other
means can be provided to cover the region from ~600°C to ~700°C (and beyond) and to
distinguish the lifetime measurements at temperatures higher or lower than this region, a

wide measurement region could not be achieved by using this material.
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Figure 5.2: Temperature dependences of Nd:YAG fluorescence, 0oo: data for the fluorescence lifetime;
solid line: curve fitting to the fluorescence lifetime data; dashed line: curve fitting to the data for
fluorescence intensity at 1064nm.

Figure 5.1: Fluorescence lifetime calibration curve for ScPo4:Eu7+ from Bugos et al

In summary, the use of fluorescence lifetime for temperature sensing at high tempera-
tures is based on the phenomenon of thermal quenching of fluorescence, while this
phenomenon is just the very obstacle that blocks the extending of the measurement further
into higher temperatures. Therefore, the fluorescence thermometry is intrinsically more
effective for measurement within moderate temperature regions, due to this fundamental

nature of the fluorescence emission itself.
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As a complementary to fluorescence thermometry technique, radiation thermometry
is ultimately effective for high temperature (>500 °C) measurement. In fact, the only type
of fibre optic system which can cover the range up to 2000 °C is based on this technique,
such as the Accufiber model 100, mentioned in Chapter 1. Though it is claimed that the
temperature range can be extended down to 300 °C 34, the fundamental nature of the
measurement process is such that the system works more effectively in the higher tempera-
ture region and for many applications 500 °C is a realistic threshold. Thus, a single fibre
optic sensor with extremely wide temperature range might be produced by the combination

of above two thermometric techniques, and this is discussed in the work of this Chapter.
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5.2. Theoretical background

The spectrum ofblackbody radiation is described by Planck’s radiation law. It is often
written in terms of radiant power emitted per unit surface area, that is, in terms of
irradiance, W), as a function of wavelength ,801:

C, 1

e iy S (5-1)
A X5 exp(CAT)-I1

where Xis the wavelength, 7 the absolute temperature, in Kelvin, K, and C| and C2 are

two radiation constants. The first radiation constant, Cj, is defined as,

Cx=2Tihc2 (5-2)

and the second, C2!

C2=he/k, (5-3)

where £ is Plank’s constant, ¢ the velocity of light, and £ Boltzmann’s constant.

However, the above radiation law applies to pure blackbody radiation only. If the
body is not a perfect radiator and absorber, as is seen in most practical cases and the case
presented here, the amount of the thermally generated radiation is less by a factor £ (<1),
the emissivity of the surface. In the scheme to be discussed herein the radiation used for
the measurement is observed over a narrow waveband, 4X, centred at X3 = 1064nm, and

therefore, the total radiated power detected, at a given temperature, 7, is:

£1 ) 5.4
k= X5 exp(C/Z07)— 1 e 6

where S is the area of the observed radiant surface, and 8 the sight path factor. The sight
path here is mainly formed by an optical fibre, which is immune to the impact of the
surrounding atmosphere observed in the open path pyrometer e.g. refractive index changes
in the air and other interference effects. Thus the fibre bending and reconnecting would be

one of the main reasons for any loss of transmission by the fibre and this gives the variance

of 8.
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To correct the emissivity and sight path factor, a formula to calculate the measured
temperature, 7, may be used, which is based on the ratio of the radiation measured, W(T),
to that, W(Tr), at an appropriate temperature 7).being recorded during a calibration process,

as shown by the following

(5-5)
I~ (1Jr/C2) \n\W(T)/W(T,)\
where C2= 1.4388 x 102m K This equation is deduced from the ratio expression,
exp(CAorr)- 1 C2
W(T)AV(Ty) = p( )1 ex (1 n (5-6)

s p
exp(CyA.07) - 1 K KT r T Ji

where the approximation is made that for 7 < 3000 K, exp”/A~T) » 1 Obviously, as
long as 8 and 5 remain constant after calibration, W(T)/W(Tr) is independent of the

emissivity and sight path factor.

