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“The physicist Leo Szilard once announced to his friend Hans Bethe that he was

thinking of keeping a diary: ‘I don’t intend to publish. I am merely going to record

the facts for the information of God.’ ‘Don’t you think God knows the facts?’ Bethe

asked. ‘Yes’ said Szilard. ‘He knows the facts, but He does not know this version of

the facts.’”

Hans Christian von Baeyer, Taming the Atom



ABSTRACT

SPECTROSCOPY OF THULIUM DOPED SILICA GLASS

by David Allan Simpson

The increasing demand for bandwidth in optical fibre communication systems has

prompted a significant research effort into developing efficient fibre based optical am-

plifiers at operating wavelengths neighbouring the erbium-doped fibre amplifier. Of

the possible candidates, thulium-doped fibre amplifiers appear best suited to serve

this need with amplification available from 1460 to 1530 nm. However, the cur-

rent limitation with these devices is that the amplifying transition can only provide

sufficient gain when doped into host materials with relatively low phonon energies.

The ultimate goal for thulium-doped amplifiers is to incorporate the ion into a host

material which can be easily integrated into standard communication systems with-

out compromising gain; this thereby involves, to some degree, a silica based host

material. To date, optical amplification in the telecommunication S-band using

thulium-doped silica fibres has been inefficient due to the high phonon energy asso-

ciated with Si-O bonds in the glass. This work undertakes a systematic study on

the effects of network modifiers on the S-band amplifying transition in an effort to

improve the radiative quantum efficiency in silica based glasses. To this end, the

techniques employed in this investigation included modifying the glass network with

elements which may act to reduce the local phonon energy surrounding the thulium

(Tm3+) ion and co-doping the Tm3+ ions with sensitising ytterbium (Yb3+) ions.

The network modifying technique was successful in improving the quantum effi-

ciency of the S-band transition, with Al2O3 being the most effective network modi-

fying element. The incorporation of 9 mol% of Al2O3 resulted in a 260% increase in

the quantum efficiency of the S-band amplifying transition, when compared to pure

silica glass. The other network modifying elements studied included germanium, an-

timony and tin, and although variations in the shape and position of certain energy



transitions were observed in comparison to the alumino-silicate glasses, no signifi-

cant improvements to the S-band amplifying transition were observed. A limited

Tm2O3 concentration study also provided details about the mechanisms affecting

the 3H4 manifold population under direct and in-direct pumping. The direct pump-

ing of the 3H4 manifold confirmed that the well known cross relaxation process,

which originates from the 3H4 manifold, has little effect on the 3H4 population for

Tm2O3 concentrations up to 1950 ppm. The first demonstration in silica glass of

in-direct pumping of the 3H4 manifold at 1586 nm was demonstrated using an en-

ergy transfer up-conversion process. The energy transfer up-conversion process was

established in alumino- and germano-silicate host materials and may provide an

alternate pumping solution for the S-band amplifier as it acts to increase the popu-

lation inversion of the amplifying transition.

Promising results were also obtained from the second proposed technique which

involved co-doping Tm3+ with an additional rare earth ion, namely Yb3+ , in the

silica glass host. The spectroscopic measurements established, for the first time in

alumino-silicate glass, the double energy transfer mechanism between Yb3+ and

Tm3+ ions, under 980 nm excitation. The identification of this mechanism in

alumino-silicate glass is an important step towards amplification from the 3H4 man-

ifold of Tm3+ . The rate equation model developed to describe the up-conversion

luminescence from Tm3+ under 980 nm excitation also established excited state ab-

sorption as a populating mechanism of the 3H4 manifold, thereby identifying two

populating mechanisms which act to increase the population inversion of the S-band

amplifying transition. The fluorescence lifetime of the lower amplifying 3F4 manifold

was found to increase by a factor of two under 980 nm excitation as a result of the

energy transfer from Yb3+ to Tm3+ ions. This observation underlines the impor-

tance of optimising the efficiency of the second energy transfer up-conversion process

as well as the excited state absorption process, in these glass types. Unfortunately,

the low Tm2O3 concentration of the samples used in this investigation prevented

the determination of the quantum efficiency of the S-band transition. Solutions to

address this shortcoming are discussed in the future directions of this work.
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Chapter 1

INTRODUCTION

1.1 Optical communication

The development of optical fibre communication systems over the past 40 years

has revolutionised the way in which the world transmits and receives information.

Proposals for optical communication via dielectric waveguides or optical fibres were

made almost simultaneously in 1966 by Kao and Hockham [1] and Werts [2]. An

optical fibre is a thin glass structure typically the thickness of a human hair. The

innermost region of an optical fibre, known as the ‘core’, transmits light while the

outer region of the optical fibre, known as the ‘cladding’, prevents light from the

core leaking out, as depicted in Figure 1.1.

Core
Cladding Protective jacket

(a) (b)

Figure 1.1: Schematic diagram of an optical fibre illustrating light being guided along
the core: (a) cross section (b) side on view.

The core of an optical fibre is designed in such a way that it has a higher refractive

index than the cladding. This is usually achieved by co-doping the silica glass with

dopants such as germanium, aluminium, boron or phosphorus. In fibres with large

core diameters of the order of 100s of micrometres, the confinement of light is based

on total internal reflection at the core/cladding interface. In smaller diameter core

fibres of the order of a few micrometres, the confinement relies on establishing a

1
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waveguide. As an optical waveguide, the fibre can support one or more confined

transverse modes by which light can propagate along the fibre [3]. Fibres support-

ing more than one mode are termed multi-mode fibre, whereas fibres which support

only one mode are known as single or mono-mode fibre. As little light propagates

in the cladding, signals can travel great distances, although impurities in the glass

can degrade and attenuate the signal.

Early attempts to fabricate optical fibres in the 1960s produced fibres with ex-

tremely high attenuation of ∼ 1000 dB/km. However by the 1970s, optical fibre

losses had been reduced to below 5 dB/km at mid infra-red wavelengths, which

was comparable to the loss in existing co-axial cable technology. Research in the

early 1970s into semi-conductor technology coincided with the interest in optical

fibres and by the late 1970s research groups had begun to establish complete op-

tical communication systems. The early communication systems were comprised

of a semi-conductor laser diode as the light source, multi-mode optical fibre as the

transmission medium and a semi-conductor photodiode as a detector. Limitations

of such systems included chromatic dispersion or pulse broadening caused by the

multi-mode optical fibre and fibre attenuation problems caused by the operating

wavelengths (0.8 - 0.9 µm) which was limited by the range of available light sources.

Throughout the 1970s and early 80s, silica glass was studied in much greater detail,

with particular attention being paid to the three mechanisms responsible for atten-

uation in silica glass fibres: intrinsic absorption, scattering and geometric effects.

Intrinsic absorption in silica glass occurs even in its most pure form and is asso-

ciated with vibrations of chemical bonds such as the silicon-oxygen bond [4]. The

minimum intrinsic absorption of silica glass in the infra-red region is highlighted in

a typical attenuation spectrum for silica glass shown in Figure 1.2.

Rayleigh scattering of light is one of the aforementioned causes of attenuation in

silica glass fibres. The amorphous nature of glass results in localised variations in

the density and homogeneity of molecules within the glass. These variations can be
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Figure 1.2: Attenuation of silica glass [5]. The shaded region represents the 3rd telecom-
munication window, as described in the text. Note: the peak in the measured loss spectrum
at 1380 nm is due to impurities known as hydroxyl ions or (OH−) ions. The resonant fre-
quency of the OH− vibrations occurs at 2.73 µm (outside the transparency range of silica
glass), however the overtones and combination bands of this resonance lie around 1380,
1230 and 950 nm [4], consequently care needs to be taken to reduce the number of OH−

ions during fabrication.

modelled as small scattering objects whose size is much smaller than the wavelength

of light. Lord Rayleigh found that the scattering of light is proportional to λ−4,

and hence the loss due to Rayleigh scattering becomes increasingly important as

the wavelength decreases. This theoretical limit of scattering loss in silica glass is

also highlighted in Figure 1.2. The large scattering loss for wavelengths less than

800 nm provides incentive to work at wavelengths greater than 800 nm. It is clear

that Rayleigh scattering has little effect for wavelengths beyond 2000 nm and it

would follow that even longer wavelengths may provide reduced attenuation. How-

ever, in the case of silica glass, the intrinsic absorption in the infra-red region begins

to dominate Rayleigh scattering. Thus researchers are now looking into other glass

compositions which are based on the light and heavy halides such as fluoride and

chalcogenide glasses. These types of glasses exhibit less intrinsic absorption in the

infra-red to mid-infra-red regions compared to the silica based glasses, but unfortu-

nately exhibit poor mechanical, thermal and chemical properties, compared to silica.
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Geometric effects such as bending can also cause attenuation in silica glass fibres.

Under the appropriate bending conditions, light propagating along the core of the

fibre can be lost into the cladding. Bending loss is usually classified as macroscopic

or microscopic. Macroscopic bending refers to large scale bending and is usually

associated with storing or deploying optical fibres. A standard 125 µm silica glass

fibre can usually be bent around a 25 mm radius with negligible loss and will not

fracture or break unless the radius is less than 10 mm. Microscopic bending occurs

when the fibre is sheathed with a protective coating. The stresses in the cabling

process cause small axial distortions (micro-bends) to appear randomly along the

fibre [4]. These micro-bends couple light between the guided modes of the fibre and

can cause the light to couple out. In general, both macro and microscopic bending

losses are less than those described for Rayleigh scattering and intrinsic absorption.

After consideration of these attenuation mechanisms it became clear that trans-

mission at longer wavelengths in single mode fibre (SMF) would result in less signal

attenuation and reduced signal dispersion. The low loss region extending from 1450

to 1600 nm, deemed the 3rd telecommunication window, emerged as the most prac-

tical for long haul telecommunication systems. This window has since been split

into several distinct bands, the main bands of interest are the Short-band (S-band),

the Centre-band (C-band) and Long-band (L-band). The wavelength designations

for these bands are 1460-1530 nm, 1530-1565 and 1565-1625 nm, respectively, as

highlighted in Figure 1.2.

Although signal attenuation and dispersion problems had been addressed, there

were still a number of practical problems which needed to be overcome before a

clear picture of the future of optical communications could be formed. Signal re-

generation was proving to be one of the biggest hurdles. The regeneration process

involved converting the optical signal into an electrical signal, amplifying the elec-

trical signal and then converting the amplified electrical signal back into an optical

signal. This process created enormous bottlenecks at the repeater stations and

severely limited the performance of the optical system. In 1987, a group from the
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University of Southampton demonstrated the first all optical fibre amplifier, using

an erbium-doped silica fibre [6]. The erbium-doped fibre amplifier (EDFA) offers

optical amplification over a broad wavelength range from 1530 - 1600 nm. The

advent of the optical fibre amplifier offered new and far reaching opportunities for

modern telecommunication networks. The main reason for their very strong impact

is that optical amplifiers are unique in two respects: they amplify input signals of

different bit rates and formats and can be used to achieve simultaneous amplifica-

tion of multi-wavelength optical signals over a wide spectral range [7]. Some other

advantages of optical fibre amplifiers and in particular EDFAs include:

• high gain,

• high power conversion efficiency,

• high saturation power,

• low noise,

• low crosstalk,

• low coupling loss and

• low cost.

Modern optical communication systems now offer terabits per second transmission

over tens of kilometres before optical regeneration is required [8]. While this may

seem like an enormous amount of information carrying capability, the birth of the

internet has seen an exponential growth in the amount of information carried over

these transmission systems. To manage the increasing demand for bandwidth, re-

searchers are now looking to expand existing optical systems, by amplifying in the

telecommunication S- and L-bands. Of the new bands to open up, perhaps the most

important is the S-band. The S-band has comparable or better attenuation charac-

teristics in standard SMF than the L-band and exhibits less sensitivity to bending

loss. Furthermore, the S-band exhibits better dispersion characteristics in SMF

than both the C- and L-bands. However, developing an S-band optical amplifier has

proven to be more of a challenge than first thought.
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1.2 Amplification in the S-band

Three major technologies have been studied in the hope of bringing the same effec-

tive means of optical amplification to the S-band as the EDFA has for the C-band

and L-band. Semi-conductor optical amplifiers (SOAs), lumped (or discrete) Ra-

man amplifiers (LRAs) and thulium-doped fibre amplifiers (TDFAs) have all been

proposed as candidates to provide optical amplification in the telecommunication

S-band from 1460 - 1530 nm. The following sections review each of these technolo-

gies and their potential to offer cost-effective long haul transmission in the S-band.

More detailed reviews can be found in the literature [9, 10, 11, 12].

1.2.1 Semi-conductor optical amplifiers

Semi-conductor optical amplifiers (SOAs) have a similar structure to Fabry-Perot

laser diodes but employ anti-reflection coatings on the end faces instead of highly re-

flective mirrors. SOAs are electrically pumped and optical amplification is achieved

by stimulated emission of photons caused by the recombination of electron-hole

pairs in the gain material. The centre wavelength and gain bandwidth of SOAs

depend on the type of semi-conductor material used. Typical 3 dB gain bandwidths

range from 20-30 nm, although bandwidths of up to 60 nm have been reported [13].

The various semi-conductor materials available permit optical amplification across

a broad wavelength range, from 1300 - 1600 nm and the refined fabrication process

of semi-conductor components makes SOAs much more cost effective than tradi-

tional EDFAs. The main challenge associated with this technology is that SOAs

suffer from low gain, high noise figures, moderate polarisation dependence and high

non-linearity. The high non-linearity presents the greatest problem for optical com-

munications as these devices develop high bit rate and multiplex signal handling

sensitivities. The high noise figures associated with these devices are further ex-

acerbated by the high coupling losses that are incurred when connecting SOAs to

standard single mode fibre (typically 3 dB at each end). A challenge also exists

in coupling the different modes of propagation brought about by the difference in

geometries between the fibres and SOAs.
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1.2.2 Raman amplifiers

Raman gain in optical fibres occurs from the transfer of power from one optical beam

to another through the transfer of energy of an phonon. A phonon arises when a

beam of light couples with the vibrational modes of the medium. In this instance

the optical fibre is the amplifying medium making the gain provided by Raman am-

plifiers dependent on the optical fibre’s composition. In silica fibres, the Raman gain

bandwidth is over 260 nm, with the dominant peak occurring at 86 nm from the

pump wavelength. This makes Raman gain available across the entire transmission

spectrum of the fibre as long as a suitable pump source is available. The gain pre-

sented by the Raman effect in fused silica glass is polarisation dependent; therefore

gain only occurs if both the signal and pump beams are of the same polarisation

[14]. To ensure that gain is maintained and to avoid polarisation dependent loss,

the signal and pump are usually transmitted through non-polarisation maintaining

fibre. Raman amplifiers are often developed in dispersion compensating fibre, which

provides Raman gain 5 to 10 times greater than standard step index single mode

fibre [15]. Broadband amplification and gain flattening can also be achieved by

pumping at multiple wavelengths. As Raman amplifiers use the optical fibre as the

gain medium, the Raman amplification does not suffer from the same implemen-

tation (deployment) challenges as the SOA discussed above. However, some of the

issues facing this technology include:

• double Rayleigh scattering,

• short upper state lifetime,

• amplified spontaneous emission,

• four wave mixing (pump-pump) and (pump-signal),

• polarisation dependent gain,

• inter-band Raman scattering and

• poor pump conversion efficiency.
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Various techniques have been developed to overcome the issues of the short upper

state lifetime, four wave mixing and polarisation dependent gain [16]. However, the

very nature of Raman amplification places theoretical limits on the amount of double

Rayleigh scattering, inter-band Raman scattering and pump conversion efficiency.

