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Abstract

Temperature and strain measurement is an important requirement in many industrial
processes. In areas where high electromagnetic fields, flammable environments or
other adverse environments limit the use of electronic-based sensors, optical fibre-

based sensors can be incorporated.

In this thesis, praseodymium (Pr’*) -doped silica optical fibres were investigated for
their temperature and strain properties using the fluorescence lifetime technique.
These fibres had a Pr’*-ion concentration of 700 ppm and 1000ppm, the latter of

which was co-doped with Al at a concentration of 4000 ppm.

The Pr*" ion were excited with light from an argon-ion laser, centred at a wavelength
of 488 nm. Two fluorescence wavelengths that emanated from the 'D, energy level
were detected and measured, as the doped optical fibre was subject to temperatures

between 20 and 700 °C, or was strained over a range from 0 to 1957 pe.

Results from these measurements indicate that the temperature and strain sensitivity
from these two fibres is comparable to that of other rare-earth-doped silica optical
fibres. The fluorescence lifetime strain-dependence from the optical fibre with a Pr’*
concentration of 1000 ppm had a negative trend with increasing strain; this is contrary

to other rare-earth-doped silica fibre strain sensitivities.
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1.1 Optical fibre properties

Optical fibres have been used extensively in the telecommunications industry from
soon after their development. Since then, other fields in optical fibre technology have
opened, including the medical, laser and sensing fields. Concurrent with this, there

have been many improvements in manufacturing techniques for these devices.

Optical fibre sensors can be divided into two categories, extrinsic and intrinsic.
Extrinsic optical fibre sensors use optical fibres to guide light to an exterior sensing
material, or, to guide light to a detector that decodes information in the light signal
that has travelled along the fibre. Extrinsic sensors can also be used for remote
temperature sensing. Intrinsic sensors on the other hand use physical changes along
the waveguide that affects some detectable property of the light (e.g. polarisation,
phase or intensity). The benefits that optical fibres have over other established

technologies include [1]:
e Immunity to electromagnetic (EM) interference
e Small size
e Light weight
e Electrical isolation
e High bandwidth
e Easily bonded to, or embedded in materials

Immunity to electromagnetic radiation enables the sensor to be used in areas that have
high levels of electromagnetic radiation (eg. power stations, heavy industry).
Electronic-based sensors would not be able to operate effectively in the same

environment due to signal corruption from electromagnetic interference.

As optical fibres are inherently small (diameters of approximately 125 um and lengths
that can be as short as a several centimetres), they can be used in places where volume
is an issue. Optical fibre sensors are also lightweight; this allows their use in systems

where mass distribution is a critical factor (i.e. they don’t “load” the structure).
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Optical fibres are usually made from glass or from other electrically non-conductive
materials, such as plastic, so they can be used safely in areas where high voltages
exist. They have a high bandwidth; this enables optical fibre—based sensors to be

wavelength multiplexed, allowing multiple sensors to be distributed along the fibre.

Optical fibres are easily bonded to a variety of surfaces that can be used to measure
parameters such as temperature and strain along or through a test material. For this
reason and their lightweight nature means that optical fibre based sensors are an

attractive option in the aerospace industry.

1.2 Project aim

Optical fibre sensors doped with rare-earth ions have been investigated in detail over
the years, as rare-earth ions are readily soluble in fibres and have long fluorescence

lifetimes, thereby simplifying detection schemes.

Fluorescence lifetimes are inherently temperature sensitive, and investigations by
many authors to measure how different rare-earth-doped fibres are affected by
temperature have been conducted. There has also been some investigation to see how

strain affects the fluorescence lifetime in some rare-earth-doped optical fibres.

This thesis investigates how the fluorescence lifetime from the 'D, energy level is
influenced by temperature and strain in praseodymium-doped silica optical fibre.
Results from these measurements will be compared to work on neodymium-, erbium-
and ytterbium—doped optical fibre to assist in the physical understanding of how strain

affects the fluorescence lifetime.

1.3 Summary of thesis content

This thesis is divided in a number of sections; each is briefly discussed. The use of
temperature and strain sensors that are commonly used in industry, both optical and
non-optical methods, will be shown in Chapter 2, with a greater emphasis on optical

fibre-based methods. Chapter 3 will introduce optical fibres and the manufacture of

1-3



rare-earth-doped optical fibres. Properties of rare-earth ions and the effect of host
materials on their optical properties will be discussed with particular attention paid to

praseodymium-doped silica glass.

Chapter 4 will discuss fluorescence and non-radiative processes (phonon and cross-
relaxation interactions), as well as models developed by researchers that describe
temperature and strain effects on the fluorescence lifetime. Measurements of the

fluorescence properties of praseodymium-doped optical fibres will also be reviewed.

Chapter 5 illustrates the optical arrangements for both temperature and strain
fluorescence lifetime experiments used in this investigation; including a discussion on
the apparatus that were necessary for this investigation. Chapter 6 will discuss the
results from the experiments. Chapter 7 will compare the results from this project to
those of other rare-earth—doped optical fibres (neodymium, erbium and ytterbium)

that have been investigated by other authors.

Chapter 8 will provide concluding comments on the work described in this thesis and

where future research may be undertaken.
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2.1 Chapter overview

The ability to measure strain and temperature accurately is paramount in many
circumstances, from monitoring the structural integrity of buildings, dams and

aircraft, to measuring temperature of furnaces, chemical or manufacturing processes.

There are a wide variety of temperature sensors available. Temperature can be
measured by monitoring a changing physical parameter such as electrical resistance,
volumetric expansion, vapour pressure, and spectral characteristics of the sensing
material [2]. The earliest thermometer was designed by Galileo Galilei some time
between 1592 and 1603 [3], known as a thermoscope. An air-filled bulb was attached
to a pipe with the open end immersed in a coloured liquid. As temperature varied, air

in the bulb either expanded or contracted, affecting the water level in the pipe.

The concept of the strain gauge was envisioned by Lord Kelvin in 1856 [4] when he
noticed that resistance in an electrical conductor changed when stretched. However, it

was not until the 1930s that strain gauges were widely used in industry.

The fundamental principal of strain gauges has not changed over the years; a material
is deformed (eg. stretched) and a property (such as electrical resistance) is measured

and compared to a calibration chart so the applied strain can be known.

2.2 Non-optical temperature and strain measurement systems

The following section explains the various systems used in non-optical based
temperature and strain sensing. The simplest temperature sensor is the liquid-in-glass
thermometer, and the foil gauge is the simplest strain sensor. Other forms of widely

used temperature and strain sensors will be discussed briefly.




2.2.1 Temperature measurement systems

There are varieties of non-optical temperature measuring systems. These involve a
physical change in the temperature-sensitive medium, such as volumetric distortion
(thermometer), change in electronic properties such as resistance (thermistor), or the

creation of small voltages (thermocouple). Some non-optical devices are summarised

in table 2.1.

Table 2.1 A sample of available non-optical temperature sensors, listing their details.

Measurement | Description Temperature | Sensitivity | Advantages | Disadvantages Ref.
Technique Range (°C) )
Volumetric -38 > +600 o Fragile
Liquid in glass | distortion of (Hg) oo | Eae otuse Parallax error 5]

q liquid against -200 > +50 increment Pressure effects
scale (Pentane) Size
0 60 Low cost Weak signal
Measuring the Utype) 559 uV/°C | Small size Cg;’/[“p‘gi’]e. with
Thermocouple Seebeck voltage Reasonable radiation 2]
of dissimilar 0- +1260 40.7 pVIPC uncertainty Non-l_mear output
metals (X type) and stability Reqmr'es .
amplification
Measuring the
: ist. h Chemicall
Plz?tmum :)efsll)iaat?nc::r; ;Eiﬁ 259 5 +750 0.4%/°C inert g Strain sensitive T16]
resistance applied to e T A%PCE | Low uncertainty | Expensive £ 5]
thermometers | (o oerature High resistivity
environment
Restounce i Low cost, high | Non-linearity
Thermistor e o 2 S 22005 +1000 -5%/°C sensitivity Corruptible with 2]
conducting Small size EM radiation
material
Thermal Self heating
Semi-conductor co:;?ctivity of Simple circuitry | Non-linear at
L : ) fur
J“‘.]S‘fzzn diode/transistor -55 5 +150 10 mV/°C R:j:i‘llg’ble e !
TSl amee junction is Linearity Can have high
thermometers exploited. \ncertain
ty

Thermocouples require two dissimilar metals that creates a small voltage that is
dependent on the temperature. The voltage (Seebeck voltage) is proportional to the
temperature at the junction of the two metals and requires amplification to be useful.
Thermocouples are widely used in industry and research, as they are inexpensive and
easy to obtain and are accurate, although they are not as resilient as platinum
resistance thermometers and have less temperature range. Thermocouples create low
voltages, for example at 100 °C the voltage is approximately 4 mV [2] and are
therefore prone to EM interference. Thermocouples are also non-linear and their
calibration can vary with contamination on the thermocouple materials [2]. In this
project, temperature was measured with an Emtek (EMT-502) unit utilising a K-type

thermocouple.

2-3



The majority of electronic-based temperature sensors also incorporate simple
circuitry. However, complex circuitry can be incorporated to reduce the effects of

resistance in the lead wires and to reduce noise from EM fields.

2.2.2  Strain measurement systems

Examples of common non-optical strain sensors are described, all of which require
electronics to measure strain. Table 2.2 lists the various strain gauges that will be
discussed in this chapter. The table includes their strain range, sensitivity, as well as

an indication of their advantages and disadvantages. All of the strain sensors listed are

sensitive to EM interference.

Table 2.2 Summary of non-optical-based strain gauges.

Measurement Maximum
. Strain Sensitivity Advantages Disadvantages Ref.
Technique
(1e)
Low cost
0.1% @ 4000 ue | Linear output Temp_e rature
. . . sensitive, at high
Resistance strain Easy to install.
25000 % @ 10.000 Man temperatures [8]
gauge 1% @ 10,000 pe n)IL tions Repeatability is
contigura difficult to achieve
available
: . Can be used in high | Measurement leads
Capacitance strain 1500 0.018 p/F/lOOO temperature create their own [4]
gauge He/m environments small capacitance
Made from
: : Low hysteresis. pbotoelectric
Semiconductor strain 5000 1% @10000e | g sige. material (up 10 2 (8]
gauge High fatigue life or 3 ue error),
Non-linear output
. . . . - Restricted accuracy,
Vibrating wire strain 4000 £10 e Long lifetime (>15 Temperature [4]
gauge years) dependent

Strain gauges were not used in this investigation. Instead, strain (¢) was determined

by,

2.1)

where m is the mass of the weight, g is Earth’s gravitational acceleration, 7 is the outer

radius of the fibre, and Y is Young’s modulus of the fibre’s material. The pulley used

to direct the fibre to hang vertically was approximated to have negligible friction.
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23 Optical-based temperature and strain measurement systems

Optical methods of temperature sensing have the advantage over their electronic
equivalents of being immune to EM interference. Each method has its own inherent
advantages and disadvantages. As for electronic-based temperature sensors, no single

sensor can be used to measure temperature in all situations.

Temperature and strain can be monitored at a point in space; these sensors are known
as point temperature sensors, such as fibre Bragg gratings or fluorescence lifetime-
based temperature sensors. Alternatively, they can be used to monitor temperature and
strain over a given distance; these are known as distributed temperature sensors, an

example of which is a Brillouin scattering-based sensor.

Optical-based measurement can use optics (eg. lens) to gather light from the target
object by line of sight; otherwise, optical fibres can be used to redirect light to
detectors. Optical fibres have a core and cladding region that allows light to be guided
down the length of the fibre’s core, caused by a difference in core and cladding
refractive indices, namely n; and n, respectively as shown in figure 2.1. The core
diameter of single mode optical fibres is about 8um, increasing the core diameter can

support multiple modes of light along the fibre.

Core ~8um| =125 pm

Cladding

Figure 2.1 Cross section of a typical optical fibre.

The following table (2.3) is a sample of different techniques for optical based
thermometry. Although the selected systems are limited to intrinsic designs, some of

these systems can be modified to be extrinsic in design as well.




Table 2.3 A sample of optical-based temperature measurement systems.

Temperature
Type Range (°C) Sensitivity Advantages Disadvantages Ref.
(Accuracy)
Limited range
) -20 »350 10°/°C Simple optical (semiconductor [9]
Absorption arrangement material)
-50 > 100 0.2%/°C Linear response Difficult to bond [10]
to optical fibres
400 5 1200 Remote seasing | (.o oPtical [11]
Blackbody (£ 107 at high Fast acquisition patli requir
temperature) time Not suitable for 2]
low temperature
Long range
Brillouin 25 5 60 (+0.5) 1.36 MH2/°C distributed Strain sensitive [12]
tteri 2080 (1) sensing Complex optical [13]
Scaftering Good spatial arrangement
resolution
Simple optical . ..
: 10 pm/°C Strain sensitive T [14]
F‘Igfaggaggg 25 > 800 + (@ 1300 nm) } Gz:(';“ﬁi’:ﬁty Expensive 1 [15]
1 *
(@ 1500 nm) * and sensitivity FBG disappear [16]
Strain independent | Insensitive at T17]
Iiluor.es";’f.e -50 > 500 (+ 3.4) } 0.06 /°C Good accuracy low temperature | % [18]
tensity Ratio and sensitivity Expensive [19]
Wide temperature ng;;raMe
-5
Flugres.cence 0 850 (25) 9.7+ 3.§) x 10 range cross- semsitivity [20]
Lifetime %/°C Ease of Concentration
measurement .
quenching
Many
configurations .
possible: S:s;:ﬁzz on T21]
20 > 800 (£ 0.025) Sagnac Loop .. 1122]
Interferometry | 5, S 500+ 0.013) Mach-Zehnder t | SeRSItve * [23]
Fibres need to be
Fabry-Perot * re-annealed [24]
Easy to build P
Very accurate
Distributed Do
Raman 23559 (£ 4) 11 mVAaW sensor (10 km) limitation [25]
Scattering Good spatia Peak power
accuracy (10 m) limitation




2.3.1 Optical-based temperature systems
2.3.1.1 Absorption

The amount of light that is absorbed by materials such as rare earths, or
semiconductors is proportional to the temperature of the material. Barmenkov [9]
used a CdSe crystal illuminated with a 630 nm LED. The 630 nm light was split into
two paths; one being a reference, the other beam was shone through the crystal and

detected. The ratio of both intensities was measured.