If Planck’s law is plotted for different temperatures, it can be seen that with increasing
temperature, more energy is emitted and the peak emission shifts toward the shorter
wavelengths  The peak emission wavelength, 2imax>given by Wien’s displacement law,
as following:

2.898x1073
rex o8 m-K (5-7)

A typical inexpensive silicon photodiode, with its long wavelength spectral response
cutting off at ~ 1. 1/im, is thus well suited to detect the radiation emitted from hot bodies at
temperatures from 450°C to over 2000°C. The use of other detector materials such as
germanium and lead sulphides can extend the measurement to longer wavelengths and thus
potentially to lower temperatures, provided some special fibre is used which can efficiently
transmit the longer wavelength radiation. However, generally radiation thermometry is
more effective and simpler to implement for high temperature measurement. This results
because for low temperature measurement, the impact of ambient temperature and sight

path problems on the radiation thermometer, will be made worse by the low level of energy
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emitted with consequent problems of detection efficiency. Fluorescence based thermome-

ter schemes are more effective for these later applications.

As the measurement of fluorescence lifetime is independent of the precise measure-
ment of light intensity, the fluorescence thermometer is intrinsically free of the impact of
the sight path problems. With its effectiveness at low temperature, the fluorescence
thermometer is essentially complementary to the radiation thermometer. So, a fibre optic
thermometer, in which the fluorescence lifetime and the radiation techniques can be
combined together, can be highly effective over a wide temperature range. The emissivity
and sight path factors of the radiation can frequently be corrected by cross-referencing the

lifetime and the radiation at an appropriate temperature, 77.

In this work, with the use of fluorescent materials able to withstand high tempera-
tures, a dual system with a single emitting source has been developed. Tests have been
carried out on the use of fluorescent materials incorporated in glasses or crystals. The
former tend to suffer irreversible decomposition of the active ingredient at > 400°C but
crystals can be used up to very high temperatures without adverse effect. This contrasts
with the use of phosphor ’paints’ which again will suffer decomposition at much lower
temperatures, e.g. ~ 200 °C for that using silicone resins. Thus the scheme discussed
involves the use of a single probe, with cross calibration to enable the positive features of
the fluorescence scheme to be used at low temperature and those of pyrometry to be
utilised at higher temperatures. The signals are highly separable in terms of the fluores-
cence signal being modulated at a known frequency and the pyrometer radiation being

continuous. This makes for ease of detection and cross calibration, as discussed.
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5.3. Construction of the temperature probe

The probe is made of a 1mm diameter silica fibre with a piece of Nd:YAG crystal
cemented on its tip, as shown in Figure 5.3. This piece of Nd:YAG crystal is rectangularly
shaped with an approximate size of 1.5x1.5x1.5 mm3. It functions as a sensor element in
the lower temperature range when the fluorescence technique is used. The optical charac-
teristics of Nd: YAG as a fluorescent temperature sensor have been discussed in a previous

paper by Grattan et a [b 5l

Silica fibre Nd:YAG

Figure 5.3: Schematic of the optical fibre sensor probe.

A rectangular cavity is formed with the cement which bonds the Nd:YAG crystal on
the tip of the optical fibre, as depicted in Figure 5.3, for measurement of the thermally
generated radiation at high temperatures over a narrow wavelength band centred at 1064
nm. For the Nd:YAG is transparent to the radiation at 1064 nm, the thermally generated
radiation to be observed is mainly from the cement surface. The cement is alumina based
refractory material. Though the alumina in pure crystallised form is sapphire which is
transparent to near infrared radiation, in ceramic form it is opaque over the optical spectrum
concerned here. The optically rough surface of the cement is also a poor reflector to this
radiation. Therefore, its emissivity is sufficiently high for thermally generated radiation at

1064 nm to be detectable at temperatures down to ~ 400 °C in this work.

In addition, to strengthen the probe, a quartz tube is used to sheath the silica fibre. As
the thermal expansivity of quartz matches that of silica very well, the thermal expansions
of the silica fibre and the quartz sheath will not produce a shearing stress on the bonding
between the fibre wall and the cement. As a result, the lifetime of the fibre probe would

be prolonged.
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5.4. Configuration of the thermometer

The configuration of the thermometer is presented schematically in Figure 5.4. A
Sharp LTO10MDO laser diode, with SmW peak emission power and the lasing wavelength
at 810 nm, is used to excite the Nd: YAG fluorescence. This is a considerable more powerful
source than the LED devices available a few years ago and used in previous work|81],
increasing the optical signals received. A 1x2 bidirectional fibre coupler is used to transmit
the input light to the temperature probe, and to collect the resulting fluorescence response,
which has a peak emission wavelength around 1064 nm, as well as the thermally generated
radiation from the probe tip to the detection stage. In addition to the fluorescence response
and the blackbody radiation, a fraction of the input light is reflected to the detection stage.
So, a 1064 nm bandpass interference filter, with a bandwidth 15.2 nm, is placed before the
photodetector, a simple inexpensive planar 1 mm silicon PIN photodiode (BPX65), to cut

off the reflected input light unwanted at the detection stage.

