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Abstract

In this thesis, praseodymium (Pr3*) doped optical fibre is investigated as a physical

sensor measuring temperature and stress.

The project investigates the spectroscopic properties of Pr3* doped silica fibre as a
potential sensor for environmental properties such as temperature and stress. The
measurements have two parts: spectral and decay time. In the spectral part, Pr3*
doped optical fibre is excited by an OPO laser or a continuous-wave Argon-ion laser.
The intensity and wavelength of the fluorescence are used to determine the effect of
temperature and stress. In the decay time measurements, the fibre is excited by the
OPO laser. These measurements revealed a 2 components decay — a fast component

in the order of 5us and a slower component in the order of 300us.

Within the experimental constraints on the range on temperature and stress of
0-100°C and 0-900g respectively, the wavelengths of the three emission peaks and
the excitation peak do not show any obvious change and the FWHM of the three

emission peaks also does not show any trends or changes.

Only two of the three emission peaks were measured in the decay time measurements.
The decay time is measured in the temperature range 20-100°C, the stretch range
0-450g and compression range 0-5kg. Two components of the decay time for the two
emission peaks are detected in the experiments. The fast component of the decay
time of both emission peaks with temperature shows quite little decrease. The slow
component of the decay time of the two emission peaks shows a positive trend with

weight. These results follow similar trend for other rare earth doped optical fibre [1].



1
2

3

4

5

Contents

INEFOTUCTION ...t 7
Background and basiC tEOIY ..o 10
2.1 INEFOTUCTION ... 10
220 0 AN o151 o] o] o SRS UOSSRSR 10
2.1.2 FIUOIESCEINCE ....eeieeeeete ettt bbbt 11
2.2 Optical fIDre SENSOIS......cveiieieciese et sre s 12
2.3 FIUOIESCENCE. ... .t 13
Rare earth doped fibre..........coov e 16
3.1 Silica-based optical fibre..........cccoevviiieiiiie e 16
3.2 Rare earth elemeNtS ..o 18
3.3 PraseodymiUM. Pr ..ottt 21
3.4 Praseodymium doped fibre .......ccoooveeiiiii i 21
Basic theory on the measuring techniques and experimental arrangement........ 23
4.1 BaSIC thEOIY....ociiiii e 23
4.1.1Temperature €ffECt........ccv i 23
4.1.2 SErESS EFFECT....c.eiiiiiec e 26
4.2 EXPeriment arrangementS.........coccoiuirrerieirenieisisieseee e 26
4.2. 1 INErOTUCTION. ...ttt e 26
4.2.2 EXPEriments detailS.........c.coueiiiiiiiiieie e 26
4.2.3 Temperature MeASUMEMENT.......cuueiieieiiieeiiieesieeestee s sree e e nree e nseeeeenaeas 28
4.2.4 StresS MEASUMEMENT......cuiiiiieeieiee sttt 29
EXPErimental reSUILS .........coviiieecie e 32
5.1 INFOQUCTION ..ot 32
5.2 Frequency MeEaSUIEMENTS ........cccueiieiriieerieeiesre sttt 33
5.2.1 Temperature results (OPO I8SEr) .......ccccoviriiiiiiiiiecese e 33
5.2.2 Temperature measurements (Argon laser)........cccccvveveeviecieesie e 35
5.2.3 Stress measurement (OPO I8SEr) .....cccocvriiiiiiiiiieeese e 37
5.2.4 Stress measurement (Argon laSer) ......ccccvovveiieiieeiiie i 38



6

5.3  Decay time MEASUIEMENT ........ccuiiieieiie e nie e siee sttt see e sreas
5.3.1 Temperature MEASUIEMENT.........cccuiiuieiie e eie et
5.3.2 StreSS MEASUIEIMENT. .....ciuvieiieeiieesiie et e e

5.4 SUMMAry and AISCUSSION ......c.eiiriiieieiiesiiesieeeesteesteeee e seeeee e sseessesseeseeas
CONCIUSION ...ttt bbbt

B.1  CONCIUSION ..ottt bbb

6.2 FUINEr rESEAICH......c.eiiiiie e



1 Introduction

Sensors are used in everyday and everywhere, even though they are not obvious in
our daily life. A sensor can measure a physical quantity and produce an output signal
that can be measured. Sensor should be sensitive to the targeted property only and

should not influence it or affected by other external factors.

Sensors can be classified into three types: physical, chemical and biological. Physical
sensors are usually based on the measurements of parameters such as temperature,
force, heat, light, electricity, magnetism, sound and other physical properties.
Chemical sensors based on chemical reaction, and biological sensors use enzyme,

antibody and hormone

Temperature and stress measurements are required in many fields of today’s work.
Due to the special advantages of optical fibre sensors, optical fibre sensors are

considered for the measurements of temperature and stress.

There are some optical fibre sensing technologies used to measure temperature and
stress such as distributed optical fibre sensor, interferometric optical fibre sensor and

fluorescence optical fibre senor [2].