Using a similar scheme, Farries ef al. [10] measured the change in the absorption
spectrum of Nd3+—doped fibre. The simple design and linear relationship of
temperature and ratio between the reference light source and absorbed light make this
type of sensing advantageous. However, the semiconductor material used by
Barmenkov et al. [9] is difficult to incorporate into existing fibre networks and has a

limited temperature range.
2.3.1.2 Blackbody measurements

Bodies will emit radiation due to their thermal energy. The spectrum of radiation
emitted is not uniform; instead, the spectral peak shifts to shorter wavelengths as the

energy of the body increases as described by Planck’s Law.

Optical fibres can be used to sense blackbody radiation intrinsically, by use of a
quartz rod that acts as a blackbody source when exposed to high temperatures. Quartz

is often used because of its availability, relatively low attenuation in the required

optical frequency domain and a relatively high softening point (= 1200°C) [11].

The range of temperature measurements is determined by two factors, the softening
point of the blackbody material at the high end of the range, and the sensitivity of the

detector at low intensities, at the lower temperature range.

The advantages of utilising blackbody temperature sensing include remote
temperature sensing of potentially dangerous environments and quick response time.
However, false temperature measurements can be caused by the intensity of the signal

from the heat source being altered by effects such as surface emissivity and
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reflections, and fluorescence, absorption, scattering and the size of objects such as air

molecules that are between the signal and detector [2].

The detection scheme calculates the temperature from the blackbody spectrum by
either integrating the area under the spectrum or by the use of Planck’s Law, if the

maximum intensity wavelength is known.
2.3.1.3 Brillouin scattering

Distributed Brillouin scattering-based sensors use the interaction of two counter
propagating light beams along an optical fibre core. One beam, the pump, produces
acoustic waves along the core of the fibre; these waves can be likened to changes in
refractive index. The other beam, the probe, interacts with these refractive index

changes, and is Bragg reflected. This reflected light is frequency down-shifted by

_ 2nV,
)

Vg , (2.2)
where, vp is the frequency shift of the reflected probe. The refractive index of the
fibre core is n, the velocity of the acoustic waves is V,, and the probe’s wavelength is
denoted by A. Both the refractive index and the acoustic velocity are temperature and

strain dependent.

Brillouin scattering can provide distributed temperature measurements over distances
of several kilometres. The configuration used by Boa et al. [13] had two laser sources,
but the required access to both ends of the fibre, limits the effectiveness for remote
sensing. Nikles ef al. [12] demonstrated a simple way to measure Brillouin-based
temperature sensing using a single light source that requires only one end of the fibre
accessible. Polarisation maintaining fibre must be used to maximise the Brillouin

signal. Launching the acoustic waves into the optical fibres is difficult and may be a

limitation in future systems [1].




2.3.1.4 Fibre Bragg Gratings

Fibre Bragg gratings (FBGs) are periodical changes in the refractive index along the
fibre core that can be considered an internal mirror that reflects at a particular
wavelength. Equation 2.3 shows the relationship between the reflected wavelength A,

the refractive index of the fibre’s core n, and the periodicity, 4, of the grating.
Az =2nA (2.3)

Figure 2.2 is a simplified depiction of the input light spectrum and subsequent output
spectra, both reflected and transmitted, of a fibre Bragg grating.

=y
& .
3 Input light
s Transmitted
Fibre Bragg Grating Light
2
2 =
2 Reflected 2
é Light B

AB

Figure 2.2 A fibre Bragg grating reflects a narrow wavelength from a broad wavelength source. The
reflection spectrum shows a peak at the reflected wavelength, whilst the transmission
spectrum shows a dip where the Bragg wavelength lies.

FBGs are created directly into the optical fibre core; the small changes in refractive
index are produced by ultraviolet illumination. They are inherently temperature
sensitive due to thermal expansion of the optical fibre, which increases the periodicity

of the gratings, causing a shift in the reflected wavelength.

FBGs have the advantages that temperature is easily measured by monitoring the
wavelength shift of the reflected wavelength, and can measure temperature with good
accuracy and sensitivity. Recently, investigations by Trpkovski et al. [14]
demonstrated that FBGs that were subject to high temperature, lost their reflectivity

and later recovered the reflectivity to about 35% of its initial reflectance. After
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annealing, the temperature stability of the FBG was found to be reliable for

temperature sensing up to 800 °C.
2.3.1.5 Fluorescence intensity ratio

The fluorescence intensity ratio (FIR) technique takes advantage of fluorescence
intensities from two closely separated energy levels that have been excited by a
suitable pump source. The relative populations, and hence the emission intensities
from these levels, is dependent upon temperature, due to a Boltzmann distribution.

Figure 2.3 shows a typical energy diagram for fluorescence intensity ratio schemes.

T

y Level 2

YV Level ]

VYW

Pump wavelength

Level 0

Figure 2.3 A schematic diagram illustrating the optical processes for FIR-based thermometry. The
thermalised levels (1 and 2) are separated by an energy gap, AE.

FIR thermometry has been investigated comprehensively in rare-earth-doped fibres by
Wade et al. [17] who measured the characteristics for praseodymium, neodymium,
samarium, europium, dysprosium, erbium and ytterbium —doped fibres in a wide
range of host materials. Temperature can be measured by integrating the area under

two specific peaks of the fluorescence spectrum, and forming their ratio.

One of the most important features of FIR-based temperature sensing is that it is
effectively strain independent [19]. This sensing scheme also provides a compact
sensor with good sensitivity, temperature range and accuracy. For example, Nd**-
doped silica fibre has been characterised for temperatures ranging from -50 to 500 °C
with an accuracy of +3.4 °C [17]. However, the required optical apparatus can
become expensive and a high power pump laser is required for good signal-to-noise

ratio.
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2.3.1.6 Fluorescence lifetime measurements

Fluorescence lifetime (FL)-based thermometry measures the time that atoms take to
decay into a lower state after being excited by an appropriate wavelength. The time
taken for excited atoms to decay to lower states is temperature dependent. Various
materials have been used by various authors; these include rare earths
(praseodymium, neodymium, erbium, ytterbium) in many host materials, and Cr**-
doped material such as ruby or alexandrite. These optically active media offer energy
levels that have long lifetimes thereby simplifying detection schemes. In order to
measure fluorescence lifetimes, a pulsed pump source is required to put the atom into
an excited state, where decay from the excited level takes place, either radiatively,

non-radiatively or both.

The advantages of FL-based sensing include small sensor, simple optical arrangement
and fluorescence lifetime is easily measurable. Disadvantages include strain-
temperature cross-sensitivity (—-2.8x10™ °C/ug) for 990 ppm Nd**-doped fibre [26]),
concentration quenching; where clusters of rare-earth-dopants alter the natural
fluorescence lifetime through ion-ion interactions, thermal quenching; phonon

emission reducing the fluorescence lifetime (occurs at temperatures above 400 °C for

Yb**-doped silica fibre).

Temperature ranges that FL can be accurately measured range from 0 to 850 °C with
a temperature error of +5 °C for a Er/Yb doped silica fibre [20]. For higher
temperature measurements, the fibre needs to be annealed before use in these
temperatures in order to minimise hysteresis effects in the measured fluorescence

lifetimes.
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2.3.1.7 Interferometry

Interferometers work by measuring the phase change between two optical paths. One
path acts as the reference; it is temperature stabilised and spatially static. The other
path is the sensing path; it is where the measurand is sensed. The two light signals are
superimposed and the phase difference is measured. In—fibre interferometer—based
temperature sensors have been demonstrated using both single wavelength and white

light sources. There are many configurations that may be used, such as Sagnac loop

[21], Fabry-Perot and Mach-Zehnder [22].

Low coherence interferometers have the following advantages: wide temperature
range (20 to 800 °C), high resolution, in the order of 0.025°C, based on a 1 mm
Fabry-Perot interferometer [23].

White light interferometry has the advantage of high-resolution temperature sensing
(0.013 °C) across a temperature range from 20 to 800 °C [24]. The high resolution has
been attributed to the use of two interferometers to determine the position of the
scanning mirror. White light interferometers also have the additional advantage that
they do not have the need to be calibrated when installed, unlike single wavelength

interferometers, and they can be multiplexed.

In-fibre interferometers have the following disadvantages, strain-temperature
cross—sensitivity, polarisation controllers are required to enhance fringe contrast, and
the sensing fibre needs to be annealed to minimise reading error. Two interferometers

are required when using white light interferometry.

2.3.1.8 Raman scattering

Optical fibre distributed temperature sensors enable the temperature profile along a
length of fibre to be monitored continuously. These sensors use optical time domain
reflectometry (OTDR) whereby a pulse of light that is transmitted down the fibre and
the backscattered light, which is within the numerical aperture of the fibre, is detected.
The time between sending the light and detecting the backscattered signal provides a
measure of the distance along the fibre, whilst the intensity of the Raman
backscattered light provides information on temperature. In order to predict

temperature changes the Raman signal must be referenced to the temperature—
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independent Rayleigh signal which must be measured with the same spatial
resolution. Advantages of Raman-based temperature sensing include: only one end of
the fibre is used, temperature readings can be taken over many kilometres of fibre,

and the resolution of temperature readings is + 4 °C, with a spatial resolution of 10 m

[25].

Raman distributed temperature sensing can cover distances of 10 km and can be
incorporated to monitor existing telecommunication fibres at 1.65 um, as
demonstrated by Kee et al. [25]. This system provides good temperature and spatial
accuracy, 4 °C and 10 m, respectively. Raman-based temperature sensing is restricted

to non-amplified communication links.
2.3.2  Optical-based strain systems

As mentioned in the section 2.3.1, most of the optical-based temperature sensors are
also inherently strain sensitive. When the strain properties can be exploited
successfully, that is, temperature compensated or used in a steady temperature
environment, then these strain sensors have the same flexibility as other optical fibre-

based systems. Table 2.4 lists some optical-based strain sensors.

Table 2.4 A selection of optical fibre-based strain sensing schemes.

Strain
Sensor Type Range (pu€) Sensitivity Advantages Disadvantages Ref.
(Accuracy)
Complex optical
Brillouin Distributed sensor arrangement
scattering * 2000 (50 Good accuracy Strain —temperature [27]
cross-sensitive
Simple optical
Fibre Bragg 0 - 2000 lpm/ue | arrangement Strain-temperature + [28]
grating (x0.426) ¥ @ 1300 nm } | Quasi-distributed cross-sensitive 1[15]
strain sensor
Simple optical
rescence § arrangement Strain-temperature .
Fh;;)fetismee 0> 2000 5 x 107 %lpe Ease o% cross-sensitivite 11
measurement
Polarisation
Simple optical -maintaining fibre
Interferometry + 6000 arrangement required. [29]
Can be multiplexed | Strain-temperature
cross-sensitive
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2.3.2.1 Brillouin scattering

Brillouin scattering can also be used to measure strain along an optical fibre in
addition to temperature as already discussed in section 2.3.1.3. In an investigation by
DeMerchant et al. used a 2.4 m long sensor that had a resolution of 0.4 m and an
accuracy of £50 e over a strain range of +2000 pe was created. [27]. Brillouin-based
strain sensing can take multiple strain measurements along the fibre, over long

distances. [30].
2.3.2.2 Interferometry techniques

Interferometers are also strain sensitive, this is due to path lengths changing in
relation to strain, thus affecting phase changes when the signal and reference signals
are superimposed. Based on a white light Michelson interferometer, strains up to

6000 pe were measured until the epoxy de-bonded the fibre optic extensometer [29].
2.3.2.3 Fibre Bragg gratings

The periodicity of the grating is changed due to the applied strain. Typical strain
sensitivities are in the order of 1 pm/pe at 1300 nm illumination as determined with
the use of an optical spectrum analyser [15]. The strain range of FBGs is up to the

breaking point of the fibre, about 2000 pe.

Allsop et al. [28] measured strain using a FBG with a precision of
+0.43 pg, which is similar to the precision of the Fabry-Perot interferometer. This was
achieved by creating a Michelson-type interferometer as the sensor. The first and
second harmonics were then interrogated for data about strain. This system, has the
advantage of not requiring an OSA and is relatively inexpensive to implement

However this system is also affected by temperature.




2.3.2.4 Fluorescence lifetime measurement

The strain sensitivity for FL-based strain measurement is in the order of 5x107° %/pe,
with a maximum strain range of approximately 2000 pe [26]. The temperature
dependence on FL can create erroneous results when taking strain readings; therefore,

the temperature of the strain sensing fibre must be taken into consideration.

24 Simultaneous temperature and strain measurement systems

Temperature and strain cross sensitivity is common amongst most optical fibre
sensing schemes, and it is through this that researchers have been able to measure
both temperature and strain simultaneously. Thus it was realised that different
methods of optical-based temperature and strain measurement systems have dissimilar
temperature and strain coefficients therefore both the temperature and strain can be

determined.

Examples of simultaneous temperature and strain measurement systems include
fluorescence lifetime — fibre Bragg grating [31], fluorescence intensity ratio- fibre
Bragg grating [32], Brillouin scattering [33], dual fibre Bragg grating [34], amongst

others.
2.4.1  Fluorescence lifetime — fibre Bragg grating

: : : 3+
Dual temperature-strain measurements can be measured by incorporating Er or

Er**/Yb? "-doped fibres in series with a FBG as described by Forsyth ez al. [31].

The fluorescence from the rare-earth-doped fibre is used to illuminate the grating,
which has a central wavelength in the 1550 nm region. This central wavelength
shifted when strain or temperature change were applied to the fibre. Forsyth’s system
had a strain and temperature resolution of 7 pe and 0.8 °C, up to 1860 pe and 120 °C,

respectively.