Figure 5.4: Schematic of the opto-electronic sensor scheme. (S/H) sample and hold devices.

The "lifetime x converter" is constructed, using the signal processing scheme termed
PLD-PMSR in Chapter 3. It generates a square wave signal, um, as shown in Figure 5.5, to
modulate the intensity of the input light emitted by the laser diode. 7, the period of this
modulation signal, is automatically adjusted by the feedback fluorescence response, to
follow the change of the lifetime and keep the relationship 7 =x0Ox fulfilled. Here the
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Figure 5.5 Time dependence ofthe signals used in the processing scheme. (umvs #) input light modulation
signal; (u/vs ¢) total light signal detected by the photodetector; (W(T)) the radiation background signal; (1)/i
vs t, w2 vs ) outputs of the first stage of S/H devices.

chosen value ofthe constant x(0is 6.784 which is the optimum x0value for this fluorescence
lifetime detection scheme, as was discussed in Chapter 3. The fluorescence response is
shown schematically in the waveform representing the photodetector output, V'fin Figure

5.5, as the periodical, exponentially varying part superimposed on the radiation back-

ground signal.

To extract the thermally generated radiation signal, W(T), from the photodetector
output, > two pairs of sample/hold (S/H) ICs are employed, operating alternatively as
indicated in Figure 5.4. The final output ofthese S/H ICs are \)/max and D /mjn, the maximum
and the baseline value of the fluorescence emission plus the radiation, W(7), respectively,

as shown in Figure 5.5. As

D/min - W(T) = [tymax~ W(T)] exp(-772x) ,

=[V*,,-M'(n]exp(-Ty2) (5-8)
thereby, W{T) is given by:
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exp(-Xc/2)

W(T) - Djmn—ft)ﬂ’max —Wiin) 1- exp(-Xo/2)

~ Umin- 0.0348(\)fex - finin) (5-9)

5.5. Experimental results

The temperature probe is calibrated against a conventional type K thermocouple over
a temperature range from 50°C to 900°C, in a thermostatically controlled oven. The
calibration curves of the Nd:YAG fluorescence lifetime and the blackbody radiation at
1064 nm against temperature, are depicted, as the solid and dashed lines respectively, in
Figure 5.6. As shown in Figure 5.6, the fluorescence lifetime of Nd:YAG increases with
the increase of the temperature to ~ 680°C, and after ~ 700°C, it decreases more and more
sharply with the temperature increase, thereby presenting an ambiguity in the output
function of the fluorescence lifetime with temperature. The temperature resolution that
could be achieved from the measurement of the fluorescence lifetime is +3°C, from 100 to
600°C and better than £2°C, from 750 to 900°C with, at best, £1°C resolution at 850°C.
As can be seen, the temperature range from 600 to 750°C is an especially difficult region
for the use of lifetime measurement alone. Therefore the radiation technique is best suited
to measure the temperature over this region, and upwards as well, because it can achieve
a higher measurement resolution at temperatures over 600°C. At a temperature lower than

600°C, the lifetime method is generally preferable.

The signals, I)/mm and "D/max output from the system, as shown in Figure 5.4, were
recorded from ~ 400 °C to 950 °C. Then based on these data, the magnitudes of the
thermally generated radiation from the cavity formed by the cement surrounding the
Nd:YAG crystal, shown in Figure 5.3, over a narrow band centred at 1064 nm were
calculated using Eq.(5-9), and are logarithmically depicted against temperature, in Figure
5.6, with the normalised unit based on the intensity of the blackbody radiation at 850°C,
that is, they are presented in the ratio fT(7)/fF(850°C). These normalised radiation data,
obtained by experiment, depicted in Figure 5.6 agrees with the theoretical curve calculated

from Eq.(5-6) quite well.
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Figure 5.6: Calibration graph of the fluorescence lifetime and blackbody radiation vs temperature. ¢ ¢ *:
data for the Nd: YAG fluorescence lifetime; solid line: curve fitted to the fluorescence lifetime data, o o o:
data for thermally generated radiation normalised to the value at 850 °C; dashed line: the corresponding
theoretical curve of blackbody radiation.