1.2.3 Thulium-doped fibre amplifiers

Thulium-doped fibre amplifiers (TDFAs) achieve gain in a similar manner to EDFAs,

by stimulated emission from the rare earth ions doped into the fibre core. However,

the energy level structure of thulium (Tm3+) leads to many important differences in

comparison with its erbium counterpart. Tm3+ produces stimulated emission from

a transition that terminates above the ground state. This makes Tm3+ inherently

less efficient, so optimising the pump source and glass host is particularly important.

The spectroscopic properties of Tm3+ also lead to silica being a poor host material

for optical amplification. Some of the spectroscopic challenges facing the amplifying

transition in Tm3+ are listed below:

• non-radiative transitions dominate the decay from the upper and lower ampli-

fying manifolds;

• the lower amplifying manifold has a longer lifetime than the upper amplifying

manifold, making the transition self-terminating;

• competing transitions reduce the gain from the S-band amplifying transition;

• at high Tm3+ concentrations a cross relaxation process can quench the popu-

lation in the upper amplifying manifold, reducing the gain and

• amplified spontaneous emission from the upper amplifying manifold also re-

duces the gain.

Despite these complications researchers have observed amplification in the S-band

region of the 3rd telecommunication window. TDFAs have been established in a

range of host materials and operated under a variety of different pumping schemes;

Table 1.1 lists the TDFAs developed to date.
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Host material
Pumping Scheme Small signal Operational

Reference
(nm) gain (dB) bandwidth

fluoride 1047 >18 1480 - 1510 nm [17]

fluoride
1047 >20 1453 - 1483 nm [18]

(ZBLAN)

fluorozirconate 1047 >20 1455 - 1485 nm [19]

fluoride
1064 >18 1453 - 1488 nm [20]

(ZHBLYANLiP)
fluoride

1064 >22 1465 - 1485 nm [21]
(ZBLAN)
fluoride

1410 >26 1480 - 1510 nm [22]
(ZBLAN)

fluorozirconate 1047/1560 >20 1478 - 1505 nm [23]

fluorozirconate 800/1050 26 N/R [24]

fluoride
1050/1550 >28 N/R [25]

(ZBLAN)

fluoride 1238/1400 >10 1470 - 1500 nm [26]

fluoride 800/1400 >11 1470 - 1500 nm [27]

ZBLAN 800/1400 >17 N/R [28]

fluoride based 1410/1560 >25 1480 - 1510 nm [29]

fluoride
690/1560 >10 1470 - 1500 nm [30]

ZBLANLi
fluoride

690/1400 >10 1470 - 1500 nm [30]
ZBLANLi

tellurite 795/1064 >10 1460 - 1520 nm [31]

multi-component
1405/1560 >20 1460 - 1520 nm [32]

silicate
bismuth silica

1047/1560 >6 1450 - 1520 nm [33]
compound*

silica* 1047 8 1470 - 1530 nm [34]

silica* 1060 1 1450 - 1520 nm [35]

* Fibres which can be fusion spliced to existing telecommunication fibre.

Table 1.1: TDFAs developed to date. Note: N/R is not reported in the literature.
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The improved pumping efficiency of TDFAs (50% [36]), over LRAs (<8% [37]), and

improved noise handling capabilities over SOAs places them as the preferred candi-

date for a cost effective S-band amplifying solution. The main obstacle facing this

technology is the incorporation of these amplifiers into existing telecommunication

networks. Of the TDFAs listed in Table 1.1, only three are capable of being fusion

spliced to existing telecommunication fibre. The thermal and chemical properties of

the other glass types prevent them from being fusion spliced to standard silica glass

fibres; hence fibre coupling connectors are required at each input and output. To

overcome this problem researchers are looking into new glass materials which may

offer improved chemical and thermal properties when compared to the fluoride and

tellurite materials, but do not compromise gain. Another alternative is to try and

improve the efficiency of these amplifiers in the preferred standard silica glass host.

This thesis addresses some of the host related issues facing efficient S-band optical

amplification in Tm3+ -doped silica fibres and in particular focuses on addressing the

relatively short fluorescence lifetime of the upper 3H4 manifold which is the limiting

factor in obtaining efficient amplification in the S-band. The research also investi-

gates energy transfer up-conversion processes which may also enhance the efficiency

the S-band amplifying transition.

1.3 Scope of thesis

The increasing demand for bandwidth in optical fibre communication systems has

prompted a significant research effort into developing efficient fibre based optical

amplifiers at operating wavelengths neighbouring the EDFA. Of the possible can-

didates, Tm3+ -doped fibre amplifiers appear best suited to serve this need with

amplification available from 1460 to 1530 nm. However, the current limitation with

these devices is that the amplifying transition can only provide sufficient gain when

doped into a host materials with relatively low phonon energies. Unfortunately,

these glass types are incompatible with existing silica based telecommunication fi-

bre making implementation into the optical network difficult. The ultimate goal for

Tm3+ -doped amplifiers is to incorporate the ion into a host material which can be
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easily integrated into standard communication systems without compromising gain;

this thereby involves, to some degree, a silica based host material.

To date, optical amplification in the telecommunication S-band using Tm3+ -doped

silica fibres has been relatively inefficient as detailed in Table 1.1. The inefficiency of

the 3H4 → 3F4, S-band transition in these glass types is attributed to the relatively

high phonon energy associated with Si-O bonds in the glass. This high phonon

energy causes strong non-radiative quenching of the 3H4 excited state, thereby re-

ducing the radiative quantum efficiency of the amplifying transition. To overcome

the non-radiative quenching of Tm3+ in silica glass, the ion requires an environment

with lower phonon energies; this can be accomplished by breaking the Si-O bonds

and replacing them with other less energetic bonds in a process known as network

modification. A significant amount of effort has been invested in the network modi-

fication process in Tm3+ -doped silica glasses, with the majority of work focusing on

lengthening the fluorescence lifetime of the 3F4 manifold to maximise the efficiency

of the 2 µm laser. The greatest improvement has been achieved by Cole who demon-

strated that the addition of 26.7 mol % of germanium and 0.9 mol % of Al2O3 to

the silica glass host increases the 3F4 manifold lifetime from 388 µs to 944 µs. This

work helped to establish the network modifying technique as an effective way to

improve the fluorescence properties of the Tm3+ ion. Other network modifying ele-

ments have since been studied in Tm3+ -doped silica glasses, including aluminium,

lead and tantalum [38, 39, 40].

The objective of this thesis was to systematically study the effects of network modi-

fiers on the S-band amplifying transition in an effort to improve the radiative quan-

tum efficiency in silica based glasses. The approach taken involved investigating two

possible techniques to improve the efficiency of the S-band amplifying transition.

The first technique employs the network modification process and studies the effects

of co-doping silica with aluminium, germanium, antimony and tin. The addition

of these network modifiers can act to break the Si-O bonds and replace them with

less energetic bonds thus providing the Tm3+ ion with a lower local phonon energy
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environment. The spectroscopic measurements of the absorption spectra and flu-

orescence lifetimes of the fibres allow the effectiveness of each network modifying

element to be assessed.

The second technique investigates co-doping Tm3+ ions with other rare earth el-

ements, in particular Yb3+ ions. Work done on Tm3+/Yb3+ -co-doped systems has

shown that under 980 nm excitation, double energy transfer can occur from the

Yb3+ (donor) ion to the Tm3+ (acceptor) ion [41, 42]. In terms of the S-band am-

plifying transition in Tm3+ , this process has the potential to improve the efficiency

as it acts to populate the upper amplifying (3H4) manifold whilst depopulating the

lower amplifying (3F4 ) manifold. These processes have been studied in a range of

host materials [43, 44, 45]; however a thorough investigation of these energy transfer

processes has not been undertaken in silica glass. This research investigates the

Tm3+/Yb3+ -co-doped system in silica glass and assesses its potential for improving

the efficiency of the S-band amplifying transition in Tm3+ . The spectroscopic mea-

surements on these fibres will allow the populating mechanisms of the system to be

identified and characterised.

The thesis reviews the electronic properties of rare earth elements in Chapter 2.

The chapter focuses on the effects of the host material on the electronic configura-

tion of the rare earth elements, with a particular emphasis on glass host materials.

The non-radiative and radiative decay mechanisms of excited state manifolds are

discussed, along with various forms of energy transfer processes. The chapter con-

cludes with a general overview of the two rare earth elements studied in this thesis,

namely thulium and ytterbium. The electronic configuration of the respective rare

earth ions are presented and discussed in terms of their existing and potential ap-

plications.

Chapter 3 describes the experimental techniques used to characterise the spectro-

scopic properties of the Tm3+ and Tm3+/Yb3+ -co-doped silica fibres. The chapter

begins by describing the experimental configuration used to measure the attenuation
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of the rare earth doped fibres and discusses the steps involved in relating the mea-

sured data to the Tm2O3 and Yb2O3 concentrations present in the fibre core. The

technique used to obtain the refractive index profiles of optical fibres is presented

along with the experimental setup used to measure the fluorescence lifetimes of the

excited states of Tm3+ and Yb3+ . The chapter concludes with a description of the

experimental arrangement used to measure the emission spectra from the rare earth

doped optical fibres.

Chapter 4 presents the experimental results of the Tm3+ -doped silica fibres. The

characterisation of these fibres began by studying the absorption spectrum of each

fibre sample; these measurements enabled the concentration of Tm3+ ions to be

established and provided initial evidence of host modification. The fluorescence life-

times of the 3H4 and 3F4 manifolds are reported as a function of co-dopant and

Tm2O3 concentration to evaluate the effectiveness of the co-dopants and to identify

any energy transfer processes which can occur between the excited state manifolds.

The chapter concludes with a study of a beneficial energy transfer up-conversion

process which originates from the 3F4 manifold.

In Chapter 5, the suitability of fitting a single exponential function to the fluo-

rescence decay from the 3H4 and 3F4 energy manifolds is discussed. Various energy

transfer models are considered to describe the non-exponential behaviour of the flu-

orescence decay; however, the data are consistent with the explanation that the

non-exponential decay is caused by variations in the multi-phonon decay rates at

localised sites throughout the silica glass network. The Tm3+ -doped fibres are then

analysed on the basis of this explanation.

Chapter 6 investigates the Tm3+/Yb3+ -co-doped system in alumino-silicate glasses

and assesses the potential of the system to improve the quantum efficiency of the

S-band amplifying transition in thulium. The fluorescence lifetimes of the 2F5/2 man-

ifold of Yb3+ and the 3H4 , 3F4 and 1G4 manifolds of Tm3+ are reported as a function

of Yb3+ concentration to establish any limiting energy back transfer processes. The



Chapter 1. INTRODUCTION 14

measurement of the up-conversion luminescence intensities from the excited state

manifolds of Tm3+ and Yb3+ , as a function of pump power, allowed modelling of

the population dynamics of the system to be undertaken.

Chapter 7 begins with a discussion of the major outcomes from the previous three

chapters. The chapter then explores possible directions of this research towards the

realisation of an efficient Tm3+ -doped silica based fibre amplifier and summarises

the successes and failures of the current research in meeting its objectives.



Chapter 2

SPECTROSCOPY OF RARE EARTH IONS

In order to model and predict the behaviour of rare earth doped optical fibre de-

vices, it is first necessary to understand the spectroscopic properties of rare earth

elements. This chapter reviews the fundamental atomic properties of trivalent rare

earth ions and their behaviour in glass host materials.

Rare earth elements are categorised by a group of 15 elements known as the Lan-

thanides and are most stable when in their triply ionised form. The trivalent (3+)

ionisation of these elements preferentially removes 6s and 5d electrons, leaving an

electronic structure identical to xenon plus a certain number (1-14) of 4f electrons,

i.e. 1s2, 2s2, 2p6, 3s2, 3p6, 3d10, 4s2, 4p6, 4d10, 4f N , 5s2, 5p6 and 6s0, where N

= 1,..., 14 [46]. The remaining 4f electrons are therefore shielded partially by the

outer 5s and 5p shells. This shielding results in 4f → 4f optical transitions which

are relatively sharp and for the most part are insensitive to the host material, unlike

many of the optical transitions which take place in transition metals such as Cr3+.

Lanthanide elements in their triply ionised form will be referred to as rare earth ions

from this point forth. The rare earth elements of particular interest for this work

are highlighted in Figure 2.1.

Tb
65

Ce
58

Pr
59

Nd
60

Pm
61

Sm
62

Eu
63

Gd
64

Dy
66

Ho
67

Er
68

Tm
69

Yb
70 71

Lu

57

La

Figure 2.1: Lanthanide series of the elements.

15



Chapter 2. SPECTROSCOPY OF RARE EARTH IONS 16

2.1 Electronic structure

The 4f N configuration of a rare earth ion is composed of a number of electronic

states. A 4f electron can be excited to a higher lying orbital, such as 5g, or it

can be excited within the 4f N set of states. The spread of 4f N energy levels arises

from various atomic interactions between electrons and can be found by solving the

time dependent Schrödinger equation. The weak interaction of the 4f electrons with

electrons from other ions allows a Hamiltonian to be written for an individual rare

earth ion [47].