2.42  Fluorescence intensity ratio — fibre Bragg grating

Simultaneous measurement of temperature and strain can be achieved by using both
the FIR and a FBG. FIR is effectively strain independent (section 2.3.1.5) and can
therefore be used as a reference for temperature, whilst the FBG can be used to

determine the strain once the temperature is known.

A system investigated by Trpkovski et al. [32] used a short length of Er’*-doped silica
fibre spliced to another fibre that had a FBG centred near 1535 nm, to be illuminated
by fluorescence from the Er’" ions. Using a matrix method provided standard
deviations of 2.2 °C and 20.6 ue, while a quadratic fit for temperature and a linear
strain fit resulted in 1.0 °C and 22.9 ue over a temperature and strain range of 18 —

150 °C and 350 — 2534 pne, respectively.
2.4.3  Pairs of fibre Bragg gratings

FBGs, as mentioned earlier (section 2.3.1.4), have a strain-temperature cross-
sensitivity issue. There are several ways to create a simultaneous temperature-strain
sensor. One method for temperature-strain discrimination is to place two FBGs of
different central wavelengths in series along a fibre. The temperature coefficients
remain similar, but the strain coefficients are different, this can be exploited to
determine both temperature and strain along fibre. An investigation by James et al.
[34] was able to measure temperature and strain from two FBGs that were written on
two different fibres that were fusion spliced between these FBGs. These

measurements were over a temperature range of 20 to 160 °C and a strain range from

0 to 2500 pe with maximum uncertainties of £ 1 °C and £17 pe.

2.4.4 Brillouin scattering

Brillouin-based systems can also be used to measure temperature and strain
simultaneously for distributed sensing applications. Lee er al. [33] investigated a
system using this method along a 3682 m single mode optical fibre. Lee was able to
measure temperature and strain to a resolution of 5 °C and 60 pe, respectively, with a

spatial resolution of 2 m.




2.5 Conclusion

There is a wide range of temperature and strain sensors that are available, or under
development, to improve current measurement systems. Electronic-based systems are
inexpensive and readily available, and able to meet the requirements of many
situations. Unfortunately electronic-based sensors are susceptible to EM interference;
this can cause measurements to become corrupted or may swamp the signal with
noise. Although liquid-in-glass thermometers are not susceptible to EM interference,

their bulk is their primary limiting factor.

Optical-based temperature and strain sensors allow for measurements in areas of high
EM fields. These measurement systems are available on the market, but as they are
generally more expensive than their electronic counterparts, it is often stated that
optical fibres sensors are suitable for certain niche markets. They are also more
expensive than their electronic counterparts since they may require a light source
(laser or high power LED) at uncommon wavelengths, or customised optical fibre

(e.g. polarising-maintaining fibre).

There is a wide variety of optical-based temperature and strain sensing devices
currently available, or in development, including dedicated temperature or strain
sensors, or strain-temperature dual sensors that are becoming more flexible to suit a

variety of applications.

No single sensor that is suitable for all situations. Therefore careful consideration
must be used to ensure that the most suitable sensor is used for the required

measurement.
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3.1 Chapter overview

In this chapter, the properties of silica optical fibre includes a brief description
illustrating how rare-earth ions are infused in optical fibres using the modified
chemical vapour deposition (MCVD) technique. Optical applications of
praseodymium-doped optical fibres, which include fibre lasers, optical amplifiers and

fibre-based sensors, will be presented.

3.2 Silica-based optical fibre

Silica-based optical fibres are used extensively in optical telecommunications as the
medium through which light travels along to pass information between two parties.
Optical fibres are usually comprised of two sections, the core and the cladding as
shown in figure 3.1. Normally, these are comprised of vitreous silica (Si0;), and with
the addition of germanium oxide (GeQ,), boron oxide (B,03), or phosphorous oxide
(P,05) to increase the refractive index of the core (n;); this causes light in the core to

be effectively trapped, by total internal reflection, as n; is greater than n,.

Cladding (n,)
(125 pm outer diameter)

Core (n;)
(8 um diameter)

Figure 3.1 A cross section diagram of an optical fibre. The two main regions are the cladding, which
has a lower refractive index than the core. Core and cladding diameters shown, are those
Jfrom the fibre used in this research.

Silica glass optical fibre can be used in a wide temperature range, this is attributed to

its high glass transition temperature (1175 °C); it also has a low specific heat capacity
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(0.749 Jg'°C") and low thermal conductivity (1.38 W m'°C™) [35]. These properties
make silica glass fibres appropriate for temperature sensing, as they do not act as a
heat sink. Their mechanical properties include a density of 2.2 g cm™, and a Young’s
modulus of 70 GPa [35]. However, the theoretical strength of silica-based optical
fibre is greater than the actual strength for the following reasons. Firstly, due to
manufacturing and handling tolerances, the outer surface of the optical fibre is prone
to scratches and other flaws that decrease the overall strength of the fibre by
amplifying stress at these points. Flawless glass can also have less than the expected
theoretical strength due to water, or water vapour contamination, which over time

further weakens the fibre.

The praseodymium-doped silica optical fibres used in this thesis were manufactured
at the Laboratorie de Physique de la Materiére Condensé, Université de Nice, France,

using the modified chemical vapour deposition (MCVD) technique.

The MCVD manufacturing technique enables long lengths of optical fibres with low
concentrations of rare-earth ions to be created; low concentrations of rare-earth ions in
long fibres take advantage of long interaction lengths and low losses that are inherent
in telecommunications-grade fibre. The MCVD technique, shown in figure 3.2 (a—d),

uses glass forming gases that are introduced into the deposition tube.

(a) Cladding gas

—> R R Cladding deposition
mixture
<+ & —>

(b) Core gas > Core deposition

mixture

o
. Torch

(c) Rare earthion Solution doping

solution

Fibre collapse

(d) Collapse

4—%—»

Torch

Figure 3.2 MCVD diagram illustrating the main processes in the production of optical fibres that are
doped with rare-earth ions.




The deposition tube is rotated above a high temperature burner that sweeps along the
tube’s length. After several layers of cladding vapour, (figure 3.2(a)), have condensed
on the inner walls of the tube, the vapour composition is changed, by addition of
oxides such as B,03, GeO, and P,0s, to start forming the core (figure 3.2(b)). After
several layers of core forming material has condensed on the inner surface of the tube,
the rare-earth ion(s) are introduced (figure 3.2(c)), either by soaking the inside of the
preform with a rare-earth-doped solution, or by lacing the vapour with rare-earth ions.
The rare-earth ions are allowed to impregnate itself into the core region. Afterwards,
the tube is thoroughly dried by brushing a high temperature flame along the length of
the tube. By increasing the temperature of the flame, the tube collapses into a preform
(figure 3.2(d)). The preform is later heated in a tower, allowing a fibre to be drawn
out and coated with a protective sheath to protect the fibre from both water

penetration and general handling.

33 Rare-earth elements

The rare-earth elements have had a long history in the fields of optical and magnetic
science. They can be found on the periodic table of elements in the lanthanide and
actinide series, as shown in figure 3.3. These two groups are very different from each
other; the actinide elements are all radioactive and over half of them are synthetic, due

to nuclear instability.




H He
3 4 5 6 7 8 9 10
Li | Be B|CIN|O|[C]|HNe
11 12 13 14 15 16 17 18
Na | Mg Al | Si | P S | Fl | Ar
19 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K |[Ca|[S | Ti | V |Cr |Mn|Fe |Co|Ni |[Cu|Zn|Ga|Ge| As | Se | Br | Kr
37 | 38 | 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|Sr | Y | Zr [ Nb|{Mo| Tc [Ru [ Rh | Pd |[Ag | Cd | In | Sn | Sb | Te | I | Xe
56 BT 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Ba|LajQHf | Ta| W Re [Os| Ir | Pt | Au | Hg| Tl | Pb | Bi | Po | At | Rn
87 89 104 105 106 107 108 109 110 111 112 114
Fr | Ra | Ac | Rf | Db | Sg | Bh | Hs | Mt | Ds | Uuu | Uub Uuq
B s 61 [ 62 [ 6 [ 64 [ 6 [ 66 | 6 | e [6 |70 |7
Lanthanide Series\ | o | p. | Nd | Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
90 91 92 93 94 95 96 97 98 99 100 101 102 103
AL Th|Pa| U |[Np| Pl |Am| Ca | Bk | Cf | Es | Fm |Md | No | Lw

Figure 3.3 The periodic table of the elements including the atomic number of the elements; the
Lanthanide series is highlighted.

The lanthanide series on the other hand are all found naturally, except for
promethium, which has a short lifetime (<20 years) and can only be prepared
artificially. The lanthanide series (which will be now referred as rare-earth), have the
same core electron configuration as xenon (Xe). Atomic mass increases through the
filling of the 4f orbital, beginning with cerium (Ce) and ending with lutetium (Lu).
The 4f shell is effectively shielded from local fields in the host material as the 5s and
5p electron shells are full [36].

In condensed matter, rare earths have a trivalent (3+) level of ionisation; this is the
most stable configuration for optical devices. Ionisation preferentially removes the 5s
and 5d electrons, leaving the same electronic configuration of Xe with additional 4f
electrons, depending on which rare-earth ion is used. Figure 3.4 shows the energy

levels that are allowed from interactions of the 4f shell electrons. The vertical scale is

energy in terms of cm™ on a x1000 scale.




Transitions from the 4f electrons are responsible for the visible and infrared emissions
from the rare earth ions. Only Ce** and praseodymium (Pr*") can produce strong UV

spectra, as the 5d energy level lies close enough to allow these transitions [37].

Rare-earth-doped materials differ from other optically active materials by narrow
emission and absorption wavelength ranges; these transitions are also relatively
insensitive to the host material. Rare-earth jons in solids have long metastable
fluorescence lifetimes (>1us) and high quantum efficiencies, although the strength of
these transitions are weak. Transition metals, in comparison, have a much stronger
interaction with the host material; they also have broad, strong absorption and
emission wavelength ranges as these are assisted by vibrational transitions. Rare-earth
ions are well suited for optical applications as their non-radiative transitions are not as

high as those from optically active transition metals.

Although the energy levels for rare-earth ions shown in figure 3.4 are measured in
anhydrous lanthanum chloride, the positions for these levels are host independent.
However the energy width of these energy levels are host dependent, as well as the
radiative and non-radiative rates (see Chapter 4). Rare-earth-doped materials have
been used to produce lasers operating over a wide range of wavelengths in the UV,
visible, and the near-infrared bands, and optical amplification for both 1.3 and 1.5 um
telecommunications windows [37]. As discussed in Chapter 2 they also find

applications in temperature and strain sensing.
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3.4 Praseodymium ion

Triply ionised Pr (Pr’ ") hosts several metastable energy levels, namely Py, 'D, and
'G4 (figure 3.4). These levels can be directly populated using 488, 590 and
980 nm illumination respectively, from the ground state as shown in the absorption

spectrum in figure 3.5.
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Figure 3.5 Absorption spectrum of Pr’*-doped silica fibre, the three metastable manifolds are clearly
visible [after, [39], this reproduced diagram includes faults present in the original
article].

In the above figure, the ’p triplet can be resolved in silica fibre, covering a
wavelength range from 460 to 490 nm with the highest absorption peak accessible at a
wavelength of 488 nm from an argon-ion laser. The 'D, energy level absorbs

wavelengths near 590 nm, although not as strongly as the levels in the °P triplet.

A fluorescence spectrum (for 488 nm illumination) is shown in figure 3.6. Percival et
al. [40] suggested that the majority of fluorescence peaks in Pr’’-doped silica fibres
are emitted from the 'D, energy level. This was determined by illuminating the Pr-

doped silica optical fibre with wavelengths of 590 and 488 nm, which recorded a

fluorescence lifetime of 120 us in either case.
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Figure 3.6 Fluorescence spectra of Pr’*-doped optical fibre. The spectrum was measured by the
author of this thesis and the transitions are those assigned by Percival [40], showing that
the majority of fluorescence peaks emanate from the ' D, energy level. Imperfections in this
spectrum were caused by scamning errors within the optical spectrum analyser
(Ando AQ 6310B).

The above figure similar to the one shown in Percival et al.’s [40] investigation
indicates that the majority of fluorescence peaks arise from the 'D, energy level,. This
suggests that the 'D, energy level has the most efficient fluorescence properties from

the three metastable states in a silica host.

Fibre lasers have been created using Pr’*-doped silica; the wavelengths that have been
found to lase (888, 1080 nm) originate from the 'D, energy level (3 P, and ‘G, energy
levels fluoresce very weakly in silica hosts) and are usually pumped at a wavelength
of 590 nm. Pumping at a wavelength of 488 nm can also be used although the lasing
threshold is higher [40]. Pr’*-doped fluorozirconate glass (a glass that has a high
heavy metal content) has more radiative transitions than silica glass and can therefore
host more laser wavelengths. These occur at 610, 995, 715, 885 and 910 nm, and arise
solely from the Py energy level [41]. Pr**-doped fluorozirconate glass can also be
populated at the 1D2 energy level. This requires a laser that has an output wavelength

close to 590 nm.
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Another application for Pr’*-doped fibre is optical amplification at 1.3 pum. Initially
Nd3+-doped fibre using the *Fsp > “113 transition was thought to be the best
transition [42]. However, excited state absorption at the ‘Fs, energy level limited the
efficiency for amplification and exotic (i.e. not silica-based) glasses are required for
efficient amplification. Pr’*-doped fluorozirconate fibre was found to be a better
candidate for 1.3 um amplification and is now commercially available [43], and is
currently under further development to handle greater data rates and more channels
[44]. The pump wavelength for these amplifiers is about 980 nm which is readily
available. Amplification at 1.3 um in Pr’*-doped fibres has also been investigated in
multi-component glasses such as: mixed halide (cadmium fluoride) [45], Cs:Ga:S:Cl
[46] and tellurite [47] optical fibres. These fibres had good results, although their
drawback are their mechanical properties, which are not as good as fluorozirconate

fibre, and so can be used only in laboratory conditions.