Rare earth doped optical fibre are usually used in the fluorescence optical fibre
sensor. This project aim is to invest how the fluorescence properties influenced by

temperature and stress in Pr3* doped optical fibre.

In chapter 2, non-optical measurements systems and optical measurements are
introduced with the work principle, advantages and disadvantages respectively.

Compare to them, optical fibre sensors have some special advantages, but they also



have some disadvantages. The measurements of temperature and stress are based on
the properties of fluorescence. The description of fluorescence and some

fluorescence applications are also introduced.

Pr3* doped optical fibre was chosen for this investigation. Chapter 3 will give some
information about the silica optical fibre and rare earth elements. The manufacture of

the Pr3* doped optical fibre is also introduced in this chapter.

Chapter 4 describes temperature and stress effects on fluorescence. It mainly talks
about how temperature or stress influence the decay time. In this chapter, it also
introduced the devices used in the experiments and the experiment arrangement of
temperature and stress measurements. Both OPO laser and cw-Argon laser are used
in the frequency part. Only the OPO laser is used in the decay time part. The
temperature change is achieved by using a water bath. A pulley block is used to
stretch fibre to get the stress change. But in the decay time part, two wooden blocks

with smooth formica surface are also used to compress the fibre.

Results of the measurements are shown in chapter 5. The experiments are based on
the spectroscopy of fluorescence, it includes intensity, wavelength and decay time of
fluorescence. The experiments are divided into two parts: spectral and decay time. In
the spectral part, it mainly focused on the intensity and wavelength of fluorescence.
In the decay time part, it measured the decay time of fluorescence. In the spectral
part, the wavelengths of the three emission peaks (labelled as A, B and C) are
measured. In the decay time part, only peak A and C are measured because the
intensity of peak B is too low. Two components of decay time are detected in the

measurements.

At last, the results are compared to other rare earth doped optical fibre and Koziol’s



work and discuss the reason of the differences. Meanwhile, some advices are given

for the future work in chapter 6.



2 Background and basic theory

2.1 Introduction

There are many sensors used in the measurement of temperature and stress. They
could be divided into two groups: non-optical and optical. The difference between
them is whether the measuring systems use optical techniques or not. Different

environment requires different types of measurement systems.

Thermometer is the simplest device used to measure temperature. And spring
dynamometer is the simplest device to measure force. They could work in the normal
environment and deal with common cases. With the development of technology,
many new conditions of measurement need to be satisfied in modern environment.
For example, devices need to work in harsh environments, high voltage or toxic
environment and in extreme temperature situations. In all cases, measurement range,
accuracy, resolution and repeatability of the sensor are all essential to their specific

applications.

2.1.1 Absorption

If a normally transparent material is doped with some impurity ions which has
energy levels in the materials transparent region one can easily measure, these energy
levels using the optical absorption technique. These energy levels of the impurity
ions are sensitive to the ions’ local environment. Hence temperature or stress

experienced by the material can be determined indirectly.
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The absorption temperature measurement system has simple optical arrangement and
linear response. However, its measure range is limited by the semiconductor material

and the measurement system is hard to bond to optical fibres [3].

2.1.2 Fluorescence

Fluorescence has three properties that can be used to measure temperature and stress:
wavelength shift, fluorescence intensity ratio and fluorescence decay time. Due to the
thermal expansion, temperature changes the structure of the lattice in the optical fibre.
Stress has the same influence. The change of the lattice structure can cause the shift

of wavelength.

Fluorescence intensity ratio uses two relate energy levels that are closely separated.
Due to Boltzmann distribution, the populations of the two related energy levels
change with temperature. The fluorescence intensity is related the population of the
energy level, so the fluorescence intensity ratio could be used to measure

temperature,

&_ﬁ 9202}0)2} [
Ny I 9101}001]

where N; is the number of ions, I;; is the fluorescence intensity, g; is the
degeneracy, o;; is the emission cross section, w;; is the angular frequency of
fluorescence transitions from the thermalizing energy level to a terminal level. AE
is the energy difference between the two thermally linked levels. k is the Boltzmann

constant and T is the absolute temperature [4].

Fluorescence intensity ratio is strain-independent, and it has wide measure range and
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good accuracy. In the low temperature area, fluorescence intensity ratio is not

sensitive. The price of the measurement system is quite high [4].

Fluorescence decay time is the average time of ions stay in the excite state. The
intensity of the fluorescence is decay exponentially with time after excitation ceased.

The decay time is defined as the time when the intensity of fluorescence decreases to

1
5 of its original intensity. It can be described as:

I(t) = Ioexp — (t/7)
where [, is the original intensity and t is the decay time [1].

Fluorescence decay time has simple arrangement and it has wide measure range.
The problem with the decay time measurement system is that it is affected by

temperature and stress at the same time [1].