In fact, Eq.(5-6) is deduced with the assumptions that the emissivity of the cavity
surface, e is independent of the radiation wavelength and it is also independent of the
surface temperature. These assumptions could not always be held in practical cases.
However, in this experiment, due to the radiation is observed over a very narrow band of
wavelengths, the wavelength dependence of the emissivity is negligible. Further, the other
assumption that the emissivity is independent of the temperature, is also acceptable for the
radiation cavity constructed in this experiment over the temperature region discussed. This

is well illustrated by the agreement between the experimental data and the theoretical

curve, as shown in Figure 5.6.

The resolution of the fluorescence lifetime measurement at 850°C is adequate (as
discussed) and also the blackbody radiation observed at this temperature is of sufficient
intensity, so 850°C is chosen as the reference temperature, 77, at which the radiation
measurement is referred to the fluorescence lifetime measurement, either to evaluate W(7r)
to correct the changes of the emissivity and sight path factor or to note when the mismatch
between the present and the calibrated values of W(Tr) exceeds a given limit e.g. corre-

sponding to £2°C and recalibration is needed. Also, the fluorescence lifetime value at this
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temperature (indicated at 7 > 750°C) is unique and the ambiguity is avoided, thereby

confirming this temperature a suitable choice.

It is recognised that, as with all blackbody radiation, some radiation can be obtained
from regions other than from the probe tip. Here, the main concern is the radiation
generated along the length of the silica fibre used to transmit the radiation from the probe
tip, which exposed at high temperature. This unwanted radiation is mostly generated from
the fibre surface, for the fibre material is transparent and thus a poor radiator at the observed
waveband over the applied temperature region. Due to the low emissivity of the fibre
surface, such radiation is rather weak, compared to that from the wall of the blackbody
cavity. Furthermore, only small amount of such weak radiation can be coupled back into
the fibre and transmitted along its transmission direction. As result, in the work reported,
significant impact of this radiation on the blackbody radiation measurement was not
observed, under a test in which a portion of the transmission fibre was subjected to

temperatures exceeding 1000 °C.
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5.6. Discussion

The feasibility of the thermometry based on the cross referencing between blackbody
radiation and fluorescence lifetime is well demonstrated by the prototype scheme presented
here. However the temperature sensitivity of the Nd:YAG fluorescence lifetime used is
rather low over the region from room temperature to ~700°C. This limits the performance
of the thermometer over such a temperature region, for the blackbody radiation level is
still quite low at 600°C. The performance of this thermometer scheme could be much
improved by using other fluorescent materials which can work more effectively at least up
to 700°C, such as alexandrite of which the temperature dependences of the fluorescence is
shown in Chapter 2 and 3. The stability of the fluorescence properties when undergoing
excursions to a high temperature up to 1000°C also allows alexandrite to be used in such

high temperature sensor scheme.

Further, other detector materials, such as germanium, may be used to monitor the
blackbody radiation down to the temperature lower than 500°C, so that the overlap of the
temperature measurement ranges of the two techniques are wide enough to carry out the
necessary cross referencing. By doing so, ruby, the other refractory fluorescent material
used before could also be used in this kind of scheme. From the consideration of the
stabilities and noise levels of the detector materials used, the use of alexandrite appears to

be more favourable.
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Chapter 6

Conclusions and Future Work

6.1. Assessment of fibre optic thermometers

As a result of the fact that temperature can fairly readily be monitored through a
variety of transduction mechanisms, there has been a wide range of proposed fibre optic
temperature sensor devices. Compared to the remarkable diversity in the ideas proposed
for fibre optic sensors, the types of fibre optic thermometers which are commercially
available now, are quite a few. Though several reports have been given by major manufac-
turer 19,28,82Jreviewing various existing commercial systems, cross comparisons between

the performances of these systems are not made or are carefully avoided.

An independent assessment of a few commercial systems, which has been published
so far, is that carried out by Harmer in 1986. It was undertaken to address the possible
use of fibre optic instrumentation for process control in offshore oil rig installations. The
report was concerned with investigating whether devices met the manufacturer’s design
specifications, and tests were performed to consider such characteristics as accuracy,
reproducibility, sensitivity, linearity, effects of supply voltage, handling considerations,
and ageing. In addition to a number of other devices, three prototype commercial tempera-
ture sensors were tested. Sensor A was a guide fibre bundle with a bimetallic strip and
reflector varying the intensity of the backreflected light. Sensor B (manufactured by
ASEA) used the temperature-dependent fluorescence intensity of a semiconductor crystal,
and sensor C (manufactured by Luxtron) depended on the fluorescence lifetime of a
phosphor. The comments may be summarised in that with sensor A, problems associated

with intensity modulation were seen, due to connector and cable losses which could be