Amplification of 632.8 nm signals has also been achieved [48], in Pr'- optical fibre,
from the *Py > °F, transition. [llumination with a wavelength of 476.5 nm, from an
argon-ion laser, was required to populate the 3P manifold. Gains of up to 11 dB were

achieved, despite the fact that the system was not fully optimised.

In the temperature-sensing field, the fluorescence lifetime variation of certain
transitions in various Pr’*-doped fluorozirconate (with additional phosphorous) bulk
glass samples of different concentrations were investigated by Nguyen ez al. [49].
This investigation suggests that at one concentration the fluorescence lifetime would
be independent of temperature, thus Pr’*-doped fluorozirconate fibre could become a

dedicated strain sensor, as discussed in the next chapter.

3.5 Conclusion

Rare-earth-doped materials have been essential in optical applications that include
fibre lasers, optical amplifiers and sensors. This is due to the 4f electron orbital that is
shielded from outside influences, resulting in absorption and fluorescence peaks that
are both narrow and relatively weak, when compared to transition metals that have

broad and strong absorption and fluorescence peaks.
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The Pr** ion has three metastable energy levels. These are the *P manifold, 'D, and
1G4, and these allow a wide range of laser wavelengths and efficient amplification at
the 1.3 um telecommunications wavelength, when compared to Nd**-doped optical
fibre. There has also been speculation with Pr’*-doped fluorozirconate glass samples
that a temperature independent strain sensor can be created; this has the potential to

simplify strain measurement systems relying on fluorescence lifetime techniques.
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4.1 Chapter overview

In the previous chapter, examples were provided of where certain fluorescence
transitions could occur in some materials and not in others; this is the result of

competing effects within the material when illuminated with light.

There are two types of transitions that can occur in an optically active ion, radiative,
otherwise known as fluorescence, and non-radiative, which can be in the form of
phonon emission and cross-relaxation mechanisms. This chapter will discuss the
properties of fluorescence and phonons, as well as the effect that the host material has
on these transitions. Fluorescence measurements from various Pr**-doped materials

will also be reviewed.

4.2 Fluorescence

Fluorescence occurs when matter (eg. phosphor, rare-earth ion) with excess energy,
releases a photon in order to return to a lower energy state. Usually the emitted photon
is of lower energy than the excitation “pump” photon energy. As shown as figure 4.1
(a), a photon with energy (hv), is incident on an atom thereby exciting it. The ion
naturally decays to its ground state energy level and can do this by emitting a
fluorescence photon (figure 4(b)). Fluorescence photons are isotropic in nature, have
no preferred polarisation orientation and have a different phase to that of the incident

(pump) photon.

—C—
A Excited State _O’_

ANATA ANV

Energy

of the Fluorescence
pump photon <E,
photon _O._ @

E, =hv (a) Ground State (b)

Figure 4.1 (a) Absorption of a photon E=hv, and (b) the fluorescence photon which has .Iess energy
than the pump photon. The open circle represents the state of the ion before interaction,
and the solid circle represents the ion’s state after interaction.
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Fluorescence can be utilised in many different ways; the intensity of fluorescence can
be used to measure the radiative efficiency of particular energy levels, the
fluorescence lifetime is inherently temperature dependent. This latter property has

been developed commercially by Luxtron Corporation [50].

4.3 Measuring the fluorescence lifetime

When a large number of ions are promoted into excited states, the fluorescence that is
emitted is not released at exactly the same time; rather, the intensity of fluorescence

as a function of time can be described as:
I(t)=1, exp~(t/7), 4.1)

where I is the initial intensity, time is denoted by ¢, and 7 is the fluorescence lifetime.
Fluorescence lifetime is defined as the time taken for fluorescence intensity to
decrease to 1/e of its original intensity, as shown in figure 4.2. The measured
fluorescence lifetime, in this example is of the order of 130 ps. If several fluorescence
transitions emanate from the same energy level, but terminate at different energy
levels, then all the measured fluorescence lifetimes would be identical. There are
several methods to measure the lifetime of fluorescence decay, some of which have

been outlined by Grattan and Zhang [1].
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Figure 4.2 An illustration showing fluorescence intensity decay over time, its associated lifetime is
calculated by measuring the time taken for the fluorescence intensity to drop by 1/e of the
initial fluorescence intensity, in this case 130 s.

4.4 Non-radiative processes

Fluorescence transitions have competing effects that reduce their efficiency; these are
collectively known as non-radiative processes. This section will look at the effects of
phonon decay, which are vibrational modes in the glass lattice that dissipate energy,
and cross-relaxation mechanisms that reduce fluorescence efficiency and alter the

measured fluorescence lifetime.
4.4.1 Phonon emission

It has been found by other researchers found that excited energy levels that were close
to lower energy levels, were less likely to produce fluorescence; this was interpreted
that energy was emitted non-radiatively, by what is known as phonon decay, to the

host material [51], as illustrated in figure 4.3.
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Figure 4.3 Phonon emission between the energy levels of a fictitious rare-earth ion. There would be
no fluorescence in this situation.

Energy gaps that are about the energy of one or two phonons decay readily to lower
energy levels, as shown in figure 4.3. Phonons can also bridge energy gaps that
require more than two phonons. This is known as a multi-phonon relaxation and was
first described by Kiel [37] in crystalline solids and further expanded by Riseberg and
Moos [51]. Multi-phonon relaxation, although weaker, being a higher-order
electromagnetic process, can become a serious issue, as the electron-phonon
interaction is much greater, by eleven orders of magnitude, than electron-photon
processes [37]. However, as the number of phonons required to bridge the gap
increases, the non-radiative rate, W,,, decreases dramatically, as shown in equation

4.3.

W _=C(n(T)+1)7 "5, (4.3)

In this expression C and « are host-dependent parameters [52] (see table 4.1), AE is
the energy gap between levels, p represents the average number of phonons required
to bridge the gap, and n(T) is the Bose-Einstein occupation number for the effective

phonon mode [52], given by

n(T) = (exp(hw/kT)-1)7", (4.4)

where, o is the phonon angular frequency. The non-radiative rate increases with

increasing temperature because of the temperature dependent term in n(T). However,
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lowering the temperature will not decrease the non-radiative rate because the
exponent p is small with levels that have a small energy gap. The parameters C and o
are empirical values that are host dependent and are insensitive to the rare earth ion
and the energy levels involved. They are obtained by fitting Eq. (4.2) to the non-
radiative rates observed for as many energy gaps as possible using different levels and
ions in the same host. Reisfeld and Jorgensen [53] have assembled these parameters
from a large number of authors, and the values are shown in table 4.1, along with

crystalline LaF3 (for comparison).

Table 4.1 Parameter values to use in conjunction with equation 4.2 and 4.3 [53]. C and a are
empirical values independent of host material and h@ is the energy of a single phonon in

a particular material. Crystalline materials (eg. LaF;) have lower phonon energies than
amorphous materials (eg. silicate).

Host glass & (10°) (cm) (fn(:')l)
Borate 2.9x10" 3.8 1400
Phosphate 5.4 x 10" 4.7 1200
Silicate 1.4 x 10" 4.7 1100
Germanate 3.4 x 10" 4.9 900
Tellurite 6.3 x 10'? 4.7 700
Fluorozirconate 1.59 x 10" 5.19 500
Sulfide 10° 2.9 350
LaF, 6.6 x 10° 5.6 350

Oxide-based glasses have a larger non-radiative rate due to their strong covalent
bonds that result in higher phonon frequencies; therefore, they are opaque at longer
wavelengths. Crystalline hosts that have weaker ionic bonds lead to lower non-
radiative rates due to lower n(T) values and this indicates that these materials have

greater transparency at longer wavelengths compared with oxide-based glass.

4.4.2 Cross-relaxation processes

Cross-relaxation is another means of energy dissipation between two 10ns. An ion in

an excited state (donor) transfers part of its energy to a neighbouring ion (acceptor)
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[37]. After transferral of energy, the donor and/or acceptor ions can release residual

energy through phonon emission because the final energy levels are closely separated,
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Figure 4.4 Two ion processes that can occur in P¥"*-doped materials; these processes lead to an
decrease in fluorescence lifetime. The open circles are the position of the ions before the
transition occurs, and the closed circles are the positions of the ions after the cross-
relaxation has taken place.

as illustrated in figures 4.4 (a). In these figures, the open circle represents the initial

state of the jon and the closed circle represents the final state of the ion.

The energy levels in Pr’* ions in a silica host are separated such that the lower energy
states relax to the ground state by phonon emission. The illustrations in figure 4.4 (a)

and (b) illustrate two two-ion cross-relaxation processes.

Rare-earth dopants have the tendency to disperse inhomogenously, because rare-earth
ions are unable to position themselves effectively within the silica matrix. This results

in regions where large numbers of rare-earth ions are located, known as clusters. A
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consequence of clustering amongst rare-earth ions in silica glass is that cross-
relaxation occurs more readily. One method to alleviate this problem is to introduce
aluminium oxide during the production of rare-earth-doped optical fibre [37]. Rare-
earth ions are soluble in aluminium oxide, which in turn is soluble in the silica matrix.
The distribution of the rare-earth ion becomes more homogenic in the core of the
optical fibre and decreases the cross-relaxation effects, as the aluminium oxide creates
areas within the glass structure where the rare-earth ion can be positioned. The
inclusion of aluminium oxide also allows the rare-earth ions to have greater
concentration in the centre of the core thereby improving the performance of fibre

lasers and sensors.

4.5 Temperature effects on the fluorescence lifetime

Fluorescence lifetime temperature measurements often take advantage of the energy
gap between two thermalised levels [26]. An energy level diagram for such a pair of

levels, in a rare-earth ion, is shown in figure 4.5.

yy % Pump Level

Level 2
A 1

Level 1

Pump \/\/\/\f
Wavelength
— Wi

A 4 Ground State

Figure 4.5 An energy level diagram of a rare-earth ion demonstrating the fluorescence radiating from
a pair of thermalised energy levels, via a phonon decay into radiating level.

Figure 4.5 represents the pumping scheme used to populate the thermalised Stark
levels within the 'D, energy level of the Prt ion. In this case the ratio of the
population distribution amongst these levels, when pumped, is described by the
population level 2 (1) to that of level 1 (n;), is given by the ratio of the degeneracies

(g and g») and the Boltzmann factor as given in equation 4.5
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e &exx{—ﬁj, (4.5)

where AE is the energy gap between the thermalised levels, and 7T is the absolute

temperature.

The exponential term is effectively a weighting factor for the population of the upper
energy level to that of the lower energy level. When thermalised, these levels (1 and

2) have the same fluorescence lifetime, given by equation 4.6

7= (4.6)

where wjg and wy are the temperature-independent decay rates of the two levels. The
temperature dependence of the lifetime is due to the population distribution amongst
the thermalised energy levels and is heavily dependent on the phonon behaviour of

the host material.

Figure 4.6 shows the lifetime response of Cr’*-doped fibre with temperature [1]. The
lifetime measurements are shown by asterisks, the dashed line illustrates the lifetime
trend, and the solid line shows the fit to these data from equation 4.6 using a least

squares fitting.
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Figure 4.6 Fluorescence lifetime and intensity measurements of Cr’*-fluorescence in ruby crystal [1].
The solid line is a fit using equation 4.6.

Also shown in the axis on the right hand side in figure 4.6 is the intensity of
fluorescence as an indication of the population change for the detected energy level.
As seen for the fitted data for lifetime, equation 4.6 follows the lifetime-temperature
trend very well at temperatures below 550 K. However, above this temperature the
equation deviates from the data trend, because there is no inclusion of phonon decay

in equation 4.6.

An equation that allows phonon interaction to be included was produced by Zhang et
al. [54] to describe the lifetime variance of alexandrite and Yb**-based temperature
sensors up to a temperature of 700 °C. This is similar to equation 4.6 but with an extra
term to describe the phonon interaction of the host material as described in equation

4.7,

1+&exp[— EJ
- g\ M . 4.7)
g, AE AE, +AE
W, + W, —lexp _ﬁ + Wq €Xp, —’T

From this equation, the effect of phonon decay that is evident at high temperature can
be fitted with greater accuracy than with equation 4.6. The inclusion of wg, and AE,

terms allow the rates of thermally quenched processes and its effective energy gap to
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be included in the fluorescence lifetime equation. Higher values of AE, suggest that
the process is dominated by phonon interactions, as well as large values of w,, which

indicate a fast energy transfer.

The effects that parameters wjy and wy have on fluorescence lifetime have been
collated by Collins ef al. [55] for various rare-earth and transition metal
-doped optical fibre temperature sensors. Nguyen et al. [49] measured the
fluorescence lifetime-temperature dependence originating from the P, level in Pr-
doped ZBLANP bulk samples. Fitting the parameters w;y and wyp as a function of
concentration, p, found that w;y was concentration independent, whereas wj) was
found to be concentration dependent and followed a quadratic fit. This allowed,

equation 4.7 to be re-written:

(4.8)

T= D

&

where @, f and y are concentration dependent fluorescence lifetime rates for Pr’*-
doped fluorozirconate bulk glass samples. This model was used successfully to
describe the effect of rare-earth concentration on fluorescence lifetime—based
temperature sensing in Pr-doped ZBLANP bulk samples. The measurements indicate
that fluorozirconate bulk glass with a Pr’*-ion concentration of 6900 + 200 ppm
should result in fluorescence lifetimes that have close to zero temperature
dependence; this result was confirmed by Vella et al. [56]. Fluorescence lifetime
measurements of Pr’"-doped fluorozirconate in fibre have yet to be conducted in the

same conditions.