Due to the intensity of fluorescence could be affected by many factors like coupling
and scattering, the temperature or stress measurement based on the intensity of
fluorescence could not reach high accuracy. Whereas measurement based on the
decay time of fluorescence is immune to these factors and potentially can achieved

high accuracy and sensitivity [2].

2.2 Optical fibre sensors

Sensors have many types. Fibre-optic sensing is a new kind of sensor which is based
on optical fibre. Photonic sensor first appeared in the mid 1967s [5]. It used

bifurcated fibre bundles. Half of the fibre is used to illuminate a surface and the other

12



half received the reflected light from the surface. Through this process, it can

determine the distance between the fibre end and surface.

The main part of the fibre-optic sensing is the optical fibre. Depending on the way of
the optical fibre is used, it can be divided into two groups: active and passive. In the
latter case, the fibre is a passive element acting only as a light guide. In the active

case, the fibre itself is the sensing element and light guide as well.

Fibre-optic sensing has its special advantages. It has small size and simple structure
and immune to electromagnetic interference. Due to optical fibre material, it can

work in high voltage, high ionising radiation and harsh chemical environment.
Fibre-optic sensing also has its disadvantages. Active sensors need special optical

fibre which is expensive, and special test devices are needed in the fibre-optic

sensing.

2.3 Fluorescence

When light illuminates on atoms, electrons around the atomic nucleus will be excited
to high energy level. Due to high energy levels are unstable, electrons will return to
the ground state. In the process, energy is released in the form of light fluorescence
or transmits to other electrons. The excitation and emission process can be described

by two equations,

Excitation: Sy + hve, — S

Emission: S = Sy + hv,,, + heat

13



where h is the Planck’s constant and the v is the frequency of the light, S, is the
ground state and S, is the excited state of fluorescent molecule. The whole process

could be clearly described in a Jablonski energy diagram.

High-energy state

Lowest singlet excited state

Fluorescence

Energy absorption
s50] ABuaug

— ‘— Ground state

Figure 2.5 [6]: This is the Jablonski energy diagram. Electrons in the ground state
transit to high energy level after absorbing energy. The non-radiative transition
occurs when the electrons transit from the high energy level to the lowest excited
state. Fluorescence is produced in the transition from excited states to low energy

state.

In most cases, the emission wavelength is usually longer than the absorbed
wavelength. Two-photon absorption may occur when either the absorption strength
or excitation energy is large. This phenomenon leads to the emission wavelength
shorter than the absorbed wavelength. If the emission wavelength is the same as the

absorbed wavelength, it is called resonance fluorescence.
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Fluorescence has many applications in modern day living. The fluorescent lamp
which is based on fluorescence is the most common application in daily lives. The
traditional fluorescent lamp uses excited mercury atoms emitting in the ultraviolet.
The ultraviolet rays in turns excite the rare earth ions that are deposited as a coating
on the inside surface of the glass envelope of the lamp, the rare earth ions in turn
emit in the visible region. A combination of different wavelengths gives the sensation

of white light output.

Fluorescence techniques have been widely used in chemical, biological and medical
fields. For example, fluorescence is used to detect and analysis the structure of
deoxyribonucleic acid (DNA) and protein. Ethidium bromide organism is a kind of
fluorescent dye which is used to dye the DNA. It only can emit very weak
fluorescence in the solution. However, when it is embedded between the base pairs
of double-stranded nucleic acid and combines with the DNA molecule, its

fluorescence intensity is much larger than it in the free solution [7].

Florescence microscopy imaging technique is another important application. For
example, when the red blood cells contain lead elements or lack of iron elements,
they will produce zinc protoporphyrin to replace the normal protoheme. Zinc
protoporphyrin has high fluorescence strength, this property can be used in the

dianoetic of pathogenesis [8].
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3 Rare earth doped fibre

3.1 Silica-based optical fibre

Optical fibre usually made from silica, but there are some special fibre made from
fluoride, phosphates and chalcogenides. Plastic optical fibre is a new kind of optical

fibre that can be produced simply, cheaply and has low weight.

Silica optical fibre has excellent optical transmission characteristics, it has low loss
only about 1 db/km and wide bandwidth. The lowest loss is 0.2db/km at 1.55um [9].
Silica optical fibre could work in complex environment. It can withstand high
temperature and has high mechanical strength. This means that it could be pulled and

bent within a certain range.

Silicon fibre has been used widely in optical telecommunications. It mainly depends
on total internal reflection. Total internal reflection is the phenomenon when light
travels from a high refractive index medium to a low refractive index medium at
angles larger than a the critical angle, all the light reflect and confined within the
high refractive index medium. The core of optical fibre usually doped with other
materials to raise the refractive index. The commonly used materials are Germanium

dioxide and Aluminium oxide.

16
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Figure 3.1 [10]: Total internal reflection occurs at the boundary of the core and

cladding for a step-change refractive index type fibre.

Optical fibre usually has three parts: core, cladding and buffer. Cladding has lower

refractive index than the core. Buffer is designed to protect the fibre from physical

damage.