Conclusions and future work Chapter 6

153



A
Table 6.1: Assessment of early commercialised fibre optic thermometer systems, by Harmer Tt

Sensor B Sensor C
Principle Fluorescence intensity Fluorescence lifetime
Fibre type 100 pm 305/362 pm
Range 200 °C -35 °C to 250 °C
3.5°C
Accuracy +0.4 °C (Manufacturer’s

specification: £0.2 °C)
Effect of reconnection 0.7 °C (max) 1.5 °C

Microbending effect

0.9 ° & °
error (5dB loss) 97 =

misconstrued to be a temperature error, but sensor B could achieve accuracy of better than
+0.4°C with individual calibration of the probe. Consistent reading were seen over a period
of testing of 2 weeks. For the fluorescence lifetime-type device, errors greater than the

specifications were seen. The assessment results for sensors B and C are listed in Table 6.1.

In the test reported, the fluorescence-intensity based sensor did appear to perform
very well when individually calibrated. On the contrary, the performance of the lifetime
based sensor was significantly poorer than expected. The magnitudes of errors induced by
the effects of reconnection and microbending in the sensor C, as listed in Table 6.1, were
much higher than those in sensor B. It is rather surprising for the former would be expected
to perform intrinsically better than the latter in these aspects. Though sensor C was at an
early stage of production at that time, the test did show how much difference a device could
perform, in practice, from the specification given by the manufacturer. Therefore, it is
important that commercial devices be subjected to such intensive scrutiny both in the user’s
interest and for manufacturers to see the device defects which they do not expect or chose

to neglect.
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Of course, if the work were not accompanied with an understanding of the working
principles of these devices, the status of their development, and their potential, the results
of this test would be quite misleading when a decision was to be made to chose right type
of sensor for further development. It was shown by later development, as mentioned in
Chapter 1, that the lifetime-based scheme is much favoured in terms of performance and
cost. That was the reason for the major manufacturer, Luxtron, to substitute the lifetime-

based thermometer for the early, intensity-based device in production [9L

6.2. Cross comparison to previous experimental devices

It is nearly a decade since the work on a fluorescence decay-based fibre optic sensor
scheme at City University was first reported by Grattan and Palmer t211. Since then, a
number of experimental devices have been developed at the laboratory. These devices and
the experimental results gathered in the due course of the development provide a sound

basis to assess the experimental devices produced in this thesis work.

The assessment of various major experimental devices developed previously in the
laboratory and those made in this work is presented in Table 6.2, where the work is listed
in chronological order. The progress made in sensor development is obvious. The response
times of the current devices are correspondingly shorter than those of the previous sensors
which used the same sensing materials, due to the efficiencies of the new signal processing
schemes. The measurement ranges of fluorescence lifetime based thermometers have been
greatly extended into higher temperatures, showing the superiority of the use of PLD
techniques for the detection of fluorescence lifetimes over a wide consecutive range. The
improvement or absence of deterioration in the measurement accuracy compared to that in
the corresponding previous device gives evidence that the PLD schemes have the high
noise-suppression capability as like the phase and modulation scheme. For instance, by
using the phase and modulation technique, the best measurement deviation achieved was
0.04 °C in the previous LED excited ruby fluorescence device "29’85' with a response time
of 10 seconds; in the similar device of this work but using the PLD-PMSR technique, the
best deviation achievable is 0.1 °C with a short response time of only 2 seconds. By

increasing the response time of the latter device to 10 seconds, its resulting measurement
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Table 6.2: The assessment of various experimental devices developed at the laboratory.

Sensin Response Signal
Year eSS Range ona P Processing
Material time .
technique
1985 Nd: glass Pulse
O, O, 6
[Ref. 84] (excited by LED) 15to 130°C e S Measurement
1987 Nd: glass o ° Pulse
[Ref. 81] (excited by LED) -30t0 200 °C ° = 3s Measurement
alexandrite
. Ph
R;?S; (excited by 20 to 150 °C 0.3 °C 3s Mogiﬁa?:n
[Ref. &6] He-Ne laser)
20 to 160 °C oh g 10s Pulse
Measurement
1987 ruby
[Ref. 85, 29]  (excited by LED)
o 0.04 °C Phase and
2010 160°C . 160 o) 10s Modulation
1988 alexandrite Phase and
° 3° 1 .
[Ref. 45] (excited by LED) 2010 150°C 0.3°C S Modulation
20 to 450 °C 1°C
ruby 2 PLD-PMSR ¢
(excited by LED) technique
120 to 140 °C e =
90 to 530 ° 3°
ruby 0330°C 03°C PLD-PMSR ¢
(excited by 2s .
technique
He-Ne laser) -370 °C 0.03 °C
. 20 to 725 °C 1°¢
This work alexandrite © < 1s PLD-PMTR d
(excited by VLDb) technique
20 to 160 °C <0.2°C
alexandrite .
(excited by potentially 1% < 1s PLD-PMTR d
- ° techni
He-Ne laser) 100 to 700 °C echnique
15to 150 °C 0.06 °C
Cr: LiSAF © <1s PLD-PMTR d
(excited by VLDb) technique
30 to 100 °C 0.02 °C