4.6 Strain effects on fluorescence lifetime

Axial strain through the fibre also affects the fluorescence lifetime of an excited
energy level in a rare-earth ion (section 2.3.2.4). An investigation of Nd**-doped silica
fibre [57] demonstrated that fluorescence lifetime has strain dependence, but did not

give an explanation on the origin of this dependence. Troster et al. [58] found that
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when Cl; crystals doped with Nd** or Pr** ions were subject to very high pressure a
slight shift in the observed energy level occurred. The fluorescence lifetime-strain
sensitivity has also been attributed to a volumetric distortion of the energy transfer
rates between the dopant ions, in which increasing strain along a fibre results in a
slight reduction of concentration [59]. This mechanism, which should be detectable at
strains that can be withstood by optical fibres unlike the effect that Tréster described,

is discussed later.

Arguments have also been presented that discount shifts in AE as the cause of this
strain dependence. Farrell e al. [59] obtained an expression for the strain-temperature
cross-sensitivity, B (ie strain sensitivity divided by the temperature sensitivity) for

both the fluorescence intensity ratio and fluorescence lifetime techniques, namely

GIERCCR

This suggests that the strain-temperature cross-sensitivity for both fluorescence
intensity ratio and fluorescence lifetime should be identical, as the result is the same
for both sensor-types. The fact that equation (4.9) does not agree with experimental
results, as strain sensitivities for fluorescence intensity ratio measurements have been
found to be an order of magnitude less than those for fluorescence lifetime

measurements [26], eliminates shifts in AE as the cause of strain dependence.

Farrell et al. analysed the strain-induced reduction in concentration as follows. Strain
applied to optical fibre is given by the unstrained fibre’s length (L), or unstrained

fibre volume (¥), and the change in the fibre’s length (A4L) or volume (4V),

_AL_AV (4.10)

£ .
L 14

The volume distortion resulting from strain is considered to have negligible effect on
the fibre’s cross-sectional area. The concentration of rare-earth ions (o) in the fibre is
a function of the number of rare-earth ions (n) per unit volume (¥), and is described

by

4.11)

<=
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The change that the rare-earth ion concentration experiences due to a change in
volume, from an applied strain, is given by

op n Yo,

P S 4.12

ov. v ¥ (4.12)
The negative sign indicates that increases in volume results in a lower rare-earth ion

concentration. Expansion of equation (4.9) and substitution of equation (4.11) gives

AV Ap _ V Ap _ Ap _ po—plE)

= (4.13)
Ap ¥V p v p Po

where rare-earth ion concentration under zero strain is given by (py), and p(g) is the
concentration of rare-earth ions when that fibre is under strain. Equation (4.13) can be

rearranged to give
p(e) = py(1-¢). (4.14)

Cross-relaxation between two ions (dipole interaction) is proportional to the inter-ion
distance (R) by a 1/R® relationship [60]. Hence, when fibre is under strain, the

distance between these dipole as a function of strain is
R(e)=R0+AR=R0[1+%J (4.15)

and AR/R is the definition of strain (from equation (4.10)). The 1/R® term can be

expressed as

iz—l—zi(l—68). (4’16)
R* R,(1+£)° RS

to first order (ie, neglecting terms in ¢* and higher). Analogously, a three ion dipole

interaction is described by the following

L S S ST (4.17)
R® R,(1+£)” R”

In equation (4.8), the coefficients 3 and y are used to describe a two and three ion

cross-relaxation process, respectively, for the 3p, level in Pr-doped ZBLANP host.
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w20, which in equation 4.8 was replaced by a quadratic dependence upon p, becomes

(by substitution of equations (4.14, 4.16 and 4.17))
wy, o (o + Bypo(1- 8)(1 - 68)+ 7,03 (1— £)(1 - 126)), (4.18)

which can be reduced to

Wy o (@+ By o =61 o py +127,p2)) = Wiy + k£ (4.19)

assuming the applied strain is small. This leads to a linear dependence in strain on the
cross-relaxation transition rate for rare-earth ion dipole interaction from the P, and
3P, energy levels in Pr-doped ZBLANP host material, when only first order effects
are considered. Hence it was predicted that the effect of strain on fluorescence

lifetime on the *P; level in Pr-doped ZBLANP fibre is

1+ 53 exp(— %J
- L k . (4.20)

. AE
(Wlo )'*' (Wzo + k205)§_? eXp[‘ IY_")

However there are no data to confirm this prediction for the 3Py energy level.

The arguments leading to a simple linear dependence of the transition rate upon
strain, ie, equation (4.19) arose from details of 2- and 3- ion processes. This suggests
that for a situation in which there is no knowledge of decay processes, a similar
dependence for both w;y and wy should be investigated. Therefore the following
equation will be used to fit results for the D, energy level in pr* -doped silica

optical fibre

1+82 exp(— ﬁ]
& kT , (4.21)

7=
(w;(, + k10£)+ (W;o + kﬁ:)? exp[— %J

1

Through the use of equation (4.21), it may be possible to determine if there is any
fluorescence lifetime-strain dependence on the fluorescence lifetime rates (wo and

wyg) for the D, energy level in pr* -doped silica optical fibre.
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4.7 Strain-temperature cross-sensitivity

The previous sections (4.6 and 4.7) have shown that fluorescence lifetime is sensitive
to both temperature and strain. According to Collins ef al., “the temperature response
of the fluorescence lifetime technique can be approximated quite well by a linear
response over a certain range, so that they can be characterised by their average
sensitivities, 0a/0T and 0a/O¢, where a. is the fractional change in the quantity being

measured in the region of interest [26].” The strain-temperature cross-sensitivity (j3)
can be defined as

oa /oa
’B_E a_T (4.22)

When equation 4.11 is equal to zero, this implies the sensor over a specific range was
strain independent. Temperature and strain fluorescence lifetime measurements of
Nd**-doped silica optical fibre of various concentrations were obtained. Figure 4.7

shows how strain-temperature cross-sensitivity was affected by concentration. These

were fitted using an equation similar  to equation  (4.8)
(wip=a +tbpand wy = ¢ + dpz), believed to be appropriate for the energy levels in
Nd&** [61].