Buffer

Core

Cladding

Figure 3.2 [11]: Optical fibre usually includes core, cladding and buffer.
Optical fibre could be largely divided into two groups: single mode and multimode.

In common case, Single mode fibre‘s core diameter is about 8-10um while multiple

mode is greater than 50um or 62.5 um [12]. Fibre also can be divided into

17



step-index and graded-index.

Due to the radius of the core is very small, single mode fibres only transit the
fundamental mode light. The radius of the core of multimode fibre is much larger, so
it could transit higher order modes light. Lights have the same transit velocity in the
fibre, but different mode lights have different paths. Hence the time needed to reach
the detector is different. The time difference will cause pulse boarding which is
related to the transit distance. In this case, single mode fibre should be used for

remote transition [13].

3.2 Rare earth elements

Rare earth group has 17 elements. Rare earth elements co-exist in the nature and

share similar properties.

Although rare earth elements have similar properties, there are still small differences
between them. These differences are determined by the structure and radius of their
atoms and ions. Based on the lowest energy principle (electrons prefer to low energy
atomic orbital), lanthanide atoms have two ground state electron configurations:
[Xe]4f™6s% or [Xe]4f™ 15d'6s2. When the atom is excited by an electromagnetic
radiation or heat, they lose either the 4f16s? or the 5d'6s2. Figure 3.3 shows the

outside electron structure of the rare earth elements.

18
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Figure 3.3 [14]: This diagram shows the rare earth elements position in the periodic

table and their outside electron structure.

With the atomic number increase, the number of electrons also increases. The
increased electrons enter the 4f subshell, and the structure of outer subshells does not
change. Due to the radial distribution of 4f subshell could not totally shield the
attraction between the nuclear charge and the outer electrons, the attraction increase
with the nuclear charge increase. In this case, the radius of lanthanide atoms and the
positive trivalent ions decrease with the atomic number increase. This is the

Lanthanide contraction.

For lanthanide ions, there are still the 5s25p® electron shell outsides the 4f. Due to
the shielding effect by these two full electron shells, the 4f electrons experienced
lesser effect from their surrounding elements in the compound. Therefore, the
absorption and emission spectra of lanthanide compounds and free ions have similar

narrow line structure.

4f subshell has 7 orbitals, electrons progressively filling these orbitals. For rare earth
ions, the electrons distribution could produce many energy levels and spectroscopic
terms. Figure 3.4 is the Dieke energy diagram which shows the energy levels of the

rare earth trivalent ions.

Some excited states of rare earth ions have longer decay time. For rare earth ions, the
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4f-4f transition is forbidden because of the Laporte selection rule [15]. The
probability is quite low, hence the decay time of the excited states is relatively long

in the order of tens of ps.

Figure 3.4 [16]: This is the Dieke energy diagram, it shows the trivalent rare-earth

ions energy levels.
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3.3 Praseodymium. Pr

Praseodymium, Pr, was discovered in 1885 by C.F.Aver von Welesbach [17]. At first,
Swedish chemist Carl Gustav Mosander discovered didymium which is a rare earth
oxide. After few years, Welesbach was able to separate the didymium into two
different elements, praseodymium and neodymium. Praseodymium has six electron
shells, electrons distribute as 2,8,18,21,8,2 which is shown in figure 3.5. Its inner
electrons configuration is same as Xe which is 4f36s2. Praseodymium’s crystal

structure is hexagonal. Praseodymium usually ionized to Pr3* with the loss of three

electrons 4f16s2.

59: Praseodymium 2,8,18,21,8,2

Figure 3.5 [18]: Praseodymium electrons structure

3.4 Praseodymium doped fibre

Praseodymium doped fibre is made by modified chemical vapour deposition
(MCVD). It usually use SiCl, and GeCl, vapor. In the heating conditions, they will

react with oxygen and produce SiO, ,GeO, and Cl, [19]. Based on thermophoresis,

21



they will deposit on the inside surface of the tube. Then the Praseodymium vapour is
introduced and deposit a second layer on the inside surface of the tube. At last, the
tube collapses into a preform by increasing the temperature of heating. The fibre is

then drawn out from the preform. Figure 3.6 illustrates part of the process.

Hollow Glass Preform

N B O Rotating
/ Flame

Soot Deposited
Inside Tube

Gases —

Heat Source Moving
Back and Forth

Modified chemical vapor deposition (MCVD)

Figure 3.6 [20]: This picture shows the main process of the MCVD technique.
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4 Basic theory on the measuring techniques
and experimental arrangement

4.1 Basic theory

4.1.1Temperature effect

From the Jablonski energy diagram of figure 2.5, the transitions can be divided into
non-radiative and radiation. The radiation transition will emit or absorb photons
when the atom transition in different energy levels. But for non-radiative transition,
the electrons exchange energy through collisions. There is no photon appears in
non-radiative transition. With the temperature increases, the probability of collision
will increase. Therefore, the non-radiative transition will increase with temperature.