H(t) = Hfree ion + Vsite + VEM(t) + VV ibrational(t) + Vion−ion(t) , (2.1)

where Hfree ion is the Hamiltonian of an ion in complete isolation, Vsite is the Hamil-

tonian which describes the influence of the environment of a rare earth ion, VEM(t)

describes the interaction of an ion with an electromagnetic field, VV ibrational(t) de-

scribes the interaction of an ion with the vibrations of the surrounding lattice and

Vion−ion(t) describes the interactions between rare earth ions. The interaction terms

in Equation 2.1 are weak when compared to the free ion Hamiltonian Hfree ion and

can therefore be treated as separate perturbations. The first two terms in Equation

2.1 are discussed as static perturbations; these perturbations are time independent

and give rise to the observed electronic structure of a rare earth ion. The techniques

for solving these terms are well accepted and can be found readily in the literature

[48, 49, 50, 51]. The last three terms in Equation 2.1 are treated as dynamic pertur-

bations; these perturbations are time dependent and result in transitions between

the states established by the static interactions. Dynamic perturbations are dis-

cussed further in Sections 2.3 and 2.5.

The free ion Hamiltonian Hfree ion can itself be broken up into several components,

i.e.

Hfree ion = Hcf + Hrc + Hso , (2.2)
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where Hcf is the crystal field Hamiltonian, which describes the interaction of an

orbiting electron with the nucleus and the effective centrally symmetric field from

all other electrons. The Hrc term describes the residual Coulomb interaction of the

4f electrons with each other once the centrally symmetric contribution has been

removed and Hso is the spin orbit coupling term as described below.

By employing a crystal field approximation to the free ion Hamiltonian the solutions

can be constructed from hydrogenic states, resulting in the total orbital angular mo-

mentum L and total spin S being ‘good’ quantum numbers (i.e. exact eigenvalues of

the Hamiltonian). The Hrc term in the free ion Hamiltonian causes a splitting of the

4f N electronic orbital state into a number of different states with different energies

characterised by the angular and spin quantum numbers L and S. Russell-Saunders

coupling (LS coupling) is most often used to describe the states of the lanthanides.

In this scheme, L and S are vectorially added to form the total angular momentum

J and the states are labelled 2S+1LJ. The third and final term in Equation 2.2, Hso,

represents the spin orbit coupling of the LS states and gives rise to a further splitting

of the LS terms into J levels. In the case of rare earth ions, the spin orbit coupling

and residual Coulomb splitting can be the same order of magnitude, which results

in L and S not always being good quantum numbers and the eigenstates of the sys-

tem being a superposition of the Russell-Saunders LS states, a situation known as

intermediate coupling [52]. This has caused some confusion particularly in the case

of the thulium ion when trying to label energy manifolds. The energy manifolds can

either be labelled according to their dominant LS contribution, as is experimentally

observed, or in accordance with the zero spin orbit convention. Under the dominant

LS contribution convention the first and third excited states of the Tm3+ ion located

at 6000 and 12500 cm−1 would be labelled as 3F4 and 3H4 , respectively, whereas

the zero spin orbit convention would label these states as 3H4 and 3F4, respectively.

This thesis adopts the dominant LS contribution convention.

The host material has the least influence on the electronic structure of the rare

earth ion and changes the positions of the energy levels only slightly. The static



Chapter 2. SPECTROSCOPY OF RARE EARTH IONS 18

effects of the host on the rare earth ion can be treated by replacing the host with

an effective crystal field potential at the ion site. The potential is usually expanded

in a power series of tensor operator components C
(k)
q that transform as spherical

harmonics [47], i.e.

Vsite =
∑

ikq

Bk
q [C(k)

q ]i , (2.3)

where Bk
q are the crystal field components (k ≤ 6 for f electrons) and the sum

over i is carried out over all the 4f electrons of the ions. The even k terms in the

expansion split the free ion J multiplets into Stark components generally separated

by 10 - 100 cm−1. The odd k terms admix higher lying states of opposite parity into

the 4f N configuration. This admixture does not affect the position of the energy

levels, but it has a very important effect on the strengths of the optical transitions

between the levels [47].

2.2 Radiative transitions

The majority of rare earth optical transitions which are observed in the visible re-

gion of the electromagnetic spectrum occur between states which belong to the 4f N

configuration. For intra-f -shell transitions the initial and final states have the same

parity; this would imply that the electric-dipole process is forbidden. However, in

cases where the site symmetry is not a centre of inversion (as is usually the case with

glass), the site interaction Hamiltonian (see Equation 2.3) can contain odd-parity

terms, thereby introducing a degree of electric-dipole strength into the intra-f -shell

transitions. The odd k terms in Equation 2.3 determine the intensity of a particular

transition, whilst the even k terms determine the positions of the Stark components

for each multiplet and therefore the wavelength at which emission or absorption

occurs. Using some simplifications, Judd and Ofelt have provided a way to treat

conveniently the spectral intensities of intra-configurational transitions of 4f ions in

solids. In this approximation, the transition strength is written in the form

Sij = e2
∑

t=2,4,6

Ωt | 〈 j ‖U (t) ‖ i〉 | 2 = 4πε0
3hcn(2Ji + 1)

8π3ν

1

χ

∫
σi,j(ν)dν , (2.4)
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where Ωt are co-efficients reflecting the effect of the crystal field, electronic wave-

functions and the energy level separation, while | 〈 j ‖U (t) ‖ i〉 | are doubly reduced

matrix elements of the tensor operator U (t). The tensor operator U (t) is a quantum

mechanical operator for an electric dipole transition from state | i 〉 to | j 〉.

The matrix elements are virtually independent of the host material and have been

tabulated in [53, 54]. The host dependence is contained in the three intensity pa-

rameters Ωt (k = 2, 4, 6), known as Judd-Ofelt parameters. These parameters are

usually determined empirically by performing a least squares fit of Equation 2.4

to the integrated absorption bands obtained from a measured spectrum. Once the

parameters have been determined, the strength of any radiative transition can be

calculated for that dopant and host combination. The electric dipole probability,

which corresponds to the probability of spontaneous emission from an excited state

can also be determined through the knowledge of the transition strength, which is

given by Equation 2.5.

Ai,j =
1

4πε0

64 π4 n ν

3hc 3(2Ji + 1)
χSij , (2.5)

where n is the index of refraction of the host, ε0 is the permittivity of a vacuum,

h is Plank’s constant, c is the speed of light in a vacuum, ν is the mean photon

frequency, Ji is the J value of the initial state, χ is the local correction factor and

Sij is the transition strength.

Equation 2.5 can be used to estimate the radiative spontaneous lifetime for an ex-

cited state by simply summing the electric dipole probabilities corresponding to all

of the possible transitions originating from the excited state. The radiative lifetime

of an excited state can then be written as:

1

τrad

=
∑

j

Aij . (2.6)
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The Judd-Ofelt calculations of the radiative lifetime of 4f energy levels, is particu-

larly useful when trying to identify the quantum efficiency of particular transitions.

However, it should be noted that the accuracy of Judd-Ofelt analysis is limited to

around 10 to 15 %.

2.3 Non-radiative transitions

The transition strengths and radiative lifetimes predicted by Judd-Ofelt theory

are made for transitions which are virtually independent of the energy separation

between the initial and final states. However, experiments throughout the 1960s

showed that the fluorescence in various host materials could be observed only for

energy separations greater than 1000 cm−1 [53]. This revealed the existence of a

competing process termed non-radiative decay. Non-radiative transitions involve

the absorption and emission of phonons (quanta of vibrational energy in the host

material) whereas radiative transitions involve the absorption and emission of pho-

tons (quanta of electromagnetic radiation). When electronic states are close enough

to be bridged by emission or absorption of one or two phonons, non-radiative decay

will occur rapidly and efficiently. This phenomenon is responsible for the thermali-

sation of energy manifolds.

In many cases the energy separation between excited manifolds in rare earth ions

exceeds that which can be accounted for by the absorption/emission of a single

phonon. In cases such as these, the energy gap can be bridged by the simultane-

ous absorpstion/emission of a multiple number of phonons in a process known as

multi-phonon relaxation. The requirement to excite several phonons simultaneously

results in the probability of multi-phonon emission being many orders of magnitude

less than the probability for the emission or absorption of a single phonon. However,

multi-phonon processes can still be significant as the electron-phonon interaction is

strong and phonons have a density of states that typically is 11 orders of magnitude

larger than that of photons [55]. In general, if less than 5 phonons are required to

bridge an energy gap, the rate of multi-phonon emission is comparable with the ra-
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diative emission rates. One of the simplest theoretical formulations used to describe

multi-phonon decay in crystals was developed by Kiel [56] and extended by Riseberg

and Moos [57]. The multi-phonon decay rate from level i to the next lowest level j

is given by:

Anr
ij = C [n(T ) + 1]p exp (−α∆Eij) , (2.7)

where C and α are host dependent parameters, p is the number of phonons required

to bridge the energy gap ∆E and n(T ) is the Bose-Einstein occupation number for

the effective phonon mode, which is given by:

n(T ) =
1

exp
(
~ω

kBT

)
− 1

, (2.8)

where ~ω is the maximum phonon energy for a given vibration mode and is host

dependent, kB is Boltzmann’s constant and T is the temperature in Kelvin.

The integer number of phonons, p, in Equation 2.7, is given by the ratio of the

energy gap ∆Eij to the maximum phonon energy of the host material:

p =
∆Eij

~ω
. (2.9)

The host dependent parameter α is defined as:

α = (hω)−1

(
ln

p

g(n(T ) + 1)
− 1

)
, (2.10)

where g is the electron-phonon coupling constant.

The host dependent parameters for a range of glasses have been compiled by Reisfeld

and Jørgensen [58]. Using these values and Equation 2.7, the multi-phonon decay

rate as a function of energy gap can be obtained, as seen in Figure 2.2. The verti-

cal markers in Figure 2.2 indicate the energy separation between the lowest Stark

level of the i th excited manifold, to the highest Stark level from the next lowest, j th

manifold, for each excited state of Tm3+ .
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Figure 2.2: Non-radiative decay rate as a function of energy gap for various glass and
crystal host materials. The vertical lines indicate the energy gap between the lowest Stark
level of the i th excited manifold, to the highest Stark level from the next lowest, j th

manifold, for each excited state of Tm3+ .

Since the excited states of Tm3+ exhibit multi-phonon decay, the experimentally

observed decay rate of a particular excited state is given by the addition of the

radiative and multi-phonon decay rates:

1

τ obs
i

= Aobs
i =

∑
j

(AR
ij + Anr

ij ) , (2.11)

where τobs represents the observed lifetime of the excited state and Aobs
i , AR

ij and Anr
ij

represent the observed, radiative and non-radiative decay rates, respectively.

2.4 Energy level broadening mechanisms

The energy levels of rare earth ions in glass cannot be characterised by a well defined

set of energy values. There are several energy broadening mechanisms which give the

energy levels of rare earth ions a finite width. The mechanisms which apply equally

to all ions at one type of site in a system are termed homogeneous broadening mech-

anisms and mechanisms which do not apply equally to all ions at a particular site are

termed inhomogeneous broadening mechanisms. The simplest form of homogenous
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broadening is lifetime broadening which occurs as a consequence of Heisenberg’s

energy uncertainty principle. Heisenberg’s principle states that if an energy mani-

fold has a characteristic lifetime τ then the energy of that particular manifold can

only be know to within ∆E ≥ ~/2 τ . The energy manifolds of rare earth ions have

typical lifetimes of 10−3 - 10−8 s; therefore the amount of broadening as a result

of this effect is relatively small ranging from 10−8 - 10−4 cm−1 (or 0.1 - 100 kHz).

A much larger contribution to the homogeneous linewidth of an energy manifold

comes from transitions which occur between Stark levels in a single manifold. If

the energy separation between Stark levels is small (a few 100 cm−1 ), energy can

be absorbed from, or emitted to, vibrational modes of the host. These transitions

usually involve a single mode of vibration and occur on a rapid time scale giving

homogeneous linewidths to the Stark levels of 1 - 300 cm−1 (or 30 - 9000 GHz) [52].

Inhomogeneous broadening arises when the sites occupied by the rare earth ions

are not identical. In crystals, the effect of inhomogeneous broadening is small as the

rare earth ions occupy almost identical sites. If imperfections exist in the crystal

structure then the effects of inhomogeneous broadening may be observed. Random

imperfections in a structure produce random variations in the Bk
q term in the crystal

field potential Hamiltonian. These variations will therefore affect the position of the

energy manifolds of the ions, but only slightly. In crystals, rare earth ions are ob-

served to absorb and emit energy with well defined sharp spectral lines revealing the

positions of each Stark energy level within an energy manifold. In glasses, inhomo-

geneous broadening becomes the dominant broadening mechanism. The disordered

nature of glass exposes the rare earth ions to a distribution of possible environments,

each with a characteristic set of field parameters. The distribution of fields at indi-

vidual sites can be large and the energy manifolds of the ions may show considerable

differences to their crystalline counterpart [59]. The absorption and emission spectra

of rare earth ions observed in glass are often characterised by a continuous broad-

band spectrum where the position of the individual Stark levels of the manifold are

masked by the inhomogeneous linewidth.
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2.5 Ion-ion interactions

The radiative and non-radiative processes described in this chapter thus far have

been concerned with a single rare earth ion. When the rare earth ion concentration

is significantly low, ions are distributed evenly throughout the glass matrix making

the interionic distance large, thus preventing any ion-ion interactions from taking

place. However, when the rare earth ion concentration is increased or when clustering

of the ions occurs, the distance between ions is reduced and interactions between ions

can occur. These dynamic interactions are accounted for by the Vion−ion term in the

time dependent Schrödinger equation. Ion-ion interactions involve the transferring

or sharing of energy between ions. Various forms of ion-ion interactions are discussed

in the following sections.

2.5.1 Cross relaxation

The interaction and energy exchange between ions can occur in various forms; in

general energy transfer takes place between a pair of ions. The optically excited ion

in the pair is referred to as the ‘donor’ ion, whilst the ion receiving the energy is

termed the ‘acceptor’ ion. Cross relaxation is a particular form of ion-ion energy

transfer where the energy from an excited donor is transferred to a nearby acceptor

ion, promoting the acceptor ion to a higher energy state, whilst demoting the donor

ion to a lower energy state. Initially, the acceptor ion can be in an excited state or

in the ground state. The process requires only that both donor and acceptor ions

have two energy levels of approximately the same energy gap. Cross relaxation can

involve a single type of rare earth ion, which plays a role of donor and acceptor. For

this effect to occur, it is required that the ion has two pairs of equally spaced energy

levels. The energy transfer is said to be resonant if the energy gaps are matched.