a: ctn - measurement deviation, b: VLD - visible laser diode, c¢: PLD-PMSR - as defined in Chapter 3.
d: PLD-PMTR - as defined in Chapter 3.

Chapter 6 Conclusions and future work

156



deviation could be estimated, using the <1/*m law to be 0.1°C W5~and it is of the same

order as that of the former device reported by Selli and Grattan et a/

The experimental data of the fluorescence lifetimes of various materials, obtained in
the course of study have also been compared to those obtained previously in the laboratory
or from other groups of workers. Though there are some slight differences, those obtained
from similar materials generally share the same temperature profiles. The slight discrep-
ancy among these data may originate from differences in concentrations of the impurities
in the sensing materials, their geometrical shapes and sizes which would exhibit different

levels of fluorescence trapping effects and so on.

6.3. Conclusions

In this work, the aims set out at the beginning of the study have been fulfilled by:

(1) The investigation of the established work on the fluorescence thermometry,
presented in Chapter 1. It starts from an overview of the development of fibre
optic temperature measurement, and examines various exciting sensor schemes,
showing the advantageous characteristics of fluorescence thermometry. Then,
illustrated by the development of the fluorescence thermometry, it shows that in
addition to the search for suitable sensing materials, the development of an
effective, thermometry-oriented signal processing electronic scheme for the
detection of fluorescence lifetime plays an important role in the development of
fluorescence thermometry. Virtually, almost every major progress made in such
development could be marked with the introduction of a new signal processing
idea. This is not to say that the importance of the development of signal
processing schemes could override that of the search for new sensing materials.
It is just a matter of fact that the former represents basic underlying work, from

which the development of fluorescence thermometry can proceed.

(2) The exploration ofthe theoretical basis of the fluorescence in suitable materials,
described in Chapter 2. The work is concentrated on the temperature dependence
of the lifetime of fluorescence in Cr3+ doped materials, the great potential of
which as temperature sensing elements has been demonstrated in various re-
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ported sensor schemes. Two single configurational coordinate models have been
proposed, which could closely explain the mechanism of the temperature de-
pendence of the fluorescence lifetimes in materials with high and low crystal
field strengths respectively. This shows that such a temperature dependence is
intrinsic to the properties of a fluorescent material. Hence, it is reproducible from
material to material, and can be of thermometric use. This lays the basis of the
entire science of fluorescence thermometry. In addition, the discussion also
shows that due to difference between the mechanisms in the temperature depend-
ences of fluorescence in low and high field strength materials, the lifetime of the
fluorescence in the former is highly sensitive to temperature variance over a very
limited region, while that in the latter could exhibit a moderate sensitivity to
temperatures over a wide region. These features have been exploited in this work
in different sensor systems.

(3) The development of a whole category of effective electronic signal processing

schemes, the "phase-locked detection of fluorescence lifetimes," is described in
Chapter 3. Such a basic scheme shows the advantages of the phase and modula-
tion technique for the high precision measurement of fluorescence lifetimes.
However, unlike the phase and modulation technique, the PLD technique is
capable of covering a wide consecutive measurement range, for the modulation
frequency is automatically adapted to the measured lifetime. Furthermore, the
PLD-PMTR scheme devised in this work has overcome the vital shortcoming of
the previous PLD and other phase modulation schemes, that is its vulnerability

to the excitation light leakage. Consequently it can greatly enhance the perform-

ance and cut the cost of a related fluorescence thermometer.