R
L
.
1]
]
1
1
1)
\
-0.001
\
1
.
| %
[]
~~~ Ky
w
3
Q -0.002
N’
[«=X
-0.003 l
-0.004 ‘ : . . ; ; :
0 500 1000 1500 2000 2500 3000 3500

4000 4500 5000
Dopant Concentration (ppm)

Figure 4.7 A model describing the strain-temperature cross-sensitivity of Nd&*-doped silica optical

fibre [after, [61]].
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The model predicts that the strain-temperature cross-sensitivity has a negative value
for Nd3+-doped silica fibre; the dependence on the Nd**-ion concentration data is in
accordance with the trend of the model. This is very encouraging but, as the fibre
compositions may be dissimilar (as they came from different batches), this finding
must be treated with caution. Strain-temperature cross-sensitivity values of Nd**, Er*",
Yb** and Pr3+(from this thesis)-doped silica optical fibres are shown in Section 7.3. It
should also be noted that this model did not predict the correct sign of the very small
strain-temperature cross-sensitivity value of Nd? "-doped silica optical fibre

fluorescence intensity ratio data [61].

4.8 Fluorescence lifetime measurements from Pr*’-doped

materials

The fluorescence properties of Pr’*-doped materials have been studied in many host
materials. Table 4.2 shows some of the materials studied and the fluorescence

lifetimes for the associated transitions are shown.
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Table 4.2 A comparison of praseodymium-doped materials showing tramsitions, materials and

1 emper. ature ranges
e . Temperature
Host Transition Llff:sl)m € range Ref.
X)
Br; Po>°H, | 1.0-0.95 0- 300 [62
Cadmium-Fluorochloride | 'G,- ’H; 332 NA [45]
Cly Po>°H, [ 11.5-05 0 - 300 [62]
°Py > °H, 61 NA
Cs:Ga:S:Cl 'D, > °H, 700 NA [46]
'G4> °H, 2460 NA
LiYF,(0.1% Pr) 13D2 > 33H4 870 - 400 4-300 [63]
. P, > "H, 50 - 30 4-500
YF, (1%
LiXF, (1% Pr) D, > °Hy | 630-300 4-600 [63]
3 3
P, > °H, 72-2.5 4-300
Pr(0.01) La(0.99) Br; B> i | 122103 17300 [64]
3 3
P, > °H, 2.5-0.9 4-300
Pr(0.001)La(0.99)Cl; B H | 147 12 17300 [64]
Silica 'D, > °H, 120 NA [40
Silica:ALO, 'D, > °Fy, 205 NA [65]
°P, > °H; 10.4 NA
Tellurite *Py > °Hs 9.6 NA [47]
'D, > °H; 139.6 NA
°P,> °H;s 13 300
ZBLA 'P, > °H; 15 300 [66]
'D,> °H, 55 300
3p 3
Py > °Fs4 15 NA [41]
ZBLAN 'G4> Hs | 155-90 4-340 [42]

Table 4.2 shows that some transitions are allowed for particular host materials, but not
for others; this has already been discussed (section 4.4). The fluorescence lifetime is
also host dependent. For example, Pr**-doped Cs:Ga:S:Cl has a 'D, > *H, transition
lifetime of 700 s, whereas the same transition for Pr**-doped ZBLA has 55 us and

for Pr**-doped silica it is 120 ps.

Figure 4.7 shows the energy level diagram for Pr’*-doped fluorozirconate glass; these
energy levels would not change significantly to that of a silica host. The energy gap
differences between °P, and 'D, (= 3800 cm'l) indicates that the majority of
transitions would be non-radiative as three phonons are required to bridge this gap.
An increase in temperature will result in an increase in the phonon decay rate
(equation 4.3), further reducing any fluorescence emanating from this level. Similarly,
any transitions from the G, energy level would result in little fluorescence as the
energy gap to the next level down, °Fj, has a separation of ~ 3100 cm’’. The majority

of fluorescence from the Pr’*-doped silica host would occur from the 'D, level as the
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energy gap to the ' Gy energy level is ~ 7200 cm™ resulting in strong fluorescence that
would weaken as temperature increases. Indeed Percival et al. [40] has measured that
the majority of fluorescence peaks emanating from Pr’ *-doped silica results from the
'D, energy level (section 3.4). The measurements in this thesis involve the
fluorescence that results from transitions originating from the 'D, energy level and all

transitions originating from this energy level will have the same fluorescence lifetime.

25000 —
: 3P2
L 1, 3
Ie.>P
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Figure 4.8 A typical energy level diagram for Pr’*-doped glass [after [67]].

4.9 Conclusion

Tons in excited states can return to their ground state by radiative, non-radiative, or a
combination of the two processes. Fluorescence is the release of excess energy in the
form of a photon that has lower energy than the excitation energy. The released
photon is isotropic in nature, has no preferred polarisation orientation and can be of a

different phase from the excitation photon.

Non-radiative processes include phonon emissions that are host dependent, crystalline
hosts have lower phonon energy than that of an amorphous host; this is a direct result

of the structure of the material. Cross-relaxation processes transfer energy from a
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donor ion to an acceptor ion occur more readily where rare-earth dopants are clustered

and are therefore in closer proximity.

Temperature affects fluorescence lifetime mainly from an increase in phonon
emission at elevated temperatures, as described in equation 4.7. The concentration of
rare-earth dopants in the glass can also affect the fluorescence lifetime—temperature

sensitivity as described by Nguyen et al. [49].

Strain has also been found to affect the fluorescence lifetime; theories are still
developing to determine how this is possible. A model by Farrell ez al. [59] suggests
that fluorescence lifetime is most likely not caused by shifts in the energy level, but
by changes in the fluorescence rates (wjp and wyp) associated with reduced cross-
relaxation due to reduced concentration. Fits to the Nd** fluorescence lifetime data,
provide some support for this model. It should, however, be noted that the model did

not account for the Nd** fluorescence intensity ratio data.

The transitions from the three energy level manifolds in Pr¥*-doped silica were
described in terms of both energy gap and phonon energy. The 'D, energy level
should show a high fluorescence intensity when compared to the 3Py and 'Gy energy

levels, which fits into the work described by Percival et al. [40].
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5.1 Introduction

This chapter details optical arrangements, and the software and hardware parameters,
that were used to conduct measurements of the fluorescence lifetime of Pr3+-doped

optical fibre under a variety of external temperatures and applied strain.

Figure 5.1 shows the optical layout used for temperature and strain sensing. An argon-
ion laser (Spectra-Physics, Stabilite 2017-05S) was operated at 488 nm and had a
beam diameter of 5.6 mm and an output power of 1.5 W. Since direct modulation of a
gas laser is detrimental to its operational lifetime, an acousto-optic modulator (AOM)
was used. A 500 Hz square wave signal from a function generator was used for both

the AOM and as the trigger source for an oscilloscope.

The modulated beam entered the single mode dummy fibre through a microscope
objective (x20), whose other end was fusion spliced to the Pr**-doped fibre. During
strain tests, additional telecommunication grade fibre was spliced onto the other end
of the Pr’*-doped fibre. Weights were applied to this fibre to provide strain on the

doped fibre section.

Only fluorescence counter-propagating to the pump direction was analysed. This
fluorescence travelled back through the microscope objective (where it was
collimated) and entered a multi-mode fibre that is orthogonal to the pump laser beam
path via a cubic beam splitter and another microscope objective (x10). A long pass
and a band pass filter were used to block any stray pump light, and to admit only a

specific fluorescence peak to the detector.

Depending upon the fluorescence wavelength the fluorescence was detected by either
a photomultipliér tube (PMT) or an InGaAs photodiode (PD), and the decay curve
was captured on a digital oscilloscope (Tektronix TDS 320).
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Figure 5.1 Schematic diagram of the optical arrangement. Temperature tests were conducted with
zero strain on the fibre. Strain tests were conducted at room temperature, albeit with no
heater.

5.2 Apparatus detail

S5.2.1  Argon-ion laser

The Argon-ion laser (Spectra Physics 2017-05S) has variable power control from
75 mW up to 2 W at a wavelength of 488 nm; this wavelength was the best suited

from both previous work [39,40] and from preliminary measurements.

There are two ways to operate this particular argon-ion laser, by either current or
power control. Current control stabilises the specified current that drives the laser
irrespective of the output power. Since power fluctuations can occur during

measurements, this mode was used for preliminary optical alignment only.

Power control detects the output power of the laser via a photodiode that is connected
to a feedback circuit that adjusts the current to suit the nominated power level. Care
must be taken in this mode, so that the current does not exceed the maximum rating,

most experiments had the laser with an output power of 1.5 W.
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5.2.2  Acousto-optic modulator

An acousto-optic modulator (AOM) works on the basis that some crystals exhibit
photo-elastic processes to couple acoustic waves into the crystal that one wishes to
modulate. These acoustic waves operate in a similar fashion to Bragg scattering,

allowing the light to be modulated at the frequency of the acoustic wave.

In this investigation, an IntraAction Corp (AOM-40) AOM was utilised with an input
frequency of 500 Hz with square wave modulation. The AOM was angled to allow
good definition between the 0™ and 1% order diffraction beams. A consequence of an
angled beam is that the 1¥ order diffraction beam entering the optical fibre will have
less aberration from the microscope objective resulting in a greater coupling

efficiency into the optical fibre.
3.2.3 Beam splitter

The cubic beam splitter used was from Edmund Optics with side lengths of 50 mm.
The surfaces were anti-reflection coated to allow maximum transmission; the beam

splitter did not affect the polarisation of the pump or fluorescence wavelengths.
52.4 Pr’-doped fibre

Two fibre samples were used for the series of experiments reported in this thesis, with
concentrations of 700 ppm and 1000 ppm, referred to here as Prl and PrAl
respectively. Both samples were manufactured at the Laboratorie de Physique de la
Matiére Condensée, Université de Nice, France, by the modified chemical vapour

deposition and solution doping technique (Section 3.2).

The Pr1 fibre had a core diameter of 2 um and was slightly elliptical with a cladding
diameter of 125 um. A silicone-based sheath protected the fibre from direct handling

and water moisture.

The PrAl fibre had core and cladding diameters of 6 and 125 pm, respectively.
Aluminium oxide was added to the fibre core, to minimise clustering effects that

occur when high concentrations of rare-earth ions are present in silica-based optical
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fibres; the Pr’* and Al,O3 -dopant concentrations were 1000/4000 ppm respectively
[68].

S5.2.5 Filters

Long pass and band pass filters were required to extract the relevant fluorescence
wavelengths from the various peaks in the spectra. The long pass filters were used to
block the pump wavelength from damaging the detectors and to allow wavelengths
longer than 600 nm to pass. The filters, both provided by Melles Griot, had cut-off
wavelengths of 590 nm (OG 570) and 550 nm (GG 495) and were placed in series to
further attenuate the pump wavelength.

Band pass filters were used to isolate the various fluorescence wavelengths, enabling
the interrogation of narrow portions of the fluorescence spectrum for lifetime studies.
The two fluorescence peaks were centred at 630 nm and 870 nm. The filter for the
630 nm fluorescence peak had a FWHM of 40 nm centred at a wavelength of
632.8 nm with a peak transmission of 80%, this filter was provided by Ealing Electro-
optics. The filter for the 870 nm fluorescence peak had a FWHM of 40 nm centred at
a wavelength of 900 nm with a minimum transmission of 45%, was manufactured by

CVI Laser Corporation. Both filters had a diameter of 12.5 mm.

5.2.6 Detection

The detectors used in these measurements were a photomultiplier tube (PMT) and a
photodiode (PD), chosen to suit the fluorescence wavelength. The PD (PR-X-100k-
IN-AC) manufactured by Femto measured the fluorescence peak centred around a
wavelength of 870 nm. The PD consisted of InGaAs sensor material with a circular
active detection diameter of 1 mm. The spectral detection for this PD ranged from 850
to 1700 nm and it had a 10 Hz to 100 kHz bandwidth. This photodiode also had a
transimpedance gain of 1x10” V/A and a response time of 3.5 ps, which is less than
5% of the fluorescence lifetime emanating from the 'D, energy level of Pr’*-doped

silica fibre.

Measurement of fluorescence lifetime from the fluorescence peak centred on the 630
nm wavelength was conducted by a Hamamatsu (R928) PMT. This PMT had an

extended range in the red/infrared region of the spectrum with a practical wavelength
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range from 185 — 900 nm, peaking at a wavelength of 400 nm. Load resistance across
the PMT’s output changed its response time and overall sensitivity. The response time
from a 2000 Q load resistor was measured to equal 1615 ns, and this load resistance

was used during fluorescence lifetime measurements.
5.2.7 Digital oscilloscope

The digital oscilloscope (Tektronix TDS 320) was used for observing and capturing
the fluorescence intensity decay. With a bandwidth of 100 MHz, the traces recorded
by this oscilloscope were transferred to a computer via a GPIB cable and stored for

further analysis.

This oscilloscope also had an averaging feature, that was used when measuring weak
fluorescence signals (especially from the 630 nm transition from Prl fibre); all signals
were averaged 256 times, the highest averaging allowed. Data transferred to the
computer had its lifetime measured using a least squares regression program (7able

Curve Fit v.5).
5.2.8  Signal-to-noise ratio

Photo-detectors used in this thesis are able to detect light signals and amplify these
signals, they also amplify noise that is inherent to their detection type. The two main
sources of noise for photo-detectors are thermal and shot noise [69]. Thermal noise
(also known as Johnson noise) originates within the photo-detector’s load resistor.
Electrons in the resistor are thermally agitated, creating a small alternating current
even when no voltage is applied across the resistor. The average voltage across the

resistor is zero, but the average thermal noise power within the resistor is described by

P, =4kTAR, (5.1

where k = Boltzmann constant (J K']), T = absolute temperature (K), 4f = bandwidth
(Hz) and R; = load resistance (). Thermal noise has uniform noise intensity across

all frequencies, up to about 10 GHz [69].
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In both PMT and PD photo-detectors shot noise is created from random electron
generation and recombination of free electrons with holes (PD), or, electrons Jumping

escaping to another dynode (PMT). Shot noise can be described by
Py, =2e(i; +i,)Af (52)

where e = electron charge (C), i; = the average detector current (A), Ip = photo-
detector dark current (A). Shot noise intensity is uniform over the system bandwidth.
Shot noise is also dependent on the signal current, which is proportional to the amount

of light incident on the photo-detector.
The signal current from a photo-detector can be described by

I, =pP, (5.3)

where p = photo-detectors responsivity (A/W) and P is the incident optical power

(W). Consequently, the average electrical signal power is
P, =1IR, =pPR,. (5.4)

The signal to noise ratio (SNR) can be described from the ratio of equation (5.4) to
equations (5.1) and (5.2),

Py _ (PP)zRL (55)

SNR = = :
P, +P, (4kTAfR )+2e(pP+1,)AFR,

For the PD used during fluorescence lifetime measurements (section 5.2.6), using a
typical value of p = 0.75 A/W, with a trans-impedance gain of 10’ V/A, P is in units
of nW (fibre length dependent), R, = 50 Q, T=296 K, Ip = 0.02 nA, 4= 100 kHz.

The PMT used during these measurements (section 5.2.6), had the following values:
p = 0.05 A/W with internal gain estimated at 1000, P is in units of nW (fibre length
dependent), R, = 2000 Q, T = 296 K, Ip = 2 nA, 4f = 100 MHz. The resultant
electrical signal power, thermal noise power, shot noise power, SNR values for both

photodiode and PMT are displayed in table 5.1.
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Table 5.1 Signal-to-noise ratio values for the temperature and strain measurements for the PMT and

photodiode.
Temperature Measurements
Fibre (length) Photo- Optical power Pgs Prx Psn SNR | SNR
detector (nW) ((1\4%) (nW) Iw) (dB)
Prl1 (100 mm) PMT 9 0.16 1.6 280 100 20
(100 mm) | Photodiode 14 15 16 45 960 30
PrAl (100 mm) PMT 25 1.2 1.6 800 800 29
(100 mm) | Photodiode 24 46 16 80 2800 35
Strain Measurements
Fibre (length) Photo- Optical power Pgs Prn Psn SNR | SNR
detector (nW) (LW) (W) | (fwW) (dB)
Prl (50 mm)* PMT 7 0.1 1.6 220 60 18
(700 mm) | Photodiode 17 20 16 50 1400 32
PrAl (50 mm)* PMT 20 0.8 1.6 640 490 27
(700 mm) Photodiode 35 100 16 110 | 6000 38

* Strain measurements at elevated temperatures

A SNR value that is less than three indicates that the signal is swamped by noise from
the detector and from external amplification sources. The discrepancies between
power levels and their SNR value may be the result of improper alignment between