If an energy mismatch exists between the energy gaps, it may be compensated for

by the absorption and emission of phonons; energy transfer of this type is termed

phonon assisted. Energy transfer processes which require the emission of phonons

are exothermic and are much faster than endothermic processes which require the

absorption of phonons. [47].
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The effects of cross relaxation can be considered as beneficial or detrimental de-

pending on the application. If one desires ions to be in the excited state that results

from cross relaxation, the process can be extremely favourable since in some cases

every excited donor ion results in two excited ions in an intermediate energy man-

ifold. However, if one desires the ions to be in an excited state from which the

cross relaxation takes place, the initially excited donor ions are quenched resulting

in a reduction in the efficiency of the transition. An example of a well known cross

relaxation process in Tm3+ is presented in Figure 2.3.

3H6

3F4

3H5

3H4

D A

Figure 2.3: Example of a well known cross relaxation process in Tm3+ between the
3H4 and 3H6 manifolds. The donor ion is labelled D and the acceptor ion is labelled A.
The white and grey circles represent the ions before and after the energy transfer takes
place, respectively.

If an ion excited to the 3H4 manifold interacts with a nearby ion in the ground

state 3H6, the excited ion can transfer part of its energy to the ground state ion,

leaving them both in the 3F4 intermediate state. The energy mismatch between the

3H4 → 3F4 and 3H6 → 3F4 transitions in silica is ∼ 600 - 700 cm−1 and therefore

requires the emission of one phonon to complete the process. This cross relaxation

process has been successfully used to increase the quantum and slope efficiencies of

the (3F4 → 3H6) 2 µm lasing transition [60].
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2.5.2 Energy transfer up-conversion

A special case of cross relaxation is known as energy transfer up-conversion (ETU).

This process initially involves both the donor and acceptor ions being in an excited

state. A donor ion in an excited state may transfer part or all of its energy to a

nearby acceptor ion, prompting the acceptor ion to a higher energy state. From

this state the acceptor can relax radiatively or non-radiatively to lower levels or

radiatively directly to the ground state in which case the medium is observed to

emit fluorescence at an energy greater than that of the incident light; hence the

term up-conversion. Any energy mismatches which exist between the energy level

pairings can also be accounted for by the absorption or emission of phonons.

2.5.3 Excited state absorption

Excited state absorption (ESA) is a process which involves a single ion in an excited

state absorbing the energy of an incident pump or signal photon and promoting itself

to a higher energy state. Because ESA involves only a single ion in an excited state, it

is concentration independent. ETU on the other hand, involves a pair of interacting

ions, making the process concentration and pump power dependent. Although,

there are distinct differences between ESA and ETU, they are often observed in

conjunction with each other.

2.5.4 Sensitised luminescence

Ion-ion energy transfer is not restricted to interactions between ions of the same

species; energy transfer between ions of different species is also possible. For en-

ergy transfer involving two different species, the optically excited ion is referred to

as the ‘sensitiser’ and the ion that receives the excitation is termed the ‘activator’

[47]. This process can occur in a single step where a particular sensitiser ion absorbs

the energy of an incident photon and transfers it to a nearby activator in a similar

manner to that described for cross relaxation and energy transfer up-conversion. If

the sensitiser concentration becomes high enough, energy migration between sen-

sitiser ions can also occur. In this process a sensitiser ion transfers its energy to
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another nearby unexcited sensitiser ion. This process can repeat itself in succes-

sive emission/absorption steps until a sensitiser ion finds an activator close enough

to complete the final step of the transfer process. In some sensitised systems, this

mechanism can be used to improve the quantum efficiency of particular transitions.

The ytterbium ion (Yb3+) has been successfully used as a sensitising ion when co-

doped with other rare earth ions such as, praseodymium (Pr3+), holmium (Ho3+),

erbium (Er3+) and Tm3+ [61, 62, 63, 64].

2.5.5 Fluorescence quenching

Fluorescence quenching is a process that can occur through any of the aforemen-

tioned energy transfer processes and has important implications for the performance

of luminescence devices as it results in reduced excitation. Fluorescence quenching

involves energy being transferred from a donor (sensitiser) ion to an acceptor (ac-

tivator) ion, but the latter does not fluoresce and relaxes non-radiatively. In this

process, the acceptor acts as an energy sink and is sometimes called the deactivator.

This results in a reduction in the quantum efficiency of the transition with increas-

ing concentration. Examples of fluorescence quenching have been reported in the

literature [65, 66, 67, 68].

2.6 Thulium

Thulium is the thirteenth lanthanide element and has 12 electrons in its 4f shell.

The energy level diagram of the Tm3+ ion is shown in Figure 2.4. When doped into

silica glass a number of transitions in Tm3+ become dominated by multi-phonon

decay due to the closeness of the next lowest energy level and the relatively high

phonon energy of silica glass. Table 2.1 lists the radiative and observed fluorescence

lifetimes as well as the radiative, observed and multi-phonon decay rates of each

energy manifold of Tm3+ in silica glass. As a comparison, the same parameters are

presented in Table 2.2 for the lower phonon energy ZBLAN glass.
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Figure 2.4: Simplified energy level diagram of Tm3+ in silica glass, showing the possible
ground and excited state absorptions together with the peak central wavelengths [69].
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Manifold τobs (µs) Aobs (s−1) τrad (µs) [70] Arad (s−1) Anr (s−1)
1D2 6.5 [71] 153 846 26 38 461.5 115 384
1G4 260 [71] 3 846 428 2 336.4 1 510
3F2 N/R N/R 631 1 584.8 1.06×1011

3F3 N/R N/R 447 2 237.1 3.78×108

3H4 20 [70] 50 000 697 1 434.7 48 565
3H5 N/R N/R 3 896 256.7 3.61×107

3F4 420 [70] 2 381 4 559 219.5 2 161

Table 2.1: Fluorescence lifetimes and multi-phonon decay rates for the energy manifolds
of Tm3+ -doped silica glass. The radiative and observed decay rates were found by taking
the reciprocal of the radiative and observed lifetimes, respectively, whilst the non-radiative
decay rate is given by the difference between the radiative and observed decay rate. Note:
N/R - not reported (refer to text).

Manifold τobs (µs) Aobs (s−1) τrad (µs) [70] Arad (s−1) Anr (s−1)
1D2 56.3 [72] 17762 73 13698.6 4.0×103

1G4 817 [72] 1223 908 1101.3 123
3F2 N/R N/R 1 234 810.4 9.16×108

3F3 N/R N/R 693 1443.0 1.81×106

3H4 1 510 [70] 662 1 519 658.3 4.0
3H5 N/R N/R 6 863 145.7 1.61×106

3F4 11 200 [70] 89 11 223 89.1 0.2

Table 2.2: Fluorescence lifetimes and multi-phonon decay rates for the energy manifolds
of Tm3+ -doped ZBLAN glass. The radiative and observed decay rates were found by
taking the reciprocal of the radiative and observed lifetimes, respectively, whilst the non-
radiative decay rate is given by the difference between the radiative and observed decay
rate. Note: N/R - not reported (refer to text).

The multi-phonon decay rates listed in Tables 2.1 and 2.2 were estimated based on

the difference between the radiative and observed decay rates. However, in the case

of the 3F2,
3F3 and 3H5 manifolds, a measured fluorescence decay time cannot be

obtained as the population in these manifolds suffers non-radiative quenching to the

next lowest energy manifold resulting in no detectable fluorescence. Therefore, the

multi-phonon decay rates were calculated using Equation 2.7 with the values for

silica glass of C, α and ~ω of 1.4 × 1012 Hz, 4.7 × 10−3 cm and 1100 cm−1 [58],

respectively. Whilst the decay rates for ZBLAN were calculated using C, α and ~ω

values of 1.59× 1010 Hz, 5.19× 10−3 cm and 500 cm−1 [58], respectively. The values

for the energy gap to the next lowest manifold were taken from [47].
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By comparing the observed and radiative lifetimes listed in Tables 2.1 and 2.2 it can

be inferred that the radiative quantum efficiency (RQE), defined as ηrad = τobs/τrad,

of several Tm3+ transitions is significantly less in silica glass than in ZBLAN. One of

the important aims of this work is to improve the RQE of the 3H4 manifold in Tm3+ -

doped silica glasses, a manifold which is dominated by multi-phonon decay. Such an

improvement would have important implications on the S-band amplifier but may

also lead to improvements in other active Tm3+ devices such as the 2 µm and 475 nm

lasers. To explore the Tm3+ ion further, the characteristics of each excited manifold

are reviewed in the following sections with an emphasis on their performance in a

silica glass host.

2.6.1 3F4 manifold

The 3F4 manifold is the first excited state of Tm3+ and is located ∼ 6000 cm−1 above

the ground state. The 3F4 → 3H6 transition produces an extremely wide featureless

emission band spanning 1.6 - 2.0 µm. The large linewidth of the emission suggests

a strong coupling of the rare earth ion to the lattice [73]. From the values listed in

Table 2.1, the 3F4 → 3H6 transition operates with a quantum efficiency of ∼ 11%

in silica glass, whilst in glasses with lower phonon energies this transition operates

with 100% RQE. The considerably smaller RQE observed in silica glass raises the

threshold for lasers operating from the 3F4 manifold, but does not impair slope

efficiency, as stimulated emission will dominate non-radiative decay once the laser

is above threshold [47]. The increased amount of non-radiative decay in silica glass

does, however, place noise restriction on small signal amplifiers operating around

2 µm . The 3F4 manifold can be pumped directly around 1650 nm, or excited

through the decay of higher energy manifolds such as the 3H5 and 3H4 manifold.

Jackson et al. have reported quantum efficiencies greater than 100% by pumping

into the 3H4 manifold at 800 nm and relying on the efficient cross relaxation process

and multi-phonon decay to populate the 3F4 manifold [38]. Using this technique,

Frith et al. were able to achieve the highest reported output power at 2.04 µm of

85 W, under 793 nm pumping into a 1.8 m length of Tm3+ -doped silica fibre [74].
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2.6.2 3H5 manifold

The 3H5 manifold is located∼ 7650 cm−1 from the ground state and 2250 cm−1 above

the 3F4 manifold. The close energy spacing between the 3H5 and 3F4 manifolds

results in almost all of the excited state ions in the 3H5 manifold decaying non-

radiatively to the 3F4 manifold. The dominance of non-radiative decay eliminates

the possibility of radiative emission from the 3H5 manifold, particularly in the case

of silica glass hosts where the energy gap can be accounted for with the emission

of just two vibrational modes of the glass. The peak absorption wavelength of the

3H5 manifold is around 1200 nm in silica based host materials. However, the broad

absorption band also shows reasonable absorption at shorter wavelengths from 1040

to 1060 nm where a range of commercially available high powered pump lasers are

available. This allows the 3F4 manifold to be pumped in-directly with relatively

cheap and efficient light sources as opposed to pumping the 3F4 manifold directly

at 1650 nm. Pumping Tm3+ between 1040 and 1060 nm also opens up a range of

up-conversion processes as can be appreciated by studying Figure 2.4.

2.6.3 3H4 manifold

The 3H4 manifold is the third excited state of Tm3+ and is located at ∼ 12500 cm−1,

where high powered commercially available laser sources exist. When ions are ex-

cited to the 3H4 manifold they may relax via several different routes. Relaxation to

the next lowest energy state, the 3H5 manifold, may occur radiatively and/or non-

radiatively depending on the host material. The 3H4 → 3H5 transition has been

demonstrated to lase in ZBLAN glass by various groups over the wavelength range

2250 - 2400 nm [75, 76, 77]. In silica glass however, this transition is dominated by

multi-phonon relaxation due to the high phonon energy of the glass (see Table 2.1).

The dominance of this multi-phonon relaxation results in a reduced excited state

lifetime for the 3H4 manifold. The observed lifetime of the 3H4 manifold in silica is

∼ 20 µs , which is more than an order of magnitude less than the observed lifetime

in ZBLAN glass of 1.51 ms.



Chapter 2. SPECTROSCOPY OF RARE EARTH IONS 32

The radiative transitions from the 3H4 manifold, 3H4 → 3F4 and 3H4 → 3H6, result

in emission bands spanning 1460 - 1530 and 770 - 820 nm, respectively. The first of

these transitions has received enormous interest in recent times as it offers amplifi-

cation in the sought-after telecommunications S-band. Because the lifetime of the

3F4 manifold is longer than that of the upper 3H4 manifold, the 3H4 → 3F4 transition

is commonly referred to as a self terminating. It has been pointed out by Quimby

and Miniscalco that this does not necessarily preclude laser action [47]. Indeed,

amplification of this transition has been observed in a variety of host materials (see

Table 1.1). However, this transition is yet to show efficient amplification in silica

glass, due to the unfavorable spectroscopic properties of the glass.

The second possible radiative transition 3H4 → 3H6 is the dominant radiative re-

laxation process from the 3H4 manifold. This transition has been operated as a

three level laser and amplifier over the wavelength range 803 to 825 nm [78, 79]. In

silica glass this transition has a branching ratio of 0.9 [70], indicating that it should

provide good performance as a laser or amplifier.

2.6.4 3F2,3 manifolds

The 3F2 and 3F3 manifolds are located ∼ 14 100 and 13 550 cm−1 above the ground

state manifold, respectively, and are separated by 550 cm−1 , which is close enough

to allow these manifolds to be thermally coupled (i.e. the population of these man-

ifolds is governed by the Boltzmann distribution). Thermalised energy manifolds in

rare earth doped materials have been used extensively as a mechanism to measure

temperature [80]. However, in the case of Tm3+ , the close energy spacing between

the 3F2 and 3F3 manifolds and the next lowest 3H4 manifold prevents any radiative

emission from these manifolds. In silica glass, inhomogeneous broadening masks

the absorption peaks from both excited state manifolds resulting in a single broad

featureless absorption peak centred around 680 nm. Researchers have pumped this

transition at 660 nm in order to excite the 1D2 manifold though an ESA process that

can be appreciated by studying Figure 2.4 [64]. TDFAs have also been demonstrated

by dual pumping into the 3F2,3 and 3F4 manifolds at 690 and 1560 nm [30].
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2.6.5 1G4 manifold

The 1G4 manifold of Tm3+ is located 20 050 cm−1 from the ground state. Ra-

diative emission from the 1G4 manifold can occur through a number of possible

transitions: 1G4 → 3F2 (1630 nm), 1G4 → 3F3 (1500 nm), 1G4 → 3H4 (1175nm),

1G4 → 3H5 (780 nm), 1G4 → 3F4 (650 nm) and 1G4 → 3H6 (475 nm). The branch-

ing ratio for each radiative transition in silica glass has been calculated by Walsh

and Barnes using standard Judd-Ofelt techniques [70]. The reported ratios for these

transitions are 0.006 (1630 nm), 0.02 (1500 nm), 0.108 (1175 nm), 0.285 (780 nm),

0.069 (650 nm) and 0.51 (475 nm), respectively. To date, the only reported gain from

the 1G4 manifold in silica glass was observed at 475 nm under 1064 nm pumping [24].