For radiation transition, the temperature effect is quite small.

The decay time is the time electrons stay in the excited state which includes the

radiation part and the non-radiative part. The relationship can be described as

Lot = lraa + Tnraa

1

Ttotal =
r
tot

where Ty, is the total decay rate, I.,4 is the radiative decay rate, I},,44 IS the

non-radiative decay rate. T is the measured decay time of the fluorescence.

When temperature increases, the non-radiative transition increases and the radiative

23



transition do not change. Hence the decay time will decrease with temperature

increase.

The transitions probability which is related to the decay time is also related to the

temperature change.

d

Figure 4.1: This diagram illustrates the emission and absorption transition

probabilities between level a and b with the spontaneous transitions probability A,,.

- Pump level
N\ :
1
— 420 florescence
L » A
J' Y 0

/

Ground state

Figure 4.2 : This energy level shows the three level model and the relevant

transitions.

24



The relationship between the decay time and the spontaneous radiation probability is

| =

where T is the decay time and A is the spontaneous radiation constant (spontaneous

radiation probability). Using the relationship between t and A,
NpAz0T20 + N1A1eT10 =Nz + 1y
where n, isthe population of level 1, n, is the population of level 2.

The ratio of the population of these two levels could be written as

92 (-2
n, g1 p kT

where g, is the degeneracy of level 1, g, is the degeneracy of level 2. AE is the

energy gap between level 1 and 2 and T is the absolute temperature.

When at thermal equilibrium, level 1 and 2 have the same decay time. The new

equation is

1 +%exp(—%)

g2 _AE
A10+A20glexp( kT)

T= (4.1)

The coefficient A is related to the wave function of the energy level and the wave
function is sensitive to the local environment. Hence the coefficient A is affected by

temperature.
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4.1.2 Stress effect

When the fibre is subjected to stress, the shape of the lattice is affected. The local
environment change causes changes to the wave function of energy levels, so the
coefficient A (spontaneous transitions probability) is affected by stress. From the

equation 4.1, the decay time is affected by stress.

4.2 Experiment arrangements

4.2.1 Introduction

This part introduces the devices used in the experiments and the arrangement of the

experiments.

4.2.2 Experiments details

This chapter shows the experimental arrangements used to measure the fluorescence

of Pr* doped optical fibre in different temperatures and stress. Either an OPO

laser or an Argon-ion laser is used in this project as the excitation source.

An Optical parametric oscillator (OPO) laser is used to excite the Pr** doped
optical fibre at around 480 nm. OPO laser has two separate tunable frequencies light
output. The light which has higher energy is called the signal, and the other output is
the idler. The combined frequency range is from 400 nm to 2000nm. The signal

output is used in this experiment. The OPO laser is pumped by the 3™ harmonic
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output of a Nd:YAG laser (Continuum SLII1-10). The max output power is 45 mJ at
445 nm and 12mJ at 780nm. Pulse duration is 10 ns and pulse repetition rate is 10

Hz.

For the OPO laser, pulse to pulse intensity varies a lot. Hence averaging technique is
necessary to reduce the fluorescence intensity fluctuation. This can be overcome in
parts by using the continuous-wave-Argon-ion laser. However, it has much lower

output power.

The 488 nm output of an Argon-ion laser (Coherent Innova 70) is used in the
experiments, and it has a maximum output of about 300mW. A mechanical chopper

is used to produce pulse excitation for decay time measurements.

The spectrometer (0.125m) cannot isolate cleanly the weak fluorescence from the
strong scattering of the laser hence an optical filter OG550 is placed in front of the

spectrometer to block out the laser wavelength.

In the emission measurements, the fibre is excited at a particular wavelength and the
spectrometer is scanned to record the emission wavelengths. Whereas, in excitation
measurements, the fluorescence is monitored at a particular wavelength and the laser

wavelength is scanned producing a spectrum similar to an absorption spectrum.

In the decay time measurement, a digital oscilloscope (300 MHz LeCroy 9310) is
used to records the data and transfer to the computer for storage and analysis. All the
measurements are averaged over 1000 times (at 10 Hz reception rate it takes 100 sec
for each decay time measurement). Two decay times were identified in the decay
time measurements. The slow decay time is measured using a 5000 Q terminating

resistor, whereas the fast decay time is measured with a 10000 Q terminating
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resistor. Figure 4.3 shows the system respond as a function of terminating resistors.

Higher terminating resistor has longer respond time, but it could produce larger

signal. The signal of the fast decay time is very weak hence higher terminating

resistor was chosen in the experiments. This is a compromise between the system

responds speed and usable signal.

2500

2000

1500

10:00

Respondtime (ns)

500

A

/

~

e

50

2000

4000 5000

8000 10000 12000

Terminating resistor ({1)

Figure 4.3: This diagram shows the system respond time as a function of terminating

resistors (the mark in the diagram means the value of the first data point is 50).