the counter-propagating fluorescence with the microscope objectives, multimode fibre
and the PD. Care was taken at all times during measurements to ensure that optical

power levels were optimised.

53 Temperature measurement

Measurements requiring elevated temperatures were conducted with the Pr**-doped
optical fibre in the centre of a Carbolyte (Type 201) tube oven. Due to the thermal
gradient within the oven, 100 mm lengths of optical fibre were used in temperature

tests, in order to minimise temperature gradients along the active fibre.

During temperature calibrations for the 630 nm wavelength fluorescence peak
('D, > *Hy), the temperature was raised at a rate of 2 °C per minute, then allowed to
settle for 20 minutes before fluorescence lifetime measurements commenced. The

temperature difference between readings was 50 °C, from room temperature (=20 °C)
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to a maximum temperature of 500 °C. The detection scheme incorporated the PMT
with a 40 nm FWHM band pass filter centred around a wavelength of 632 nm in

series with the long pass filter.

Calibration for the 870 nm fluorescence peak ('D, = °F,, 3H,5) used the following
procedure: the oven temperature increased by 10 °C at a rate of 1 °C/minute and was
left to settle for 15 minutes. This process was used until a temperature of 500 °C was
reached. After this, the temperature was incremented by 25 °C and left to settle for 15
minutes as the settling time for the oven at elevated temperatures is quicker than at
lower temperatures. A 10 nm FWHM band pass filter centred around 900 nm was
used in conjunction with the InGaAs PD to monitor the 870 nm wavelength transition
(D, > 3H4), as the PMT was unable to detect this transition. For each temperature,

ten independent readings were taken before the temperature was increased.

54 Strain measurements

Strain measurements for the Pr3+-d0ped fibres were measured in different conditions.
Firstly, the 630 nm wavelength fluorescence lifetime dependence on applied strain
was taken with 50 mm lengths of Prl and PrAl fibre. The fibre length was 50 mm to
ensure that any movement that results from the weights shifting the doped fibre from
the centre of the tube oven kept the thermal gradient along the fibre length to a

minimum.

The fibres were centred in the tube oven and the temperature was raised to 100 °C and
after the tests were completed, the temperature was raised to 200 °C. The resultant
fluorescence was filtered with long pass and band pass filters to block the pump

wavelength; a PMT measured the fluorescence intensity decay.

Fluorescence lifetime dependence on strain at a fluorescence wavelength of 870 nm
used fibre lengths of the order of 700 mm. This was necessary to improve signal-to-
noise ratio that was evident in the measurements in the 630 nm wavelength results
(section 6.3.1 and 6.3.3). These strain measurements were taken at room temperature

because the tube oven could not accommodate such long lengths of fibre. The
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fluorescence was detected using an InGaAs detector after a series of filters that

blocked the pump light from saturating the detector.

Measurement of these two (630 and 870 nm) fluorescence wavelengths for their strain
-fluorescence lifetime characteristics followed the same procedure, in that at the end
of the rare-earth fibre, a communications grade fibre was fusion spliced to this fibre,
and a clamp was attached that allowed a series of weights to be suspended, thereby
resulting the fibre being strained. The clamp provided a minimum strain of 341 pe
along the fibre and the applied strain was subsequently increased up to 1957 pe,

through the addition of individual weights, table 5.2 shows the mass of these weights.

Table 5.2 The mass of the weights used for these strain measurements.

Mass type Weight (g)
Clamp 31.9
Weight holder 48.9
Small mass 222
Mass 1 49.8
Mass 2 49.9

Each time a weight was added, ten lifetime measurements were taken. This process
was reversed, by taking weights off the clamp, until only the clamp remained; this
entire process constituted one cycle. Ten cycles were taken during these strain

calibrations.

In all measurements, the decay curves were fitted with a least-squares regression
computer program (Table Curve fit v.5). The strain-fluorescence lifetime results were

fitted with the same program to determine the sensitivity of the system.
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6.1 Chapter Overview

This chapter is separated into three sections; the first two sections discuss the
temperature and strain measurements respectively of the 'D, energy level for both Prl
(Pr3+-dopant concentration of 700 ppm) and PrAl (Pr3+-dopant concentration of 1000
ppm) silica optical fibres, for the 'D, > °F,, *Hg (870 nm) transition, and the
'D; > °H, (630 nm) transition. The temperature ranged from 20 to 950 °C, and 20 to
500 °C for the 870 and 630 nm fluorescence transitions, respectively. The applied
strain on the fibre ranged from 0 to 1957 pe for both Pr3+-d0ped fibres. The data were

analysed using the relevant equations from chapter 4.

The third section discusses the strain dependence for the 'D, > 3F2, 3H6 transition in

PrAl fibre, that exhibited an evident strain sensitivity, in terms of the suggestion of
Farrell et al. [59].

6.2 Temperature measurements

The experimental procedures for temperature measurements for both Prl and PrAl-
doped fibres were outlined in detail in section 5.3. In short, the Ar' laser delivered
100 mW of 488 nm light into a single-mode silica fibre that was fusion spliced (0.01
dB loss) to a doped section (100 mm) of fibre had been centred in a tube oven.
Counter-propagating fluorescence intensity decay was detected, by either a PMT or a
PD, and the fluorescence intensity decay was fitted using a least squares fitting

program (7able Curve Fit v.5).
6.2.1  Prl fibre from the 'D; > *F,, *H; transition (870 nm)

Figure 6.1 shows the fluorescence lifetime variation as measured from the
D, 53 F,, 3H6 transition with a photodiode (section 5.2.6) while the Prl fibre was
slowly heated from 20 to 950 °C. In this figure there are three distinct zones, the first
(20 to 500 °C) can be considered as the low temperature zone, where phonon
emission has little effect on the fluorescence lifetime and the relationship between
fluorescence lifetime and temperature can be approximated to a linear relationship. In

the second zone (500 to 800 °C), phonon decay has a significant effect on fluorescent
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lifetime, as seen by a dramatic decrease in the fluorescence lifetime. The third zone

(800 to 950 °C) where the fluorescence lifetime data deviates from the expected fit.
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Figure 6.1 Fluorescence lifetime-temperature graph for Prl optical fibre for the 'D, > °F,’H
transition. Data fits from equations 4.6 and 4.7 are shown in red and black, respectively.

The data points in figure 6.1 were fitted with equations 4.6 and 4.7 (i.e. phonon

effects included) over a temperature range from 20 to 500 °C and 20 to 700 °C,

respectively, to determine how the energy level width and transition rate parameters

are affected by different equations over different ranges. The temperature sensitivity

over the temperature range 0 to 500 °C for this fibre was measured as —33 + 1 ns/°C

(assuming a linear fit) and the fitting parameters used in equations 4.6 and 4.7 are

shown in table 6.1.

Table 6.1 Parameters used to fit fluorescence lifetime-temperature measurements in Prl optical fibre.

AE Wig W2 AE Wq
Equation. Temperz:t(lzxre (cm™) ™M ™" (cmﬂ) )
range (°C) (x10%) x10°) (x10°)
4.6 20 > 500 830 £ 50 7.20+£0.03 13.0+0.4
4.7* 20 > 700 340 + 50 6.6+0.2 10.5+0.1 4300+ 100 | 3.2=x0.5

* Phonon effects included.
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The results in table 6.1 indicate that the energy level separation (AE) parameter
changes significantly, whereas the transition rates are not significantly changed in
either case. Equation 4.7 produced a realistic value for AE for the 'D; energy level to
fit the data; inspection of figure 3.4 shows that the 'D, energy level is less likely to be
833 cm™'. Correspondingly, the value for AEy and 14 is within reasonable agreement

with fluorescence lifetime measurements for Yb**-doped silica optical fibres [70].
6.2.2  Prl fibre from the 'D, > *H, transition (630 nm)

The fluorescence lifetime was taken for the 'D, > >Hj transition of the Prl fibre, over
a temperature range from 20 to 500 °C. The fluorescence lifetime measurements were
taken to determine the temperature sensitivity over this range, the results of which are

shown in figure 6.2.
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Figure 6.2 Fluorescence lifetime measurements of Prl fibre over a temperature range from
20 to 500 <C, for the ' D, > *H, transition.

Fluorescence lifetime data for the 'D, > 3H, transition was measured using a PMT

and fitted with equation 4.6 since no significant phonon emission is evident. The

parameters required to fit the data in figure 6.2 are shown in table 6.2 and the
temperature sensitivity was determined to be —30 + 2 ns/°C over this temperature

range, assuming a linear fit.
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Table 6.2 Parameters used to fit data in figure 6.2

Temperature range (c?:?l) (vsvl1°) (:sz-(;)
) (x10?) (x10%)
205 500 1500 + 100 7.06 = 0.01 192204

These results have similar transition rates when compared to the parameters in table

6.1; this is expected as these fluorescence lifetime measurements originate from the

same energy level. The value for AE is unrealistic as it is too large for the 'D, level.

6.2.3  PrAl fibre from the 'D, > °F,, *Hg transition (870 nm)

The fluorescence lifetime dependence for the 'D, > °F,, *Hg transition, having a

fluorescence peak centred at a wavelength of 870 nm was measured over a

temperature range from 20 to 950 °C and is shown in figure 6.3.
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Figure 6.3 Fluorescence lifetime-temperature graph for PrAl optical fibre for the 'D, > ‘jF 5 H
transition. Data fits from equations 4.6 and 4.7 are shown in red and black, respectively.
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The data points in figure 6.3 were fitted with equations 4.6 and 4.7 over a temperature
range from 20 to 500 °C and 20 to 700 °C, respectively. These equations were fitted
to the fluorescence lifetime data to determine how the energy level width and
transition rate parameters are affected by different equations over different ranges.
The temperature sensitivity over the temperature range from 0 to 500 °C for this fibre
was determined to be =~ ~20 + 6 ns/°C, assuming a linear fit, and the fitting parameters

used in equations 4.6 and 4.7 are shown in table 6.3.

Table 6.3 Parameters used to fit equations 4.6 and 4.7 in figure 6.3

AE Wio Wio AE w,
) Temperat - : 8 9
Equation mnge © é; ¢ (cm™) (s)’ (s)’ (cmﬂ) )"
(x10%) (x10%) (x10%
4.6 20 = 500 930 + 60 7.43 £0.02 12.8+0.5
4.7* 20 2> 700 670 £ 300 7.1+£0.5 10.1+0.5 5000 £ 700 7.2+0.1

* Phonon effects included.

From table 6.3, the AE value from equation 4.6 appears to be unrealistic because the
value is too large. The AE value that was used in equation 4.7 has a significant
uncertainty that may be due to a lower number of readings taken at higher

temperatures.
6.2.4 PrAl fibre from the 'D, > *H, transition (630 nm)

The fluorescence lifetime was measured for the 'D, — H, transition of the PrAl
fibre, over a temperature range from 20 to 500 °C. The fluorescence lifetime
measurements were taken to determine the temperature sensitivity over this range, the

results of which are shown in figure 6.4.
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Figure 6.4 Fluorescence lifetime measurements of Prl fibre over a temperature range from 20 to
500 <C for the 'D, - 3H, transition.

Fluorescence lifetime data for the 'D, > >H, transition were measured using a PMT

and fitted with equation 4.6 (p. 4-9) since no significant phonon emission is evident.

The parameters required to fit the data in figure 6.4 are shown in table 6.4 and the

temperature sensitivity were found to be -20 £ 4 ns/°C over this temperature range,

assuming a linear fit.

Table 6.4 Parameters used to fit data in figure 6.4

Temperature range Al?l Wio W
©C) (em™) ) , (s)
(x10%) (x10%)
20 > 500 930 + 80 7.13 £ 0.03 11.3+0.5

The energy level width in table 6.4 seems too large for the 'D, energy level, while the

.. .. 3 3 ..
transition rates, however, are similar to the rates for the D, > °F,, “Hg transition.
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6.3 Strain measurements

Strain measurement techniques for both Pr1 and PrAl-doped fibres have already been
outlined in detail (section 5.4). As for the temperature measurements, the Ar’ laser
(488 nm) delivered 100 mW into a single-mode silica fibre that was fusion spliced to
a length of Prl optical fibre, centred in a tube oven. A single mode
telecommunications grade optical fibre was spliced on the other end of the Pr**-doped
fibre, where weights would be attached to produce strain along the length of the fibre.
Counter-propagating fluorescence intensity decay was detected, and the resultant

decay curve was fitted.

The Pr3+-doped optical fibre for strain measurements at elevated temperatures had a
length of 50 mm to ensure that in the event of the fibre moving between
measurements that the temperature gradient along the fibre’s length was minimal. The
D, > *H, transition that fluoresced with a central wavelength of 630 nm was

measured for these strain measurements.

The length of the Pr’*-doped optical fibre was increased to 700 mm during strain
measurements at room temperature, to ensure better signal to noise ratios. The
D, 5 °F,, 3Hg transition fluorescing at wavelengths centred at 870 nm was measured

for these strain measurements.
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6.3.1  Prl fibre from the 'D, > 3’H4 transition (630 nm)

Figure 6.5 shows the fluorescence lifetime variation from the 'D, > *H, transition
from a 50 mm length of Prl fibre centred in the tube oven at elevated temperatures.
The fitted fluorescence lifetime-strain sensitivities from the data in figure 6.5, are

(0 £30) x 107 ps/pe and (10 + 10) x 10™ ps/pe at 100 and 200 °C, respectively.
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Figure 6.5 The fluorescence lifetime for the 'D, - 3H, transition with respect to strain for a Prl fibre,
with a length of 50 mm at 100 and 200 °C.

The error bars in figure 6.5 are the result of very low fluorescence intensities from the
short (50 mm) length of Prl fibre, as well as a low signal-to-noise ratio associated
with the PMT detecting these weak signals. From the data shown in figure 6.5, no

conclusion concerning the overall strain dependence of lifetime can be reached.

6.3.2 Prl fibre from the 'D; > °F,, *H, transition (870 nm)

Figure 6.6 shows the fluorescence lifetime variation from the 'D; > 3F,, 3Hj transition
from a 700 mm length of Prl fibre at room temperature (24.9 * 0.1 °C). The fitted
fluorescence lifetime-strain  sensitivity from the data in figure 6.6, 1is

(2+1)x 107 us/pe.
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Figure 6.6 The fluorescence lifetime variation for the 'D, 5 °F,, ’H, transition with respect to applied
strain for Prl fibre at room temperature.

The error bars in figure 6.6 are much smaller than those in figure 6.5, due to an
increase in fluorescence intensity caused by the use of a longer length of Pr1 fibre (i.e.
700 mm instead of 50 mm). The error bars have decreased by 90% from the error bars
in figure 6.5. The fluorescence lifetime-strain measurements appear to have a

decreasing relationship, i.e. a slightly negative gradient.
6.3.3  PrAl fibre from the "D, > *H, transition (630 nm)

Figure 6.7 shows the fluorescence lifetime variation from the 'D, > H, transition
from a 50 mm length of PrAl fibre centred in a tube oven at elevated temperature. The
fluorescence lifetime-strain sensitivities from the data in figures 6.7 are,

(10 + 20) x 10™ and (0  20) x 10” us/pe at 100 and 200 °C, respectively.
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Figure 6.7 Lifetime variation of strain between 341 and 1957 ue. These measurements were taken at

temperatures of 100 and 200 °C from the'D, > *H, transition in Prl fibre at a length
of 50 mm.

Figure 6.7 does not determine conclusively the strain sensitivity of the PrAl optical
fibre, because the error bars and the scatter of the data are large. However, as the Pr**

concentration in PrAl fibre is higher than that of Pr1 fibre the error bars are reduced

due to higher fluorescence intensity.
6.3.4  PrAl fibre from the 'D, > °F,, *H; transition (870 nm)

Figure 6.8 shows the fluorescence lifetime variation from the D, >3 F,, 3H; transition
from a 700 mm length of PrAl fibre at room temperature (24.9 = 0.1 °C) under strain
as measured with a photodiode. The fitted fluorescence lifetime-strain sensitivities
from the data in figure 6.8, is (-5.6 + 0.6) x 10 us/pe, over the full strain range (0 to
1957 pe).
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Figure 6.8 Lifetime variation of strain between 341 and 1957 ue. These measurements were taken at
room temperature with a 700 mm length of PrAl fibre from the ' D, > °F,, *Hj. tramsition.

The error bars in figure 6.8 have been reduced significantly compared with those in
figure 6.7, is due to an increase in the signal-to-noise ratio as a consequence to an
increase in fibre length. One possible reason that causes the decreasing fluorescence