Other work in fluorozirconate and crystalline host materials have reported lasing at

475 and 650 nm [81, 82]. The energy separation between the 1G4 and the 3F2 man-

ifolds is ∼ 5 950 cm−1 . In silica glass this energy gap can be accounted for by the

emission of 5 phonons; hence the non-radiative decay rate is significantly less than

those calculated for the 3H5 and 3F2,3 manifolds. In silica glass the 1G4 manifold

has a RQE of ∼ 60%, the highest of any excited state manifold in Tm3+ .

2.7 Ytterbium

Ytterbium is the fourteenth lanthanide element and has 13 electrons in its 4f shell.

The ytterbium ion has the simplest energy level structure of all the rare earth ions,

with a excited state located ∼ 10 000 cm−1 from the ground state; all other levels

involve transitions in the ultraviolet region of the electromagnetic spectrum. The

energy level diagram for Yb3+ in a silica glass host is shown in Figure 2.5. Due to

the large energy gap between the 2F7/2 and 2F5/2 excited state, relaxation from the

2F5/2 manifold is radiative in the majority of host materials. The radiative lifetime of

this state has been shown to vary from 700 - 1400 µs depending on the host material

[83]. The lack of higher lying energy states reduces the possibility of any energy

transfer and ESA processes. The relatively large Stark spitting of the ground and

excited state manifold results in broad absorption and emission spectra (see Figure

2.6), permitting lasing over a tunable range from 980 - 1140 nm.
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Figure 2.5: Simplified energy level diagram of Yb3+ in silica glass.
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Figure 2.6: Absorption and emission spectrum of Yb3+ -doped silica glass [69].

The large absorption and emission cross sections and negligible non-radiative decay

of Yb3+ has allowed the development of high power fibre lasers. The highest reported

single mode output from a Yb3+ -doped fibre laser to date is 2 kW at 1070 nm [84].



Chapter 3

EXPERIMENTAL ARRANGEMENTS AND

TECHNIQUES

This chapter reviews the experimental techniques used to characterise the rare earth

doped alumino-silicate and germano-silicate fibres fabricated for this work. The

details regarding the fabrication of the fibre samples are presented in Chapter 4.

3.1 Absorption characteristics of rare earth

doped optical fibres

To investigate the absorption properties of rare earth doped glasses, a broadband

light source is required to cover the spectral range from 440 - 2000 nm. A tung-

sten bulb provided sufficient luminescence in the region of interest. The light source

was spectrally dispersed using a 0.25 m Jarrell-Ash monochromator. Three grating

blazes of 1200, 800 and 600 grooves/mm were used to optimise the three spectral

regions of 440 - 1040, 1040 - 1500 and 1500 - 2000 nm, respectively. A resolution of

2 nm was achieved by placing 250 µm slits at the entrance and exit of the monochro-

mator. The monochromatic light exiting the monochromator was focussed, using a

20× objective, into a length of 1550 nm single mode fibre (SMF). The doped fibre

section was then spliced to the 1550 nm SMF. In most cases, the doped fibres had

cutoff wavelengths greater than 1600 nm. The length of 1550 nm SMF was used

to minimise the number of modes being launched into the doped fibre; this ensured

that an accurate account of the attenuation of the fundamental mode was obtained.

The light transmitted through the length of doped fibre was detected using various

photodiodes. By modulating the light source before entering the monochromator,

the lock-in technique could be used to enhance the signal to noise ratio. For the

35
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wavelength ranges 440 - 1040 and 1040 - 1600 nm, Ando Si (AQ-4304) and InGaAs

(AQ-2105) detector heads were used, respectively, in conjunction with an Ando (AQ-

2034) optical power meter. The optical power meter had a built in lock-in amplifier

which allowed light levels as small as tens of picowatts to be detected. For the mid

infra-red region of the spectrum, from 1600 - 2000 nm, a Thorlabs (FGA20) photo-

diode was used in a dual trans-impedance amplifying circuit. A Stanford Research

Systems (SRS530) lock-in amplifier was used in conjunction with the photodiode

in this configuration. It should also be noted that, for wavelengths greater than

1150 nm, an 1100 nm long pass filter was placed immediately after the exit slit to

eliminate unwanted higher orders of the monochromator grating. A schematic dia-

gram of the experimental arrangement is shown in Figure 3.1.

light source

400 - 2200 nm
monochromator

20 x
objective

1100 nm
long pass

filter

1550 nm
SMF

lock-in amplifier
ANDO 2034
or SRS530

doped fibre

photodiode
detectorPC

GPIB
interfaced

index
matched

splice

 Mechanical chopper
@ 270 Hz

control box

Figure 3.1: Attenuation measurement system used to obtain the absorption spectrum of
rare earth doped fibres.

To obtain the absorption spectrum the multiple cutback technique was used in con-

junction with the following wavelength dependent relationship:

loss

[
dB

km

]
(λ) =

(
10

L

)
log

(
Io(λ)

I(λ)

)
, (3.1)
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where I(λ) is the signal at a particular wavelength from the initial length of fibre,

Io(λ) is the signal at a particular wavelength after the initial length was cutback

and L is the difference in length between the two measurements.

In general, rare earth dopants are confined to the core region of an optical fibre.

Therefore, when measuring the absorption of these dopants, the probing light source

must travel down the core of the fibre. Any light travelling through the cladding will

not experience absorption due to the dopants and can cause significant power mea-

surement errors, particularly in the case of short fibre lengths and high rare earth

concentrations. By bending the doped fibre near the splice and applying refractive

index matching fluid to the stripped section, the light travelling through the cladding

can be guided out into the index matching fluid so that it is not detected at the end

of the doped fibre section. Since the cutback method is intensity dependent, it is also

important to ensure that the amount of light coupled into the doped fibre remains

the same before and after the cutback. For this reason, the coupled and spliced

sections of the fibres were untouched throughout the measurement procedure.

3.2 Rare earth ion concentration in optical fibres

The rare earth ion concentration of the fabricated samples was estimated by compar-

ing the magnitude of the peaks observed in the absorption spectra to the reported

absorption strengths for the particular transitions in silica glass [85]. There is, how-

ever, an uncertainty associated with this comparison as the absolute concentration

of rare earth ions is related to the host dependent absorption strengths and/or line

shapes. Examples of the variation in shape and strength of the absorption spectra

of Tm3+ -doped fibres with different host compositions are shown in Figures 4.3 and

4.5 in Chapter 4. As a result of these variations, comparisons of the rare earth ion

concentrations between host glasses of different compositions are open to a large

degree of systematic error. With this in mind, concentration values are generally

quoted to an accuracy of ∼ 10%.
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3.3 Refractive index profiles

The refractive index profile (RIP) of an optical preform or fibre is an important

measurement as it allows evaluation of some important parameters of the waveguide

such as the numerical aperture (NA) and V parameter. The RIPs of the optical

preforms used in this work were measured using a York Industries (P101) refractive

index profiler, while the RIPs of the optical fibres were determined using an York

(S14) refractive index profiler.

In the first instance, the RIPs of the fabricated fibres were used to ensure the fibre

would guide and to calculate the cutoff wavelength, which is the wavelength below

which the fibre no longer supports just the single fundamental mode. In addition

to these fundamental checks, the RIP was used to determine the core concentra-

tion of the co-dopant used to increase the refractive index. This is an extremely

useful technique provided the core is free from other index raising co-dopants such

as fluorine, boron or large amounts of rare earth ions. Since aluminium was the

sole index raising dopant in the alumino-silicate fibres, an estimation of the core

Al2O3 concentration could be obtained with the knowledge that the optical index

of silica increases by 2.3× 10−3 per mol% of Al2O3 [86]. An example of a measured

RIP from a Tm3+ -doped alumino-silicate fibre fabricated in this work is shown in

Figure 3.2.
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Figure 3.2: RIP of a Tm3+ -doped alumino-silicate fibre.
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The RIP profile is typical for an alumino-silicate fibre; there is little ‘burnoff’ in the

central core region which indicates that the Al2O3 does not suffer significant volatil-

isation during the collapse of the preform. The slight rise in the index in the regions

either side of the core may be attributed to small impurities in the gas flow system.

The reduction in the index difference at regions just before the core are a result of

a single pass with fluorine which was conducted before the deposition of the core.

The fluorine was used to vent the preform, eliminating any unwanted contaminates

which could have made their way into the core. It should be noted that fluorine was

not used in the deposition of the core layers.

The RIP of a germano-silicate fibre fabricated in this work is shown in Figure 3.3.

Germano-silicate fibres have been shown to exhibit significant ‘burnoff’ in the cen-

tral core region and occurs as a result of the high temperatures required to collapse

the preform.
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Figure 3.3: RIP of a Tm3+ -doped germano-silicate fibre.
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3.4 Fluorescence lifetime measurements

Studies of the fluorescence lifetimes of particular energy manifolds required a num-

ber of different excitation sources, optical filters and detectors. The appropriate

configuration for each manifold studied is listed in Table 3.1. When measuring

the fluorescence lifetime of a particular excited manifold, it is preferred that only

a small fraction of ions from the ground state are excited to that manifold. If a

situation is reached where a significant fraction of the ground state ions are excited

(i.e. the ground state population is depleted) and energy transfer processes from

the manifold under investigation exist, the measurement of the fluorescence lifetime

can become masked by competing effects. To avoid this unwanted regime the energy

manifolds were probed using short excitation pulses, which limits the peak power per

pulse and does not allow the manifold to saturate. The 3F4 manifold of Tm3+ and

the 2F5/2 manifold of Yb3+ were studied under 30 µs excitation pulses, whilst the

3H4 manifold of Tm3+ was studied with 3 µs pulses. The repetition rate of the

pulses was 40 Hz for all fluorescence lifetime measurements. This repetition rate left

ample time (> 10 τlifetime) for each excited manifold of Tm3+ and Yb3+ to decay

back to the ground state.

The accurate measurement of a fluorescence lifetime requires the detection system

to have a sufficiently fast response time. A general rule of thumb is the response

time should be less than 1/10 of the lifetime which is to be measured. The response

time of the measurement system is limited by the response time of the detector and

amplifying circuity as well as the time taken to turn the excitation pulses on and

off. An Avtech laser diode driver was used to control each laser diode which had an

on/off response time of 50 ns, which is more than adequate when trying to determine

lifetimes within the range of tens to hundreds of microseconds. The total response

time of the system was measured by detecting the light from the laser diode and

measuring the time it took to reduce from 90% to 10% of its original value. The

measured response times are listed in Table 3.1 for each detector used. In all cases

the response time was less than 1/10 of the measured lifetime.
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Energy manifold Pump source Filter Detector Response time

Tm3+ (3F4) 1586 nm 1500 nm InGaAs 13 µs
laser diode long pass photodiode

(FGA20)

Tm3+ (3H4)
780 nm 810 ± 10 nm PMT 600 ns

laser diode (R930)

Tm3+ (1G4)
980 nm 475 ± 10 nm PMT 600 ns

laser diode (R930)

Yb3+ (2F5/2)
980 nm 1030 ± 10 nm InGaAs 13 µs

laser diode photodiode
(FGA10)

PMT - Photo-multiplier tube

Table 3.1: Experimental configuration for the measurement of the fluorescence lifetime
of the excited manifolds of Tm3+ and Yb3+ . Note: the Thorlabs InGaAs photodiode
(FGA20) had a peak sensitivity of ∼ 1 A/W near 1.9 µm compared to traditional InGaAs
photodiodes for which peak sensitivities occur around 1.6 µm. The peak sensitivity at
longer wavelengths was ideal for measuring the fluorescence signal from the 3F4 manifold
of Tm3+ , which peaks around 1850 nm.

Energy manifolds can be excited either directly or in-directly. Direct excitation

involves pumping the energy manifold at a wavelength near the peak absorption

for that manifold and monitoring the fluorescence decay at a similar wavelength.

This technique provides an accurate account of the decay characteristics of the ex-

cited manifold. In-direct pumping, on the other hand, relies on relaxation and

up-conversion mechanisms (radiative or non-radiative) to populate the energy man-

ifold of interest. In this case, the fluorescence decay from the manifold can exhibit

characteristics of the higher or lower energy manifold feeding it, particularly in the

case where the feeding manifold has a considerably longer lifetime. Understanding

the true nature of the decay from the energy manifold of interest can then become

difficult unless a quantitative rate equation analysis is undertaken to factor in the

population effects of the other excited manifolds. With this in mind, a consider-

able effort was made to excite the energy manifolds directly. With the exception of

the 1G4 manifold of Tm3+ , each excited manifold in Tm3+ and Yb3+ was excited
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directly. The 1G4 manifold was studied indirectly using sequential energy transfer

up-conversion processes from Yb3+ to Tm3+ ions. The sequential up-conversion pro-

cess has a lifetime much shorter than the 1G4 manifold and hence the fluorescence

decay is unaffected by the feeding mechanism.

All fluorescence measurements were conducted with the detector located transverse

to the doped fibre. Side fluorescence measurement is preferred because reabsorp-

tion is minimal as the core of an optical fibre is optically thin. Fibre lengths were

kept to 50 mm to minimise the effects of amplified spontaneous emission (if any);

although the amplified spontaneous emission signal is confined to the core of the

fibre its effect on the side fluorescence still remains. Index matching fluid was also

applied to the end of each sample to eliminate any unwanted reflections of the pump

or fluorescence. The fibre samples were mounted on a Melles Griot xyz translation

stage to enable accurate optimisation of the fluorescence signal. The side fluores-

cence was collected via an aspheric lens (f = 4 mm) immediately after the splice to

the SMF providing the excitation. The fluorescence signal was then passed through

the appropriate filter to the appropriate detector (see Table 3.1). The excitation

conditions remained as constant as possible for each fibre sample, but due to small

variations in the core sizes of the fibres and the splices to the excitation source, these

conditions may have varied slightly and therefore the values given for the incident

pump power are accurate to within ∼ 5 %. The decay waveforms were captured on

a Tektronix TDS320 digital oscilloscope and averaged 256 times before being sent

to a PC for further processing. Low fluorescence signals were averaged 1024 times

to improve the signal to noise ratio. Figure 3.4 shows a schematic diagram of the

fluorescence lifetime experimental arrangement.