4.2.3 Temperature measurement

In order to heat the fibre evenly, the fibre is submerged in a water bath. A reasonable

temperature range from 1°C~90 °C can be achieved using a combination of an

electric hot plate heater and addition of ice cubes.
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Water bath+

PMT

Filter+ detector+

Spectrometer+

Figure 4.4: Schematic diagram showing the experimental setup of temperature

measurement.

4.2 .4 Stress measurement

In the stress part, it could be divided into two parts. One is to stretch the fibre and the
other is to compress the fibre. For these preliminary measurements the goal is to
determine whether there is any observable change and how large are the changes
with respect to stretch or compression being applied. To stretch the fibre, a pulley
block system isused as shown in Figure 4.5. The fibre is arranged on the pulley, and

the weight is put on the moveable block. The weight range is 0-900g.
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Pulley blocks

________...-—-'-‘
PMT

detector+

Filter+
pectrometer+

Weight+

€

Figure 4.5: Schematic diagram showing the experimental setup of stretch

measurement.

To compress the fibre, the fibre is pressed between two wooden blocks with smooth
formica surface and the length is same to the stretch method. The force direction is
opposed to the stretch method. Figure 4.6 shows the experiment arrangement and
how the fibre put in the board. The weight ranges up to 45 kg (a test fibre was used

to make sure the fibre will not be crushed at this weight).
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Spectrometer+
Inside
arrangement+

Figure 4.6: Schematic diagram showing the experimental setup of compression

measurement.
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5 Experimental results

5.1 Introduction

An emission spectrum excited by the 483 nm laser light shows three emission peaks,
these peaks are assigned based on Percival’s work, see figure 5.1. Compared to
Percival’s work, the wavelength of peak C is shorter [21]. The reason could be the

accuray of the spectrameter is low when the wavelength is higher than 800 nm.

3 1 3 1 : :

£ 1500.0 - (A)D,~"H, o s (€)'D,~ *HF,
g ®)'D,~H.

£ 1000.0 -

: '
] M f/(/J \\\M
% 0 0 AN, . \/L 5 \r i

5 550.00 650.00 750.00 850.00

Wavelength (nm)
Figure 5.1: This diagram shows the emission spectrum of the Pr3* doped optical

fibre. Peak A is the transition ‘D, -°H,, peak B is the transition ‘D, —»°H,, peak C

is the transitions ‘D, » °H, °F,.

In figure 5.1, peak A shows the transition ‘D, —°H,, but at this wavelength it may

also occur transition *P, — *H,°F,. Dueto °P, energy level fluoresce is very weak

in silica hosts, so this transition is not considered in the experiments.

Figure 5.2 shows the excitation spectrum with the spectrometer monitoring at 625nm

(peak A). Peak D wavelength is about 473 nm. The excitation spectra for the three
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peaks, A, B and C, are very similar and only show slight differences in the intensity.

€ 2000.0 -

o D

g 1500.0 - -

2 1000.0 - /f/

s 5000 - /“f

S 0.0 AL , N
§ 420.00 470.00 520.00

Wavelength (nm)

Figure 5.2: Excitation spectrum of the Pr3* doped optical fibre for emission at

625nm.

5.2 Freguency measurements

5.2.1 Temperature results (OPO laser)

The fibre is excited at 472 nm using the OPO laser. Emission peaks A and B are
measured at 2°C, 19°C, 33°C, 45°C, 60°C, 76°C and 98°C. Peak C is measured at 19°C,
33°C, 45°C, 60°C, 76°C and 98°C. Both of the excitation and the emission spectra are

recorded in this part.
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Figure 5.3: The peak position of the emission peak A, B and C as a function of

temperature.

It is clear from figure 5.3 that the peak position of the emission lines A, B and C does

not change, within the uncertainties of the measurements, with temperatures.

The excitation spectrum is obtained when monitoring the emission at 625nm. Figure

5.4 shows the peak wavelength position of the excitation peak, D, at different

temperature.
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Figure 5.4: The peak positions of the excitation, peak D, as a function of temperature.

Similar to the emission spectra, the changes in the wavelength of the excitation peak
with temperature do not follow any pattern and can be consider as no change within
the uncertainty of the measurements. The large uncertainties are due to the intensity
of the OPO laser output is not stable and even with a smoothing time constant of 3s

the noise level is still quite large.

5.2.2 Temperature measurements (Argon laser)

Due to the emission spectra excited using the Argon-ion laser have less noise effect;
the line width, full width at half maximum (FWHM) of three emission peaks could

be measured.
The fibre is excited at 488 nm using the cw Argon-ion laser. The emission spectra

are measured at 19°C, 33°C, 50°C, 68°C, 82°C, 94°C. Figure 5.5 shows the wavelength

of the three emission peaks, A, B and C, as a function of temperature. This confirmed
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the observation using the OPO laser, figure 5.3, that no observable change or pattern

of change, within experimental uncertainties, can be seen.
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Figure 5.5: The peak positions of the emission peak A, B and C as a function of

temperature using Argon ion laser.