(4) The development of experimental thermometer systems for a range of tempera-
tures was carried out and is presented in Chapter 4. Two Cr3+activated refractory
materials with high strength crystal fields, ruby and alexandrite, are used for
wide range and high temperature measurement. Ruby and alexandrite are capa-
ble for measurement over the regions from -15 to 530 °C and from -100 to 725
°C respectively. The lower temperature measurement limits are set by the

insensitiveness of the lifetimes to temperature variance or the ambiguity of such
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temperature dependence at low temperatures. The higher the crystal field
strength of the material is, the higher temperature the lower measurement limit

shifts towards.

The highest temperature that a fluorescent material is capable of measuring is
limited by the nonradiative transitions occurring over high temperature region,
no matter whether the material is of high or low crystal field strength. Such a
temperature measurement limit is subject to two parameters, AEq and (3 which
are defined by a single configurational coordinate model described in Chapter 2,

and are intrinsic to the specific material.

The use of CnLiSAF for temperature measurement over the biomedical range
has demonstrated that the low field strength material is particularly useful for
high resolution measurement over a limited temperature region. The 0.02 °C
measurement resolution achieved with 1 second response time, listed in Table
6.2, is the best which has been achieved from a fluorescent sensing material, over

the biomedical region in the laboratory.

The close fit of the two single configurational coordinate models to the lifetime
data of corresponding materials has shown the great potentials for them to be
used as calibration formulae for a category of Cr3+ fluorescence based ther-
mometers. It is expected that by using these models, such a thermometer could
only need to be calibrated at an appropriate single temperature point to correct
the systematic error introduced by the time-constant of the entire electronic

appliance.

In addition to the accomplishment of the preset objectives, an attempt has been made

to extend the consecutive measurement range of fibre optic temperature sensor further to

cover the temperature region from room temperature (or possibly lower) to 1000 °C and

beyond, as discussed in Chapter 5. The experiment described in that Chapter convincingly

illustrates the feasibility of a scheme based on the cross referencing between blackbody

radiation and fluorescence lifetime to achieve this target. The development of such a

scheme is a subject of future study. Further to the schemes being demonstrated in the
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laboratory, the work has been published, during the last few years, in the International

literature.

6.4. Discussion and future work

6.4.1. Cryogenic temperature measurement

This thesis study has been concentrated on the temperature measurement from room
temperature to temperatures as high as the fluorescence thermometry could reasonably
cover. Rather little effort has been expensed on the investigation ofthe use of fluorescence
thermometry in the sub-room temperature region. In fact, the active research work in the
area of superconductors and the optimistic expectation of the applications of such research
indicate a promising potential market for dedicated fibre optic thermometers, and fluores-
cence thermometry does appear to have the potential for significant use in cryogenic

region.

As mentioned in Chapter 4, the data from Walling et a /1511 shows the alexandrite
fluorescence lifetime is capable to be used for temperature measurement down to -100 °C
(~ 170 K). To extend the measurable temperature to further lower ranges, sensing materials
with crystal field strengths lower than that of alexandrite, such as emerald formula and Cr3+
doped GSGG could be useful. According to the data from Fonger and Struck[52], as shown

in Figure 6.1, the emerald fluorescence lifetime has the potential for thermometric use

Figure 6.1: Temperature dependence of emerald fluorescence lifetime from Fonger and Struck t52f
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Figure 6.2: Temperature dependence of GSGG:Cr3+fluorescence lifetime, o o o: data from Armagan and
Bartolo 186f ¢ + «: data from Healy et al I87!.

down to 100 K (~ -173 °C). With reference to the data obtained by Armagan and
Bartolo and those from Healy et al 187!, the GSGG:Cr3+ fluorescence lifetime, shown
in Figure 6.2, could be used down to 50 K or even lower. The test of the uses of these
materials in the cryogenic region is worthwhile in future work. In addition, the uses of low
crystal field strength materials, such CriLiBAF mentioned in Chapter 2, as well as other

non-Cr3+ activated materials, are also worth examination.

6.4.2. Limitation of the signal processing schemes

There are two shortcomings in the PLD schemes. First, it is not a economic way to
use the PLD technique for multi-point temperature measurement. As the modulation cycle
of the excitation light is related to the temperature of the measurement point, the use of the
PLD technique requires a separate light source for each measurement point, and also a
dedicated electronic circuit is needed for each point of measurement. Therefore, the cost
of using the PLD scheme for multi-point measurement is expected to be higher than that
using the pulse measurement technique. The latter allows the sharing of a single excitation
light source among a number of measurement points without particular difficulty, and it is
possible to address each measurement point, through multiplexing, by the same electronic

signal processing circuit.