The characteristic lifetime of each manifold was found by fitting a single exponential

function to the measured waveforms with the curve fitting program Tablecurve 2D

Ver. 5.0. Before fitting, the detector offset was removed and the data were nor-

malised to the initial voltage. The detector offset was corrected by subtracting the

measured voltage just before the excitation pulse occurred, see Figure 3.5.
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Figure 3.4: Fluorescence lifetime experimental arrangement.
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Figure 3.5: Fitting procedure for the fluorescence decay waveforms. (a) Simulated raw
data from detector and (b) corrected data ready for fitting with offset removed and the
signal normalised.

The decay waveforms were measured over a time scale at least 8 times the lifetime of

the particular manifold to ensure that 99.96 % of the light from the emitting man-

ifold had decayed. The zero point in time was determined from the trigger pulse

from the laser diode driver. The single exponential fitting equation is given by:

I(t) = I0 exp (−t/τlife) (3.2)

where I0 is the initial intensity before the pump excitation is removed and τlife is

the fluorescence lifetime.
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The suitability of fitting a single exponential function to the decay of rare earth ions

in a glass host is discussed at length in Chapter 5.

3.5 Steady state luminescence intensities

Steady state luminescence intensity measurements were carried out using a similar

arrangement to that shown in Figure 3.4, but with the digital oscilloscope replaced

by a lock-in amplifier (SRS530). The excitation sources were operated in quasi-

continuous wave mode with 12.5 ms pulses at a repetition rate of 40 Hz to allow

for lock-in detection. As the 12.5 ms pulse length is at least 10 times longer than

the longest rise time of any excited manifold in the Tm3+ or Yb3+ -doped silica

system, the intensity of the luminescence represents the intensity under steady state

conditions.

3.6 Luminescence spectra

The low luminescence light levels radiating from the side of the fibre prevented a side

luminescence spectrum from being measured. Instead, counter-propagating lumines-

cence spectra were obtained using a 2×2 optical fibre coupler in the experimental

arrangement shown in Figure 3.6.
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Figure 3.6: Experimental arrangement to measure the counter-propagating luminescence
spectrum from an optical fibre sample.
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The excitation source was operated in continuous wave mode at the maximum oper-

ating current of the source. The doped fibre section was spliced to the coupler arm

which contained the majority of pump light. The resulting fluorescence which propa-

gates in the forward direction is termed co-propagating fluorescence and the fluores-

cence which propagates back through the 2×2 coupler is termed counter-propagating

fluorescence. The drawback to measuring the co- or counter-propagating fluores-

cence is that the fluorescence is subjected to reabsorption as it propagates through

the doped sample, often producing dips at wavelengths where a strong ground state

transition exists. The counter-propagating luminescence spectra reported in this

work were recorded using an Ando AQ6310B optical spectrum analyser with a res-

olution of 5 nm.
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THULIUM-DOPED SILICA FIBRES

4.1 Introduction

The Tm3+ ion offers a range of fluorescence wavelength bands extending from 0.475

up to 3.5 µm which have, or have the potential for, applications in a variety of fields

such as telecommunications, medicine, atmospheric sensing and defence, to name

but a few. More notably, the 1.47 - and 2 - µm transitions of Tm3+ have attracted

the most attention due to their potential application as optical amplifiers and high

powered lasers. Unfortunately, in silica glass these transitions are dominated by non-

radiative decay, due to the relatively high phonon energy of the glass, which limits

the quantum efficiency of both transitions to a few percent. For thulium doped

silica based fibres to become a viable solution for the aforementioned applications,

considerable improvement in the quantum efficiency of these transitions is required.

Improvements in the quantum efficiency of optical transitions can be achieved by

modifying the local environment surrounding the rare earth ion [87, 88, 39]. Such

modifications are often achieved by breaking up the structure of atoms surrounding

a rare earth ion with other, often larger elements, termed network modifiers. Dis-

cussing the role of network modifiers requires an understanding of the basic structure

of silica glass. Silica is built from basic structural units, the most common of which

is the network former (SiO4)
2−. This network former consists of a silicon atom at

the centre of a tetrahedron with an O atom bonded to each corner, as shown in

Figure 4.1.

46
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Figure 4.1: Tetrahedral structure of SiO4
2−, showing 4 oxygen atoms surrounding the

central silicon atom. [89].

The formation of the glass structure was first proposed by Zachariasen who sug-

gested a set of four rules for glass formation in an oxide in order to obtain a random

network [90]. The four rules are listed below:

1. oxygen atoms are linked to no more than two atoms of type A (A = B, Si, As,

Ge, etc.);

2. the oxygen co-ordination around A is small (i.e. 3 or 4);

3. oxygen polyhedra share corners but not edges or faces and

4. at least three corners are shared.

This commonly accepted structure of silica glass is therefore tetrahedral units that

are tightly connected by their corners through oxygen atoms (bridging oxygens);

these random connections form a 3 dimensional structure similar to that shown in

Figure 4.2.

The strong electron bond which exists between the silicon and oxygen atoms give

silica glass its impressive mechanical strength and thermal properties. The drawback

to the silica glass network is that it can accommodate only a small number of rare

earth ions before clustering occurs [91]. One explanation of this phenomenon is that
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Figure 4.2: 3 - dimensional structure of SiO2 , showing the interconnection of the tetra-
hedral units [89].

rare earth ions require co-ordination of a sufficiently high number of non-bridging

oxygens to screen the electric charge of the ion, but the highly rigid silica glass

network cannot sufficiently co-ordinate non-bridging oxygens resulting in a system

with a higher enthalpy state. Therefore, rare earth ions tend to share non-bridging

oxygens to reduce the excess enthalpy, resulting in the formation of clusters [92]. To

accommodate greater amounts of rare earth ions, network modifiers are required to

increase the number of available non-bridging oxygen ions in the silica glass network.

Network modifiers such as Na3+ and Al3+ are often used to facilitate the incorpora-

tion of rare earth ions, as their size is substantially greater than the basic network.

These modifiers act to break the bridging oxygens to form non-bridging oxygens

which can be used to co-ordinate the rare earth ions. Of the network modifiers stud-

ied in silica glass to date, aluminium has shown the most favourable characteristics.

In studies of Nd3+ -doped silica glass, clustering of 0.29 mol% of Nd2O3 ions was

eliminated with the incorporation of 2.87 mol % of Al2O3 [92]. Aluminium has also

been used to improve the efficiency of Er3+ -doped fibre amplifiers by eliminating the

quenching effects from the 4I13/2 → 4I15/2 transition [93]. Since the configuration of
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Tm3+ is not significantly different from that of Er3+ and Nd3+, one could speculate

that similar effects may be observed in Tm3+ -doped silica glasses.

4.2 Fabricated fibre samples

For this research the network modifiers aluminium (Al), germanium (Ge), antimony

(Sb) and tin (Sn) were co-doped with silica glass in an effort to modify the local

environment of the Tm3+ ions. The effects of co-doping are examined by studying

the spectroscopic properties of the Tm3+ ion in the different glass host environments

using standard spectroscopic techniques. A total of twelve Tm3+ -doped silica pre-

forms and their fibres were fabricated and used in this work. Table 4.1 lists the core

dopants of each sample and categorises the samples according to their host com-

position. The samples were fabricated by a combination of the author, supervisor

and the team at the Laboratoire de Physique de la Matière Condensée (LPMC) in

Nice, France, using the modified chemical vapour deposition (MCVD) and solution

doping techniques [94].

Alumino-silicate samples

Sample
Network Tm2O3 Al2O3 SbCl4 SnCl4 P

LPMC
Modifiers (ppm) (mol %) (mol/L) (mol/L) Label

Al-1 Al 100 1.9 - - - C019
Al-2 Al 240 3.4 - - - B012
Al-3 Al 450 4.4 - - - C035
Al-4 Al 1850 4.6 - - - C036
Al-5 Al 220 4.8 - - - C034
Al-6 Al 1950 5.4 - - - C040
Al-7 Al 250 9.0 - - - C063
Al-8 Al:P 32000 1a - - yes Tm11
Al-9 Al:Sb 330 3.6 2.0 - - A027
Al-10 Al:Sn 260 2.7 - 1.9 - A025

Germano-silicate samples

Sample
Network Tm2O3 Ge

SbCl4 SnCl4 P
LPMC

Modifiers (ppm) (mol/L) (mol/L) Label
Ge-1 Ge:Sb 300 yes 3.9 - - A030
Ge-2 Ge:Sn 1400 yes - 1.9 - A013

Table 4.1: Core dopants of the Tm3+ -doped silica fibres. Note: P refers to the doping
of phosphorus, while a indicates the solution concentration of AlCl3 in mol/L (see text).
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The Tm2O3 concentrations listed in Table 4.1 were estimated by comparing the ab-

sorption peak at 785 nm to that obtained by Hanna et al. [85] in Tm3+ -doped silica

glass. The absorption peaks were measured using the multiple cutback technique

as described in Section 3.1. The RIPs of the Tm3+ -doped alumino-silicate fibres

were used to estimate the Al2O3 concentration, as discussed in Section 3.3. The

GeO2 concentration could not be estimated from the RIP as other co-dopants were

also used in the fabrication of these samples. The addition of Sb2O3 and SnO2 into

the core of the optical preform makes a non-negligible contribution to the RIP. It

should be noted here that the GeO2 was added to the core during the collapse of

the preform. The flow rate of GeOCl4 was kept constant during the fabrication of

each germano-silicate sample and therefore it is expected that the GeO2 concen-

tration should not vary significantly between fibre samples. Phosphorus was added

to the Al-8 sample as a glass softening agent; due to the core dopants and high

concentration of Tm2O3 , the concentration of phosphorus and Al2O3 was unable

to be determined. The concentrations of SbCl4 and SnCl4 given in Table 4.1 are

the solution concentrations and for the same reasons described for GeO2 their core

concentrations could not be estimated from the RIP.

As the primary focus of this work is to improve the quantum efficiency of the

3H4 → 3F4 S-band transition, high Tm2O3 concentrations were avoided, with the

exception of Al-8. Many authors have observed cross relaxation in heavily doped

thulium glasses [95, 96, 97]. This cross relaxation acts to reduce the lifetime of the

3H4 manifold, which results in a reduction in the radiative quantum efficiency of the

3H4 → 3F4 transition.
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4.3 Absorption measurements

The absorption spectra of a rare earth ion can, in some cases, provide detailed infor-

mation regarding the position of individual Stark levels within an energy manifold.

This is particularly true in the case of crystal host materials where rare earth ions

effectively experience the same local environment and therefore exhibit identical ab-

sorption and emission characteristics. However, in the case of glasses, the amorphous

nature of the structure results in rare earth ions experiencing slightly different local

environments. This results in inhomogeneous broadening and limits the ability to

identify the individual Stark components. However, valuable information regarding

the position of the energy manifold can still be obtained. In this section, absorption

spectra of the different fibre types are compared to examine any differences in the

position and shape of each absorption transition. Variations in the positions and

shapes of the absorption lines are a first step towards identifying whether co-doping

with network modifiers actually affects the local environment of the Tm3+ ion.

4.3.1 Alumino-silicate fibres

The absorption spectra of the fibre samples were measured using the experimen-

tal arrangement described in Section 3.1. To limit the number of variables in the

comparison of these spectra, fibres samples Al-1, Al-2, Al-5 and Al-7 were initially

chosen for comparison as they cover a large Al2O3 concentration range but have

similar Tm2O3 concentrations. Unfortunately, the full spectrum of Al-1 could not

be obtained due to the poor guiding properties of the fibre. The low Al2O3 con-

centration of Al-1 resulted in a small index difference between the core and the

cladding and hence core light tended to leak into the cladding; this prevented long

fibre lengths from being used to obtain the entire spectrum. Therefore, Figure 4.3

shows the absorption spectra for the samples Al-2, Al-5 and Al-7, while Table 4.2

lists the measured peak wavelengths and full width half maxima (FWHM) of each

transition.
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Figure 4.3: Absorption spectra of Tm3+ -doped alumino-silicate fibres Al-2, Al-5 and
Al-7 at Al2O3 concentrations of 3.4, 4.8 and 9 mol %, respectively. Note: the spectra have
been normalised to the peak at 786 nm from the 3H4 manifold.

Manifold Sample λpeak (nm) FWHM (nm)
Al-2 467.0 11.5

1G4 Al-5 468.0 14.5
Al-7 468.0 12.5
Al-2 681.0 27.5

3F2,3 Al-5 682.0 26.5
Al-7 682.0 24.5
Al-2 787.0 19.0

3H4 Al-5 787.0 18.0
Al-7 788.0 19.0
Al-2 1209.5 10.5

3H5 Al-5 1208.5 10.0
Al-7 1208.5 10.0
Al-2 1632.5 181.5

3F4 Al-5 1641.5 182.0
Al-7 1660.5 179.5

Table 4.2: Measured peak absorption wavelengths and FWHMs for the energy manifolds
of Tm3+ -doped alumino-silicate fibres. Note: the FWHM stated for the 3H5 manifold
was determined from the narrow peak centred around 1208 nm.
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Figure 4.3 shows the absorption strength from the 1G4,
3F2,3,

3H5 and 3F4 manifolds

increase in comparison to the 3H4 manifold for increasing Al2O3 concentration. Host

dependent variations in the absorption strength of particular transitions are not un-

common and have been frequently reported in the literature for other rare earth

ions, namely Er3+ and Eu3+ , in similar host materials [87, 98]. For alumino-silicate

glass, Tanabe et al. have attributed the increase to the change in the local symmetry

of the rare earth ions, in which the non-bridging oxygen ions tend to co-ordinate to

the ions, accompanied by the formation of an Al-O-Si bond [87].

The measured peak wavelengths and FWHMs of the 1G4 , 3F2,3,
3H4 and 3H5 man-

ifolds do not show any significant change with increasing Al2O3 concentration (see

Table 4.2), indicating that the Stark energy level positions of these manifolds are

largely unaffected by the addition of Al2O3 into the glass network. The 3F4 mani-

fold, however, exhibits a significant red shift in the peak absorption wavelength with

increasing Al2O3 concentration. The trend of the 3F4 peak absorption shift as a

function of Al2O3 concentration is shown in Figure 4.4; although three data points

is not ideal it can be suggested that the shift may be linearly dependent on the

Al2O3 concentration over the concentration range studied here.
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Figure 4.4: 3F4 peak absorption wavelength as a function of Al2O3 concentration for
three alumino-silicate fibres.
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The reason for the selective wavelength shift of the 3F4 manifold is unclear; the

large line broadening of the 3F4 → 3H6 transition reflects the strong coupling of the

manifold to the local strain in the silica glass [73]. This strong coupling may result

in the 3F4 manifold experiencing a greater propensity to the variations in the strain

and crystal field caused by the incorporation of Al2O3 into the glass network.