Figure 5.6 shows the FWHM of the three emission peaks as a function of

temperature.
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Figure 5.6: The FWHM of three emission peaks at different temperature.
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The variation of the FWHM of peaks A and B are within the uncertainties of the
measurements. The FWHM of peak C shows observable change, but the variation
does not follow any pattern. Compare to peak A, the intensity of peak B and C is
quite low. The FWHM measurements of peak B and C is not very precise because of

their low signal to noise ratio.

5.2.3 Stress measurement (OPO laser)

The fibre is excited by the OPO laser at 483 nm. The emission spectra for the stretch
method were measured for weights ranged from 0 to 900 g in steps of 100g. Figure
5.7 shows the emission wavelength change of the three emission peaks with applied
weight. The wavelength of the three emission peaks has no observable changes,

within experiments uncertainties.
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Figure 5.7: This diagram shows the wavelength of the three peaks with different

weight.

Figure 5.8 shows the excitation specrum with the detection wavelength at 628 nm.
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The wavelength of the excition peak also show no observiable change within the

uncertainty of the measurements.
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Figure 5.8: This diagram shows the wavelength change of the excition peak with

different weight.

5.2.4 Stress measurement (Argon laser)

The weight change is from 50 to 450 g in steps of 100 g. There is no obvirous change
shown in figure 5.7, so the measure range is only used to detect if there is any change.
The fibre is excited by the Argon laser at 488 nm. Figure 5.9 shows the three
emission wavelength of three peaks under different weight. Even though the
experimental uncertainties have much reduced when compare to those using the OPO
laser, there is still no observable change in the variation of the wavelength of the

three emission peaks.
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Figure 5.9: This diagram shows the three peaks wavelength change in the emission

spectra with weight.

5.3 Decay time measurement

5.3.1 Temperature measurement

The temperature measurements are measured at 20°C, 48°C, 82°C and 99°C using the
OPO laser at 483 nm as the excitation source. Every decay time result is an average
of six measurements (each measurement is an average of 1000 shots). The decay
times for peak A (630nm) and C (830nm) were measured. Due to the low intensity of
peak B, its decay time was not measured. Figure 5.10 shows the average value of the

fast component of the decay time as a function of temperature.
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Figure 5.10: This diagram shows the average value of fast component of the decay

time as a function of temperature.

The fast component of the decay time for peak A and C both decrease with
temperature increase. The decay time of peak C is slightly longer than the one of
peak A. For peak C, the fast component of the decay time changes 0.6us over 80°C
which is very small. Similarly, the fast component of the decay time of peak A

change is also very small.

Figure 5.11 shows, the slow component of the decay time of peak A decreases from
20 to 48°C, then keep increasing from 48 to 99°C. For peak C, the decay time
increases from 20 to 82°C, then it decreases from 82 to 99°C. Both the slow
component of the decay time of peak A and C show large changes, but no pattern can
be observed. At present it is unclear the reason for these clearly detectable variation
and more work is needed to understand and to resolve this matter. The temperature

measure range could be larger and longer fibre could be used in the future research.
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Figure 5.11: This diagram shows the average value of slow component of the decay

time.

5.3.2 Stress measurement

The stress measurements are divided into two parts: the stretch and the compression.

Both of them are measured at room temperature. Due to the fibre could not hold too

much weight with the stretch method, the compression method is used to measure

high weight range. For both of methods, the fibre is excited at 483 nm with OPO

laser. Emission peaks A and C are both measured in this part.

5.3.2.1 Stretch method

Figure 5.12 shows the fast component of the decay time measured of peaks A and C.

The decay time is measured with applied weight from 0 to 900g in steps of 100g.
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Figure 5.12: This diagram shows the fast component of the decay time of peak A and

C as a function of stretch.

For peak A, there is a very slight observable increase in decay time over the full
weight range, but the change is very small. This means poor sensitivity and
resolution. For peak C, the fast component of the decay time shows an observable

change, but the change does not follow any pattern.

The signal of peak C is quite weak, the signal of the fast component of decay time is
even weaker. The fast component of decay time of peak C changes very much in
each measurements. The fast component of decay time of peak A is more stable

compared to peak C.

Figure 5.13 shows the slow component of the decay time measured of the emission

peaks A and C. The decay times are measured with applied weight from 0 to 450g.
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Figure 5.13: This diagram shows the slow component of the decay time of peak A

and C as a function of stretch.

The slow component of the decay time of peak A does not show any changes, within
the uncertainties, over the applied range of weight. For emission peak C, the slow
component of the decay time shows clearly observable change over the applied

weight range, about 38us over 450g.

5.3.2.2 Compression method

The compression method is used to measure the decay time change for the high
weight range. From the stretch measurements, the fast component of the decay time
is not expected to change hence only the slow component of the decay time is

measured for the compression method.

Figure 5.14 shows the slow component of the decay time of the emission peaks A

and C. The decay time are measured with applied weight of Okg, 1kg, 3kg and 5kg.
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Figure 5.14: This diagram shows the slow component of the decay time of peak A

and C.