lifetime with an increase of applied strain will be discussed in the next section.

6.4 Strain sensitivity of PrAl fibre 'D, > °F»,’H; transition

In the previous section the strain sensitivity from the D, > 3 Fa, 3H, transition in PrAl
fibre exhibited a definite negative fluorescence lifetime-strain trend. This was
unexpected as the trends from other rare-earth-doped materials display a positive
trend [26]. In order to further understand this process equation 4.21 was used. This
equation gives fluorescence lifetime as a function of transition rates and energy level
separation assuming these all have possible strain dependence. The effect of strain on

the transition rates w;p and wyg in equation 4.21 are shown in figure 6.9.
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Figure 6.9 The effect of strain on the radiative fluorescence rates w;, and way from the ' D, level in
PrAl fibre from the ' D, > °F,, *Hj transition.

The strain coefficients kjp and ky used had values of (0 + 300) s'pe’ and
(-0 + 2000) s ne’l, respectively. The transition rates have a good fit but high
parameter uncertainty. This indicates that the method used to measure fluorescence
lifetime-based strain measurements are required to have greater precision in order to
use Farrell ef al’s theory [59]; to describe the physical origin of strain for fluorescence
lifetime-strain dependency. The photo-detectors used to take these measurements
require higher fluorescence intensity from the Pr’*-doped fibre to increase the

accuracy of the lifetime measurements.

When AE is assumed strain sensitive (with wjy and wz strain independent) the

fluorescence lifetime—strain fit is shown in figure 6.10.
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Figure 6.10 Fluorescence lifetime-strain fitting to the PrAl from the 'D; > °F,, *Hy transition when
AE is assumed strain dependent.

The data in figure 6.10 were fitted with AE strain coefficient, b, (equation 4.19), equal
to (8 + 1) x 10 c¢m™ e This strain sensitivity corresponds to a 1 pm shift in the
890 nm fluorescence wavelength when strained with 1000 pe. The effect of strain on

AE is negligible as predicted in section 4.7.

6.5 Conclusion

Measurement of the temperature and strain characteristics of Prl and PrAl silica
optical fibres has been carried out over a temperature range from 20 to 950 °C, and

strain measurements over a range from 0 to 1957 pe at various temperatures.

The fluorescence lifetime-temperature sensitivity over a temperature range from 20 to
500 °C from the Prl and PrAl fibres was measured as (-30 + 2) ns/°C and
(-20 + 4) ns/°C, respectively. At temperatures above 500 °C, phonon emission was

pronounced in both fibres as fluorescence lifetime decreased rapidly as expected.

Fluorescence lifetime-strain measurements showed interesting results. Measurements
from both fibres at elevated temperature had a low signal-to-noise ratio, due to weak
fluorescence levels. At room temperature, both fibres had higher signal-to-noise ratio

levels. Unfortunately, strain measurements from the Prl fibre were inconclusive as to
6-14




the extent of its strain sensitivity. Strain measurements from the PrAl fibre indicate a
clear negative trend in fluorescence lifetime with increasing strain. However, the

results were not sufficiently precise to determine accurately the physical processes

that are taking place that allow this behaviour.
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7.1 Chapter overview

This chapter provides a summary of the measurements reported in the previous
chapter. Comparison is made between the measurements for the two Pr’*-doped silica
optical fibres investigated in this thesis and results for Nd**, Er** and Yb>* -doped

optical silica fibres reported previously.

7.2 Comparison between Pr1 and PrAl fibres

7.2.1 Temperature measurement comparison

Although the Prl and PrAl fibres are inherently different, both in Pr’*-dopant levels
and in AI’" concentration levels, it is of interest to compare the fluorescence lifetime
fit parameters for temperature measurements for Prl and PrAl optical fibres, from

section 6.2 in table 7.1.

Table 7.1 The parameters obtained for Prl and PrAl fibres to determine the temperature dependence
of fluorescence lifetime.

Temperature Central AE Wig Wi AE1 Wy
Fibre Range Wavelength (cm™) 5 Cp) (cm™) s Eq.
(°C) (nm) (x10%) (x10%) (x10%) (x10%
Prl 20 > 500 630 1500 £ 100 | 7.06 £ 0.01 19.2+0.4 4.6
Prl 20 > 500 870 830+ 50 7.20+0.03 13.0+0.4 4.6
Prl 20> 700 870 340 + 50 6.6+0.2 10.5+0.1 | 43+0.1 3205 4.7
PrAl 20 > 500 630 930 + 80 7.13 £ 0.03 11.3+£0.5 4.6
PrAl 20 > 500 870 930 + 60 7.43+0.02 12.8+£0.5 4.6
PrAl 20 > 700 870 670 = 300 7.1x+0.5 10.1+0.5 | 50+0.7 7.2+0.1 4.7

The transitions in each of the measurements in table 7.1 originate from the same
energy level, so their transition rates and energy level spacing (AE) for each fibre
should be similar, if not the same. The results show that there is good correlation of
the w;gand woy rates between each set of measurements for both Pr1 and PrAl fibres.
Prl has more spread in values than the PrAl fibre; this can be attributed to lower
signal to noise ratio during measurements from the Prl fibre as there was less

fluorescence intensity than from the PrAl fibre.

The energy level spacing parameter from the PrAl fibre over the 0 to 500 °C range,

are identical and have low uncertainties. This is most likely caused by low scatter of
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fluorescence lifetime measurements over temperatures ranging from 0 to 500 °C. The
value of AE from the measurement from PrAl fibre over the temperature range from
20 to 700 °C has decreased substantially (= 30% reduction) to 670 cm™. This
decreased value makes more sense than the other two AE values because a separation
in the order of 1000 cm™ is significant and is comparable to the thermalised energy
levels that are common to other rare-earths. The 'D, energy level separation should be
in the order of several 100 cm™. Similarly, the AE values for the Prl fibre over both
temperature ranges should also be approximately several 100 cm™' wide. One reason
why the AE value is low for both Pr1 and PrAl fibres over the temperature range from
0 to 700 °C is an increase in the separation between the temperature measurements,
that, with also an increase in their error bars may lead to higher error in the fitting
parameters. The parameters AE; and w, for both Prl and PrAl fibres are in the same

order of magnitude as those obtained for Yb3+-doped fibre [70].

The temperature sensitivities for both Pr1 and PrAl fibres are shown in table 7.2 over
the temperature range from 0 to 500 °C. The relative temperature sensitivity (%/°C),
provides a convenient means of comparing the temperature sensitivity between
materials. This parameter was determined by dividing the temperature sensitivity of
the fibre by a datum along the fit, and then converting to a percentage. As the
temperature measurements are from the same energy level, their temperature

sensitivities should be very similar.

Table 7.2 The temperature sensitivity for the Prl and PrAl optical fibres over a temperature range
from 0 to 500 <C.

Relative
. Central Tempfel:a.ture temperature
Fibre wavelength sensntolwty sensitivity
(nm) (ns/°C) (%/°C)
Prl 630 -(30+2) -0.020 = 0.002
Prl 870 -(33+1) -0.030 + 0.004
PrAl 630 -(20+ 4) -0.010 £ 0.004
PrAl 870 -(20 £+ 6) -0.020 + 0.003

The temperature sensitivities from the Prl fibre are very similar, because their
fluorescence transition originates from the same energy level. Likewise, the same can

be said about the temperature sensitivity of the PrAl fibre.
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7.2.2  Strain measurement comparison

The parameters used to fit the fluorescence lifetime-strain measurements with a

straight line for Prl and PrAl fibres are shown in table 7.3. The relative strain

sensitivities (%/ug) provide a convenient means of comparing the strain sensitivity

between materials. This parameter was determined by dividing the strain sensitivity of

the fibre by a datum along the fit, and then converting to a percentage.

The results are from measurements taken at room temperature for both Prl and PrAl

optical fibres; the length of the optical fibres were 700 mm. Measurements were taken

from the 'D, > 3F2, 3 Hg transition.

Table 7.3 Strain sensitivity of Prl and PrAl optical fibres over a strain range from 0 to 1957 ue

Fluorescence Stfa.i'f Relati\.le. s?rain
Fibre wavelength sensifivity Sel‘l)Slthlty
(nm) (us/u_t;) ( Alpg)
(x10™) (x10™)
Prl 870 2+1 -1.5£0.8
PrAl 870 -5.6+0.6 -43+0.5

The strain sensitivities of these two fibres are within the same order of magnitude.

The large errors associated with these measurements are caused by the small effect

that strain has on fluorescence lifetime from rare-earth-doped optical fibres.
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7.3 Comparison with other rare-earth-doped optical fibres

Measurements of the effect of temperature and strain have on the fluorescence
lifetime from different rare-earth-doped silica optical fibres have been conducted by
various authors. These are shown in table 7.4, along with the measurements from this
thesis. The relative strain-temperature cross-sensitivity was determined using equation
4.11; this quantity is a convenient method to determine how applied strain or

temperature effects can alter the temperature or strain measurements.

Table 7.4 Comparing the values of AE, strain sensitivity, temperature senmsitivity and strain-
temperature cross-sensitivity in various rare-earth-doped optical fibres with fluorescence
lifetime-based sensing.

AE seigﬁi:: ty Temperature | Strain-temperature
Fibre type (cm™) (%/yuc) sensitivity cross-sensitivity Ref.
° o/ fo o
(x10%) (*%/°C) (°Clue)
(700 ppm Pr*") 340 (-1.5£0.8) ;0(')03(‘))2 (0.5+0.3) x10” [This work]
(1000 ppm Pr*") 670 (-4.3£0.5) -0.020 (2.2+0.8) x107 [This work]
pp +0.003
(2.5% Yb*) 680 (4.9 £0.9) ;0(.)0(())(:);1 (-6 = 1) x107 [26]
-0.0594 ]
(250 ppm Nd**) 1000 | (1.1+0.2) ioooggm (-1.9£0.3) x10” [61]
(990 ppm Nd*) 1000 (9.7+3.8) ;0693331 (-2.8+1.2) x10" [61]
3 -0.0441 3 61
(1460 ppm Nd*") | 1000 | (7.1£3.6) £ 0.0001 (-1.6 £ 0.8) x10 [61]
-0.0617 ]
(4000 ppm Nd*") | 1000 (9.8 £2.6) :I:OO(.)(?JOI (-1.6 £ 0.5) x10” [61]
-0.024 .
(200 ppm Er*") 1000 | (9.7+1.9) i°0°002 (-4.0 £ 1.1) x10” [26]
-0.025 ]
(960 ppm Er’") 1000 | (11.9+3.0) + 0.003 (-4.7 £ 1.0) x10” [26]
-0.017 .
(4370 ppm Er*") 1000 | (8.66+2.0) £ 0.001 (-5.2+1.3)x10" [71]

Table 7.4 shows for all of the rare-earth-doped optical fibres investigated to date, the
strain and temperature sensitivities of fluorescence lifetime are similar. However,
Pr**-doped optical fibres have temperature sensitivities similar to that of other rare-
earth-doped optical fibres, but strain sensitivity has the opposite sign. Nevertheless
the magnitude of this strain sensitivity is effectively the same for PrAl fibre, and

slightly smaller for the Prl fibre. It is uncertain if the strain sensitivity is
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concentration dependent and the effect of AI’* concentration within the fibre for
temperature or strain sensitivity is unclear. The strain-temperature cross-sensitivity of

the rare-earth-doped optical fibres in table 7.4 is shown graphically in figure 7.1 as a

function of concentration
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Figure 7.1 Strain-temperature cross-sensitivity (f) for; Pr'*-(diamond), Nd**-(circle), Er**-(iriangle),
Yb’*-(square) -doped silica optical fibres.
Figure 7.1 illustrates how the strain-temperature cross-sensitivities of Nd**, Er’* and
Yb’* —doped silica optical fibres are all negative, whilst the Pr’*-doped silica fibres
display a positive strain-temperature cross-sensitivity. The model of Farrell ef al. [59]
can account for the negative values in the cases of where cross-relaxation processes
(section 4.5.2) occur; the application of strain is believed to reduce the concentration
slightly, resulting in an increase on fluorescence lifetime. It is not apparent how their
model would apply to Yb**, which has just a single level. A model of this nature,

however, cannot account for the new data presented here.

The energy level separation (AE) for the rare-earth-doped optical fibres listed are all
very similar, except for both Pr** and Yb**-doped optical fibres. The reason why Nd**
and Er"’-dopants have a large energy separation is that they use a pair of thermalised
energy levels. An advantage in using a pair of energy levels is that the energy level
separation is generally larger and this results in a higher temperature sensitivity, than
that of single energy levels that have several Stark levels within its structure.
Examples of this are the solitary ’Fs, energy level in Yb** ions and the 'D, energy
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level in Pr** ions, both of which have AE values in the order of 100s of cm™;

consequently, their temperature sensitivity is generally less than that of the other rare-

earth 1ons, but their strain sensitivities are similar.

7.4 Conclusion

A comparison between the two transitions in each of Prl and PrAl fibres has been
conducted. The w;y and wyg transition rates for both fibres are similar for both fibres,

but their energy level separation vary dramatically.

The temperature and strain sensitivity within the Pr1 and PrAl fibres were similar as
the fluorescence transition originated from the same energy level for both fibres.
When comparing the PrAl and Prl optical fibres to other rare-earth ions, only the

Pr**-doped fibre has negative strain sensitivity co-efficient.
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8.1 Conclusion

The fluorescence lifetime for Pr’*-doped silica optical fibres has been investigated
over a temperature range from 20 to 700 °C and a strain range from 0 to 1957 pe. The
Pr** concentration was 700 and 1000 ppm namely, for the fibres denoted Pr1 and PrAl
respectively, the latter of which had an AI**-dopant concentration of 4000 ppm.

The fluorescence lifetime-temperature sensitivity was determined ~ 30 ns/°C and 20
ns/°C for Prl and PrAl fibres respectively. This was found to be similar to the
temperature sensitivity from other rare-earth-doped optical fibres. Additionally, the
magnitude for the strain sensitivity for these two fibres was found to be approximately
the same for that of other rare-earth-doped optical fibres, -(2 + 1)x 107 ps/pe and
—(6 = 1)x 107 us/ue for Prl and PrAl fibres, respectively.

The strain sensitivity from the PrAl fibre was found to have a negative slope for
increasing strain from the D, 5 °F,, 3H, transition, which is different from the strain
sensitivity of Nd**, Er*" and Yb*'-doped silica optical fibres. The origin of the strain
sensitivity of fluorescence is yet to be fully understood. Whilst the model of Farrell er
al. [59] describes some data adequately, it does not account for the new measurements

presented here (for Pr**) or data from fluorescence intensity ratio data.

The results indicate that the fluorescence lifetime-strain dependence from the 'D,
energy level in Pr**-ion behaves differently to that of the Yb**-ion, even though the

energy levels investigated are both single lines split into several Stark levels.

More research is required to understand the processes that make fluorescence lifetime
measurements strain sensitive. Understanding of these effects will allow the design of
fluorescence lifetime —based temperature and strain sensors, Or SENSors with particular

sensitivities.
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8.2 Future Research

This work can be further refined and extended in the following ways. Firstly, the

pump wavelength should be resonant to that of the 'D; energy level (= 590 nm). An

increase in the fluorescence intensities would improve signal to noise of the photo-

detectors.

Additionally, more Pr3+-d0ped fibres could be manufactured at the Laboratorie de
Physique de la Materiere Condensé, Université de Nice, France, where the Prl and
PrAl fibres were created. Indeed more fibres in all the rare-earths are needed to obtain
consistent data sets (eg. in figure 7.1 one cannot assume that all the Nd**-doped fibres
are made of the same material). These new fibres would have different Pr’*-dopant
concentrations in both silica and silica with different Al**-dopant concentrations. This
would help determine how Pr** and AI*" concentrations affect the strain sensitivity of

these fibres from the 'D, energy level.

Measurements could also be made for Pr**-doped fluorozirconate fibres, to determine
how the °P, 'D, and 'G, energy levels are affected by strain. This would help
investigators determine the extent that outside influences have on individual energy
levels. Again, different Pr**-dopant concentrations can be used to determine its effect
on fluorescence lifetime—strain dependence. Fluoride fibres can be doped with higher
rare-earth concentrations than that of silica fibres, thereby increasing the fluorescence

intensity.

Studies can also be made to determine the oscillator strength of transitions originating
from the 'D, energy. Oscillator strength can be used to determine how effective an
actual radiative transition compares to that of an ideal system. Most materials have an
oscillator strength that is between zero and one, as transitions are usually not ideal
oscillators, although there are some transitions that have an oscillator strength greater
than one [72]. These measurements will help further understanding in the

spectroscopic nature of Pr**-doped silica fibre that will allow the development of

better performance in optical applications.
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