The role Al2O3 plays when incorporated into glass has been proposed by Arai et al. in

terms of a structural model and solution chemistry [92]. The structural model for

aluminium co-doping assumes that aluminium is incorporated into the silica network

in two local bonding configurations; the first as a network former in the tetrahedral

bonding configuration AlO4/2 and the second as a network modifier in an octahedral

co-ordination of oxygen atoms AlO6/2. These two bonding configurations coupled

with the tetrahedral configuration of SiO2 are expected to surround the rare earth

ion and accommodate them into the glass network without sacrificing excess en-

thalpy. It would appear from the results in Figure 4.3 that the lower energy side

of the 3F4 transition is more sensitive to the incorporation of AlO4/2 and AlO6/2

molecules. This effect alone may result in the 3F4 manifold exhibiting more non-

radiative decay as the energy gap between the ground and excited states has been

reduced. However, Arai et al. also points out that as the homogeneously dispersed

rare earth ions couple with the aluminium to modify the SiO2 glass network the

Raman spectral features of the glass can vary; this effect can have important impli-

cations for the phonon energies of the glass and therefore the excited state lifetimes

of the rare earth ion. Section 4.4.1 explores the effect of Al2O3 on the fluorescence

lifetime of the 3F4 manifold and discusses some of the issues raised from this analysis.

4.3.2 Germano-silicate fibres

The other major host material studied in this investigation was germano-silicate.

Samples Ge-1 and Ge-2 each contained an additional network modifier: Sb2O3 , in

the case of Ge-1 and SnO2 in the case of Ge-2. The effects of the additional network

modifiers will be discussed in greater detail in Section 4.3.3. The absorption spectra

of the Ge-1 and Ge-2 samples have been normalised to the 782 nm peak to aid in
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the comparison of these two fibres and are presented in Figure 4.5, while Table 4.3

lists the measured peaks and FWHMs.
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Figure 4.5: Absorption spectra of Tm3+ -doped germano-silicate fibres, normalised to
the 782 nm absorption peak.

Manifold Sample λpeak (nm) FWHM (nm)
Ge-1 464.0 10.01G4 Ge-2 464.0 10.0
Ge-1 677.0 26.03F2,3 Ge-2 685.0 26.0
Ge-1 782.0 15.03H4 Ge-2 782.0 15.0
Ge-1 1210.5 6.53H5 Ge-2 1209.5 7.5
Ge-1 1576.5 160.53F4 Ge-2 1580.5 168.0

Table 4.3: Measured peak absorption wavelengths and FWHMs for the energy manifolds
of Tm3+ -doped germano-silicate fibres. Note: the FWHM stated for the 3H5 manifold
was determined from the narrow peak centred around 1210 nm.
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In general, the germano-silicate fibres exhibited narrower absorption lines and

shorter peak absorption wavelengths when compared to the alumino-silicate sam-

ples, indicating that germanium has impacted on the local environment surrounding

the Tm3+ ion. The greatest effect was again observed in the 3F4 manifold; with a

peak wavelength ∼ 60 nm less than the alumino-silicate fibres as well as an ∼ 20 nm

reduction in the FWHM.

The incorporation of germanium into the silica structure is significantly different

to aluminium as Ge is four-coordinated and hence does not significantly alter the

tetrahedral structure of the silica network resulting in the Tm3+ ion being sur-

rounded by an essentially silica environment. This has been verified in the work of

Ainslie et al. who showed that the emission spectrum of Nd3+ -doped pure silica

glass was identical to that in germano-silicate glass [99]. Thus, it is not surprising

that the peak absorption of the 3F4 manifold shifted to shorter wavelengths, as the

results from Section 4.3.1 suggest that in the limit of zero Al2O3 concentration (i.e.

pure SiO2 glass), the peak absorption should occur around 1617 nm.

4.3.3 Co-doping effects of Sb and Sn

Previous work on Tm3+ -doped antimony glasses has shown some promise in modi-

fying the environment of the Tm3+ ion and effecting an increase in the fluorescence

lifetime of the 3H4 manifold [34]. Unfortunately, the poor mechanical, chemical

and thermal properties of these glasses prevent them from being readily spliced to

standard telecommunication fibre [100]. The motivation of this investigation was to

combine the advantageous properties of the network modifier with the silica glass

host to achieve a favorable environment for the Tm3+ ion in which it would be able

to emit with increased efficiency. From the results in Table 4.3, the effect of the

additional network modifiers on the local environment of the Tm3+ appears to be

small. If the addition of Sb2O3 and SnO2 had significantly altered the local environ-

ment, the peak positions and FWHMs of these samples would not be in such good

agreement. The same can also be said for the alumino-silicate fibres doped with

Sb2O3 and SnO2 ; see Figure 4.6 and Table 4.4 for the peak positions and FWHMs.
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Figure 4.6: Absorption spectra of Tm3+ -doped alumino-silicate fibres co-doped with
Sb2O3 and SnO2 . Recall Al-9 is co-doped with Sb2O3 , whilst Al-10 is co-doped with
SnO2 .

Manifold Sample λpeak (nm) FWHM (nm)
Al-9 468.0 12.01G4 Al-10 468.0 11.5
Al-9 681.0 26.03F2,3 Al-10 682.0 27.0
Al-9 786.0 19.53H4 Al-10 786.0 19.5
Al-9 1208.5 11.53H5 Al-10 1208.5 11.0
Al-9 1642.5 200.03F4 Al-10 1636.5 195.0

Table 4.4: Measured peak absorption wavelengths and FWHMs for the energy manifolds
of Tm3+ -doped alumino-silicate fibres co-doped with Sb2O3 and SnO2. Note: the FWHM
stated for the 3H5 manifold was determined from the narrow peak centred around 1208 nm.

It can be seen that the peak absorption wavelengths and FWHMs agree with the re-

sults reported for the pure alumino-silicate fibre samples, providing further evidence

that Sb2O3 and SnO2 do not play effective roles in modifying the local environment

of the Tm3+ ion. The variation in the peak position of the 3F4 manifold can be

attributed to the amount of Al2O3 present in the fibre core.
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4.4 Fluorescence lifetime measurements

The quantum efficiency of an excited state transition is governed principally by the

ratio of the measured and radiative fluorescence lifetimes. With this in mind, the

only way the efficiency of a transition can be improved is to modify one or both

of these fluorescence lifetimes. In the previous section it was seen that modifying

the host environment surrounding a rare earth ion can result in a slight change in

the energy level positions and distribution, but previous studies into the effects of

host materials have demonstrated that the radiative lifetime of an energy manifold is

relatively insensitive to such variations. Therefore, to effect a change in the efficiency

of an excited state transition, changes in the measured fluorescence lifetime are

required. Fortunately, the measured lifetime is sensitive to the host material as it is

governed by the reciprocal addition of the radiative and non-radiative decay rates.

Since the non-radiative decay rate is dependent on the phonon energy of the host

material and the energy gap between the excited and next lowest energy manifold,

slight variations in the energy gap caused by host dependant shifting of the Stark

energy levels coupled with modifications to the local phonon energies experienced by

the rare earth ion should see a modification of the non-radiative decay rate. The work

presented in the following subsections focuses on the effects of network modifying

on the measured fluorescence lifetime of the two important energy manifolds of the

S-band amplifier, the 3H4 and 3F4 manifold.

4.4.1 Alumino-silicate fibres

The fluorescence lifetime of the alumino-silicate fibres were measured using the ex-

perimental arrangement described in Section 3.4. Single exponential fits were applied

to the decay waveforms from the 3H4 and 3F4 manifolds to obtain the 1/e charac-

teristic lifetime. The suitability of fitting a single exponential function to the decay

of both manifolds is discussed in greater detail in Chapter 5; for now the lifetimes

obtained from a single exponential fit allow comparisons to be made between each

fibre sample. In general, the decay from the 3H4 manifold was non-exponential,

whilst the decay from the 3F4 manifold could be described adequately by the single
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exponential fit. It should be noted that all 3H4 manifold decay waveforms were fit-

ted over a time scale of 180 µs, whilst the 3F4 manifold decay waveforms were fitted

over 470 µs. The 1/e lifetimes for both energy manifolds are listed in Table 4.5.

Sample Tm2O3 (ppm) Al2O3 (mol %) 3H4 lifetime (µs) 3F4 lifetime (µs)
Al-1 100 1.9 16.8 ± 0.2 384 ± 2
Al-2 240 3.4 20.0 ± 0.1 417 ± 3
Al-3 450 4.4 20.7 ± 0.1 428 ± 2
Al-4 1850 4.6 21.0 ± 0.1 441 ± 2
Al-5 220 4.8 22.6 ± 0.2 448 ± 3
Al-6 1950 5.4 21.2 ± 0.1 447 ± 2
Al-7 250 9.0 32.5 ± 0.2 573 ± 3
Al-8 32000 1a 15.2 ± 0.1 397 ± 1

Table 4.5: 1/e lifetime of 3H4 and 3F4 manifolds in Tm3+ -doped alumino-silicate fibre.
Note: a is the solution concentration of AlCl3 in mol/L.

It is evident from the results listed in Table 4.5 that the incorporation of Al2O3 has

a lengthening effect on the measured fluorescence lifetime of both energy manifolds.

Figures 4.7 and 4.8 illustrate this, showing the trend of the fluorescence lifetimes

from both manifolds with increasing Al2O3 concentration.
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Figure 4.7: 3H4 lifetime at various Al2O3 concentrations.
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Figure 4.8: 3F4 lifetime at various Al2O3 concentrations.

Figure 4.9 shows the respective lifetimes for each manifold as a function of Al2O3 con-

centration for samples with low Tm2O3 concentrations (≤ 250 ppm).
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Figure 4.9: 3F4 and 3H4 manifold lifetime as a function of Al2O3 concentration, for fibre
samples with Tm2O3 concentration ≤ 250 ppm.
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These samples provide a more accurate account of the lifetime dependence on

Al2O3 concentration as energy transfer processes which may affect the lifetime are

unlikely at such low Tm2O3 concentrations. The linear fit applied to the data set in

Figure 4.9 showed excellent agreement for both energy manifolds over the Al2O3 con-

centration range 2 - 9 mol %. The 3H4 manifold exhibited a slope of 2.2 µs/mol%

of Al2O3 with a lifetime of 12.4 µs in the limit of zero Al2O3 concentration, which

is consistent with the 14.2 µs lifetime calculated by Jackson et al. for Tm3+ -doped

silica glass [101]. More importantly, the incorporation of 9 mol% of Al2O3 resulted

in a ∼ 260% increase in the measured fluorescence lifetime, when compared to pure

silica glass. This is in agreement with the work of Faure et al. on the 3H4 manifold in

similar types of Tm3+ -doped alumino-silicate fibres [102]. The 3F4 manifold lifetime

was found to increase at a rate of 27 µs/mol% of Al2O3 with a lifetime of 327 µs in

the limit of zero Al2O3 concentration, which is also consistent with the 334 µs calcu-

lated lifetime of this manifold in silica glass [101]. With the incorporation of 9 mol%

of Al2O3 , the measured 3F4 fluorescence lifetime increased by ∼ 175%, when com-

pared to pure silica glass.

The effect of Al2O3 on the measured lifetime of the 3F4 manifold is, however, open to

some conjecture. Cole [88] and Wu [103], using two different fabrication techniques,

reported that Al2O3 has little effect on the lifetime of the 3F4 manifold in Tm3+ -

doped alumino-silicate glasses. The fabrication method used by Cole consisted of a

rare earth chelate delivery system in conjunction with the MCVD technique. This

technique first deposits a cladding on the inside of a silica substrate tube using the

MCVD technique; the core dopants such as Tm2O3 , Al2O3 and GeO2 are then de-

posited and sintered in a similar manner to the cladding to form the core of the

optical preform. The preform is then collapsed under high temperature to form a

solid glass rod. Wu, on the other hand, used a method which combined Sol-Gel with

MCVD, first developed by DiGiovanni [104]. In this process, a cladding is first de-

posited inside a silica substrate tube using the conventional MCVD technique. The

tube is then removed and dip coated with a Sol-Gel containing the core dopant ions.

The tube is then drained at a constant rate and placed back into the MCVD lathe
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where the core is sintered and the preform is collapsed. Both of these fabrication

techniques differ from the MCVD and solution doping technique employed in this

investigation. In this technique, the cladding is deposited on the inside of a silica

substrate tube using the MCVD process. The core material is then deposited at

a temperature hot enough to allow for the oxidation of the reactants (SiCl4 + O2

→ SiO2 + 2Cl2), but low enough to only partially sinter the soot particles (SiO2).

The silica tube is then removed from the lathe and treated with a solution containing

the co-dopant ions and left to soak for a period of time, typically a few hours. The

solution is then removed and the tube is dried and placed back into the lathe, where

the core is sintered and the preform is collapsed. There are, therefore, obvious differ-

ences between each fabrication technique. It is apparent from this investigation that

Al2O3 co-doping of Tm3+ -doped silica fibre has a more pronounced effect on the

local environment of the Tm3+ ion when fabricated using the MCVD and solution

doping technique compared to the aforementioned fabrication techniques. In other

work, Boj et al. indicated that the large quantity of Al (14% ions) was incorporated

into their Tm3+ -doped Al-Ge-SiO2 sample to increase the fluorescence lifetime of

the 3F4 manifold [105]. However, as their sample also contained a large quantity

of Ge (15% ions), it is inconclusive as to which co-dopant was responsible for the

increase in the lifetime.

To the best of the author’s knowledge, this thesis studies for the first time, the

fluorescence lifetime of the 3F4 manifold as a pure function of Al2O3 concentration

using the MCVD and solution doping technique. The study showed that an ∼ 175%

increase in the fluorescence lifetime, compared to pure silica glass, could be achieved

by incorporating 9 mol% of Al2O3 into the glass network. The linear dependence

of the fluorescence lifetime with Al2O3 concentration, as seen in Figure 4.9, does

not appear to saturate over the concentration range studied here; this suggests that

even greater improvements in the fluorescence lifetimes may be achieved with the

incorporation of greater amounts of Al2O3. Unfortunately, from the point of view of

the solution doping technique, the amount of Al2O3 which can be incorporated into

the core is limited by the solubility of the aluminium chloride salts in the doping
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solution solvent. If the solution cannot dissolve the salts completely then they may

be incorporated into the core of the preform. Crystallisation of the salts results in

clustering and axial variations of the dopant along the length of the preform and

fibre, which can lead to unwanted problems such as increased attenuation. Therefore

a fabrication method which allows large quantities of Al2O3 is required to make fur-

ther advances in the quantum efficiencies of these transitions. It is vital, however,

that the fabrication process exhibit similar outcomes to the MCVD and solution

doping technique. The realisation of such a technique may have important impli-

cations for active Tm3+ -doped devices in silica glass, such as the S-band optical

amplifier and the 2 µm laser.