Both the slow component of the decay time of peaks A and C show a positive trend
with increasing weight. For peak A, the decay time changes about 80us from 0 to
5kg. Compare this to the light weight range, figure 5.13, where no observable change
was observed shows that it is only usable for weight range over 500g. For peak C,
the decay time changes about 90 us over 5kg. Although the linearity over the

applied weight range is nonlinear it still gives a good usable range.

5.4 Summary and discussion

In the frequency measurements, the Pr3* doped glass fibre is excited by an OPO
laser or a cw Argon-ion laser. Their results are similar, the wavelengths of the three
emission peaks and the excitation peak do not change within the uncertainties of the
measurements with applied changes of temperature or stress. The FWHM of peak C

show large changes but it does not follow any pattern.
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In the temperature measurement, the fast component of the decay time of peak A and
C show quite small change. The slow component of the decay time show large

changes, but the changes once again do not follow any pattern.

In the stress measurement, the fast component of the decay time of peak A shows
very small change for the stretch method whereas peak C shows large changes, but
the changes do not follow any pattern. The slow component of the decay time peak A
varies within the uncertainties of measurements. The decay time of peak C shows a
positive trend with weights. With the compression method, both of the slow

component of the decay time of peak A and C show positive trend with weights.

Compared to other rare earth doped optical fibre such as Ybh3*, Nd3* and Er3*,
the decay time measurements results of Pr3* doped optical fibre show the same
trend, the decay time decrease with temperature increasing and increase with stress
increasing [1]. In Koziol’s work [1], the temperature dependence is similar to our

experiment results, but the stress dependency is contrary to our experiment results.

There are some factors that may affect the experiment results. A 10m long Pr3*
optical fibre is used in our experiments whereas only a 100mm fibre is used in
Koziol’s work [1]. The short fibre is used as a point source, but we used a long fibre
for the distributed sensor design [22]. The long fibre could be divided into two
sections: an effective section which is subject to the change of temperature/stress and
an ineffective section which is not subject to the change of temperature/stress. For
this project both the effective part and ineffective parts contribute to the fluorescence
(frequency and decay time) due to the use of direct single photon excitation and
because the experimental setup is to measure the fluorescence from the end of the
fibre. If the length of effective section is much larger than the ineffective section, the

influence of temperature and stress will be large. If the length of effective section is
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only slightly larger than or comparable to the ineffective section, the changes could
be too small to detect. The fibre may be not long enough in our experiments hence
the signal from the effective section may be too small to measure. The temperature
range could have been extended to -180°C to just below the softening point of the

fibre.
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6 Conclusion

6.1 Conclusion

The fluorescence wavelengths of the Pr3* doped glass fibre have been measured in
a temperature range 0 to 100 °C and a weight range 0 to 900 g. The Pr3* doped
optical fibre is excited by an OPO laser and a cw Argon laser. The wavelength
position of the three emission peaks, their respective line width and excitation spectra
are measured in the experiments. All the wavelengths measurements do not show any
obvious change within the limits of the applied changes of temperature or stress.
Although the FWHM of peak C show large changes, but they do not follow any

pattern of change.

The decay time of the fluorescence are measured in a temperature range 20 to 100 °C,
a stretch range 0 to 900 g and a compression range 0 to 5 kg. The intensity of peak B
is quite weak, so its decay time is not measured. In the measurements of decay time,
both peak A and C show two decay components in their decay time. In the
temperature measurement, the fast component of the decay time of peak A and C
show a negative trend with temperature, but the change is quite small. The slow
component of peak A and C both show large changes, but the changes do not follow
any pattern. In the stretch measurement, the fast component of the decay time of
peak A only vary within the experimental uncertainties. The fast component of the
decay time of peak C shows an observable change, but the change does not follow
any pattern. The slow component of the decay time of peak A varies within the
uncertainties range. For peak C, the slow component of the decay time shows a
positive trend with weights. In the compression measurement, the slow component of

the decay time of peak A and C both show a positive trend with weights.
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6.2 Further research

There are still more experiments needed in further work. In temperature
measurements, the slow components of the decay time show large changes which do
not follow any pattern. The reason for these large changes is not clear and more work
is needed to resolve this problem. In decay time measurements, two components of
decay time are detected. The phenomenon does not show in other people’s work
hence more detail spectroscopic studies are needed to resolve the origin of these 2
components. The fibre arrangement is also an important problem. A longer optical
fibre is needed in the future experiments. The measure range of temperature and
stress could be larger in further work. The accuracy of the devices should be
improved in the further work, narrow uncertainties range could help to find the

results better. At last, the Pr3* fluorozirconate fibres could be used in the further

work. °P, and 'G, energy levels fluoresce very weakly in silica hosts, but

fluorozirconate fibres could solve this problem [1]. These works could help the

development of the  Pr3* doped optical fibre in sensor applications.
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