Conclusions and future work Chapter 6

161



The second shortage is that the modulation frequency of the excitation light should
be able to vary continuously over a specific region and to be controlled by an electrical
signal. This has excluded the use of the PLD technique with flash lamps and some pulsed

laser sources.

As far as the Cr3+ doped materials are used, the second shortage has no much
significance, for a laser diode emitting at 635 nm is rather satisfying as the excitation
source. This sort of visible laser diode is already commercially available at a price less than
half of that of its counterpart, He-Ne laser, and a steady decrease in its price has been seen
in past two years. However, as for the applications of PLD schemes in multipoint
measurement, a satisfactory solution to meet the first shortage has not yet been conceived.
By considering the attractive characteristics, it is perhaps worthy of looking for such a
solution. It might be needed to introduce some fundamental changes in the PLD schemes

or a brand new idea for multipoint temperature measurement applications.

6.4.3. Investigation of other sensing materials

Search for even better sensing materials is always a subject of future work. In the
family of Cr3+doped materials, those which have the potentials for thermometric uses and
have not been thoroughly examined or not at all for these uses are still in quite long list.
Further, so far, only have Cr3+ doped crystalline materials been tested and the Cr3+ doped
glassy solids were ignored. This is due to the low quantum yield of transition metal ions in
amorphous solids. As quoted by Andrews eta /[88i, the luminescence quantum yield of Cr3+
ion at ambient temperature is about 0.1 in many common glass whereas in crystalline hosts
its yield is frequently close to unity. Nevertheless, with the availability of cheap, compact
and high power suitable light sources, e.g. visible laser diodes, the thermometric use of
these materials is possibly feasible, for at least these materials are cheap and easy to
fabricate and the bonding of glassy materials onto the tips of fibre probes is relatively

simple due to their low deformation temperatures.

It is interesting to notice the recent results from the research work on Cr3+ doped
glasses by Rasheed et al t89*and Henderson ef a/ [90L Rasheed ef a/ 891 have discussed the

optical properties of a number of Cr3+doped silicate glasses with compositions chosen to
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Figure 6.3: Temperature dependence of the Cr3+ fluorescence lifetime calculated assuming different
values of p by Henderson et a/ 190..

vary the average value of strength of the octahedral crystal field at the Cr3+ ion site.
Henderson et al  have shown the calculated results for temperature dependences of the
Cr3+ luminescence lifetimes in glasses with different values of crystal field strength, as
depicted in Figure 6.3 where p is a function of crystal field strength. These results indicate
that it is possible to produce a glassy fluorescent material with desired temperature
dependence of fluorescence lifetime to cater for different thermometric applications by

choosing appropriate compositions for the glass.

6.5. Further potential of this work

Apart from the thermometric applications discussed here, the entire category of PLD
techniques devised here are equally applicable to other lifetime or time-constant based
sensor schemes. For instance, recently Draxler and Lippitsch[911 have illustrated the
potentials of the fluorescence lifetime based measurement in chemical sensing area. An
example is the dependence of the fluorescence lifetime on oxygen pressure in the complex
tris(2,2’-dipyridyl)ruthenium (II) dichloride hydrate. This could result in a oxygen sensor
with the resolution and accuracy being easily brought to a few torr of oxygen as demon-

strated by the work of Lippitsch et a/|92" Another example is the pH sensing using the
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fluorescence lifetime of norharman in the range pH 5 to 12911 The possibility of using

lifetime-based measurement in the sensing of metal ions has also been considered 91

A further potential application of this work is in the high pressure (1 MPa to 100 GPa)
measurement. The calibration of the shift of the ruby fluorescence line R\ as a function of
pressure has already provided an important internal pressure sensor for high-pressure
experiments. Indeed, this shift is recognised as a suitable secondary pressure standard [93]
up to 100 GPa. It has been shown by Eggert et a/ 1% that in a nonhydrostatic environment
the fluorescence lifetime of the R line also exhibits a significant pressure dependence.
Similar pressure induced R line shift in alexandrite has also been observed by various
groups of workers t95-971 It is suggested by Jahren et al t971 that the alexandrite fluorescence
could provide an alternative to the ruby-fluorescence scale. The pressure dependence of
the lifetime of alexandrite /?-line fluorescence has also been observed 196], as shown in
Figure 6.4. These are strongly implication of the potential of the lifetime-based measure-

ment in the high pressure measurement applications.

Figure 6.4: Pressure dependence of the lifetime of alexandrite R-line fluorescence in hydrostatic envi-
ronment from Jia et al
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