The role aluminium co-doping plays in increasing the fluorescence lifetime of the

energy manifolds of Tm3+ is not fully understood. However since both energy mani-

folds showed similar increases in the fluorescence lifetime with Al2O3 concentration,

it can be concluded that the shifting of the 3F4 manifold with Al2O3 concentration

did not have a significant effect on the lifetime. If the shifting of the 3F4 manifold

were to play a significant role, the lifetime of the transition would be expected to

decrease as the energy gap between the excited and ground state has been reduced.

Therefore another host dependent effect must be responsible for the increase in the

lifetime. The most obvious host dependent effect which can result in an increase in

the fluorescence lifetime of an energy manifold is the phonon energy of the glass. As

seen in Equation 2.7, the maximum phonon energy of the host material determines

the non-radiative decay rate of the excited manifold. Furthermore, a reduction in the

maximum phonon energy of the host material will result in an increase in the mea-

sured fluorescence lifetime. Measured phonon energy spectra from Al2O3 waveguides

show a maximum phonon energy of 870 cm−1 [106], which is some 230 cm−1 less

than that observed in silica glass. This indicates that in Al2O3 rich environments the

maximum phonon energy experienced by rare earth ions is less than that in silica;

this could explain the observed increase in the fluorescence lifetimes of the 3H4 and

3F4 manifolds with increased amounts of Al2O3 . At high Al2O3 concentrations, the

Tm3+ ion is surrounded by a significant number of aluminium atoms and experiences
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a lower local phonon energy, whereas at low Al2O3 concentrations the Tm3+ ion is

surrounded by SiO2 molecules and experiences a larger phonon energy.

4.4.2 Germano-silicate fibres

The measured 1/e fluorescence lifetimes for the 3H4 and 3F4 manifolds of the

germano-silicate fibres are listed in Table 4.6.

Sample
Tm2O3 SbCl4 SnCl4 3H4 lifetime (µs) 3F4 lifetime (µs)
(ppm) (mol/L) (mol/L)

Ge-1 300 3.9 - 21.0 ± 0.1 479 ± 2
Ge-2 1400 - 1.9 20.1 ± 0.1 467 ± 2

Table 4.6: 1/e lifetime of the 3H4 and 3F4 manifolds for the Tm3+ -doped germano-silicate
fibres.

The lifetimes of the germano-silicate samples are in agreement with other values re-

ported for Tm3+ -doped germano-silicate fibre [107] and are marginally greater than

the calculated lifetime in pure silica glass [101]. This indicates that the germano-

silicate host material offers no significant advantage in terms of modifying the local

environment of the Tm3+ ion. Of particular interest, is the similarity between the

3F4 manifold lifetimes in both germano- and alumino-silicate host materials despite

the considerable difference in the positioning of the Stark energy levels. This ob-

servation verifies that the host dependent shifting of the Stark energy levels does

not have a major impact on the measured fluorescence lifetime of the 3F4 manifold.

This, coupled with the fact that germano-silicate glass suffers from micro-clustering

at concentrations at least an order of magnitude less than alumino-silicate glass,

indicates that alumino-silicate glass is the preferred host material for improving the

efficiency of excited state transitions in Tm3+ .

4.4.3 Co-doping effects of Sb and Sn

The co-doping with additional network modifiers, Sb2O3 and SnO2 of the germano-

and alumino-silicate fibres showed no notable effect on the measured fluorescence
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lifetime and hence efficiency of the 3H4 and 3F4 manifolds. Table 4.7 lists the 1/e

lifetimes of the alumino-silicate fibres co-doped with Sb2O3 and SnO2 .

Sample
Tm2O3 SbCl4 SnCl4 3H4 lifetime (µs) 3F4 lifetime (µs)
(ppm) (mol/L) (mol/L)

Al-9 330 2.0 - 23.2 ± 0.2 477 ± 2
Al-10 260 - 1.9 20.7 ± 0.1 445 ± 2

Table 4.7: 1/e lifetime of the 3H4 and 3F4 manifolds for the Tm3+ -doped alumino-silicate
fibres co-doped with Sb2O3 and SnO2 .

The measured fluorescence lifetimes are in agreement with the lifetimes reported

in Table 4.5 for the pure alumino-silicate samples. The minor difference in the

measured fluorescence lifetimes of the Al-9 and Al-10 fibres can be attributed to

the difference in Al2O3 concentration, as described in Section 4.4.1. The equivalent

lifetimes and absorption profiles of the Sb2O3 and SnO2 co-doped samples, when

compared to the pure germano and alumino-silicate samples, suggests that the local

environment and phonon energy of the glasses remain relatively unchanged with the

addition of Sb2O3 and SnO2 . Perhaps, with the incorporation of greater amounts

of Sb2O3 or SnO2 , changes in the local environment and/or local phonon energy

can be achieved, although different fabrication techniques would be required, as the

concentration levels studied here were the highest that could be obtained in the

solution before saturation occurred.

4.5 Tm3+ concentration

The dopant concentration of a material is a critical parameter in the design of active

rare earth doped devices. The concentration can have advantageous and deleterious

effects on the performance of an active device depending on the application type,

as discussed in Section 2.5. In terms of spectroscopic studies, varying the dopant

concentration allows one to study various diffusion and energy transfer processes

which may be occurring in the system. In this section, the fluorescence lifetimes of

the 3F4 and 3H4 manifolds are examined as a function of Tm2O3 concentration. It
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has been established in Section 4.4.1 that the addition of Al2O3 into the host material

significantly alters the fluorescence lifetime of both energy manifolds. Therefore to

study the effects of the Tm2O3 concentration independently, the sample set has been

limited to the fibres with similar Al2O3 concentrations.

4.5.1 3H4 manifold

The trend of the 3H4 lifetime with increasing Tm2O3 concentration is shown in Fig-

ure 4.10 for fibre samples with Al2O3 concentrations from 4.4 - 5.4 mol %.
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Figure 4.10: 3H4 lifetime at various Tm2O3 concentrations for fibres with Al2O3 con-
centrations from 4.4 - 5.4 mol %.

The chart shows no significant change in the fluorescence lifetime of the 3H4 mani-

fold for Tm2O3 concentrations as high as 1950 ppm. However, a ∼ 29% reduction

in the lifetime was observed for the highly concentrated Al-8 sample; this decrease

is attributed to the well known cross relaxation process which exists between the

3H4 manifold and 3H6 ground state (3H4 ,3H6 → 3F4 , 3F4 ). In this process, an

excited ion in the 3H4 manifold transfers part of its energy to a nearby ground

state Tm3+ ion resulting in two excited ions in the 3F4 manifold. The rate of re-
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moval of excited ions from the 3H4 manifold via the cross relaxation process depends

on numerous parameters such as the energy mismatch between the 3H4 → 3F4 and

3H6 → 3F4 transitions, the phonon energy of the glass, the temperature and perhaps

most importantly the interionic distance between Tm3+ ions, or in other words, the

Tm3+ concentration. As the interionic distance decreases, the probability that an

excited ion will be close enough to interact with a nearby ground state ion increases;

thereby, increasing the rate at which excited ions are removed from the 3H4 mani-

fold. When this rate becomes significant enough to compete with the non-radiative

decay rate, the measured fluorescence lifetime becomes concentration dependent.

From the results shown in Figure 4.10, it can be concluded that the cross relaxation

rate has a negligible effect on the measured fluorescence lifetime of the 3H4 manifold

for Tm2O3 concentrations as high as 1950 ppm.

Traditional techniques for estimating the cross relaxation co-efficient are based on

studying the variation in the shape of the decay waveform as a function of donor

concentration. As the cross relaxation process occurs on a time scale much faster

than the radiative and observed fluorescence decay rates, its effects can be studied

at the beginning of the decay (typically within the first few microseconds). By in-

creasing the donor concentration, the effects of cross relaxation on the beginning

of the decay waveform become more pronounced. The changes in the nature of

the decay as a function of donor concentration can be adequately described by the

Förster Dexter energy transfer model as well as the Inokuti-Hirayama relationship

[108, 109, 110], with both techniques providing an estimation of the cross relaxation

co-efficient. Unfortunately, the present study has been limited to fibre samples with

relatively low donor concentrations and hence no significant variation in the shape

of the decay waveform was observed (see Chapter 5). However, other studies on

the cross relaxation process in other host materials have estimated the cross re-

laxation co-efficient to be 1.3 - 5.5 × 10−51 m6s−1, depending on the host material

[111, 112, 113]. In silica glass, the co-efficient is expected to be higher than those

observed in fluoride glasses and crystals as there is considerable energy level broad-

ening in glasses which will reduce the energy mismatches associated with the process.
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Furthermore, the high phonon energy associated with silica glass allows the energy

mismatches to be overcome with greater efficiency. If the maximum observed co-

efficient, 5.5× 10−51 m6s−1, is taken as an estimate for the co-efficient in silica glass,

this would equate to a cross relaxation rate of 20 s−1 for a Tm2O3 concentration

of 2000 ppm (assuming 1000 ppm is equivalent to 3.1×1025 ions/m3 [114]). If this

rate is compared to the radiative and non-radiative decay rates of the 3H4 manifold,

as listed in Table 2.1, it is clear that the cross relaxation process does not compete

with the other decay rates at such concentrations. However, if the same calculation

is performed for a Tm2O3 concentration of 32 000 ppm, the cross relaxation rate

increases to ∼ 5400 s−1 and becomes significantly larger than the radiative decay

rate from the 3H4 manifold. In this instance, the observed lifetime of the 3H4 man-

ifold would decrease. This calculation supports the observed lifetime reduction in

the highly concentrated Al-8 fibre sample.

The measurements reported here have important implications for the development of

S-band optical amplifiers which operate from the 3H4 manifold. Previous attempts

to fabricate efficient S-band Tm3+ -doped silica fibre amplifiers have been carried

out using relatively low Tm2O3 concentrations to avoid quenching from the cross

relaxation process [34, 35]. The negligible cross relaxation rate at Tm2O3 concentra-

tion at and below 1950 ppm indicates Tm2O3 concentrations of this order could be

used in S-band amplifiers without severe penalty from the cross relaxation process;

higher Tm2O3 concentrations should allow further improvements in the gain of the

amplifiers to be realised.

4.5.2 3F4 manifold

Figure 4.11 shows the trend of the 3F4 lifetime with increasing Tm2O3 concentra-

tion. The 3F4 fluorescence lifetime did not show any significant dependence on the

Tm2O3 concentration, although a ∼ 9% decrease was observed for the most highly

concentrated sample. The decrease in the fluorescence lifetime of this sample could

be attributed to quenching energy transfer processes and/or energy migration and

diffusion processes.
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Figure 4.11: 3F4 lifetime at various Tm2O3 concentrations for fibres with similar
Al2O3 concentrations.

Energy migration and diffusion from the 3F4 manifold has been reported in several

host materials [97, 115, 116]. However, it is expected that energy migration and

diffusion processes can be ignored in this investigation as they become apparent

only at much higher Tm2O3 concentrations than those studied here [115]. There

are two possible energy transfer processes which can occur from the 3F4 manifold

(3F4,
3F4→ 3H5,

3H6) and (3F4,
3F4→ 3H4,

3H6); both of which act to quench the pop-

ulation of the 3F4 manifold. Identifying energy transfer up-conversion processes is,

in some respects, easier than the aforementioned cross relaxation process. The two

possible ETU processes, which can occur from the 3F4 manifold in Tm3+, require two

excited ions in the 3F4 manifold to exchange energy. This requirement makes both of

these processes dependent on the incident pump power, and thus the energy transfer

up-conversion processes can be identified by studying the fluorescence lifetime as a

function of pump power. The cross relaxation process, on the other hand, requires

only a single excited ion in the 3H4 manifold, and therefore the process is indepen-

dent of pump power and cannot be established by such an experiment. To investigate

the possible presence of energy transfer up-conversion processes in Tm3+ -doped sil-

ica fibres, the lifetime of the 3F4 manifold was investigated at different pump powers.
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By modulating the 1586 nm excitation source with 12.5 ms pulses at a repetition

rate of 40 Hz, significantly larger pump intensities could be obtained from the avail-

able laser diode. This condition also allowed the manifold sufficient time to reach

a steady state equilibrium, as the pulse length was at least ten times longer than

the longest rise time of any excited energy manifold in the Tm3+ -doped silica sys-

tem. The laser diode had an operating power range from 0 - 16.5 mW at 1586 nm.

The study was undertaken for the two different host materials, germano-silicate and

alumino-silicate, with various Tm2O3 concentrations. The 3F4 fluorescence lifetime

as a function of incident pump power for each fibre sample is shown in Figure 4.12,

whilst Table 4.8 lists the percentage decrease in the lifetime of the 3F4 manifold over

the range of incident pump powers.
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Figure 4.12: 3F4 lifetime as a function of incident pump power for the Tm3+ -doped
alumino- and germano-silicate fibres indicated. Note: the lines are a guide for the eye.

Sample Tm2O3 (ppm) 3F4 lifetime decrease (%)
Al-5 200 0.9
Al-3 450 1.0
Al-4 1850 1.9
Ge-1 300 4.4
Ge-2 1400 9.7

Table 4.8: Percentage decrease in the 3F4 manifold lifetime over the pump power range
3 - 16.4 mW.
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From Figure 4.12 it can be seen that the lifetime of the 3F4 manifold decreases

with increasing pump power. The decrease in the fluorescence lifetime appears to

be dependent on both the host composition and the Tm2O3 concentration. This

behaviour is consistent with the presence of energy transfer up-conversion processes.

In general, the 3F4 lifetime of the germano-silicate samples showed a greater de-

pendence on pump power compared to the alumino-silicate samples. Although this

measurement provides evidence for the presence of the energy transfer up-conversion

processes, it does not provide any information about which energy transfer process

is operating; this is the focus of the following section.

4.6 Energy transfer up-conversion in Tm3+-doped

silica fibres

The energy transfer up-conversion processes relevant to this investigation in Tm3+ -

doped silica fibre are (3F4,
3F4 → 3H5,

3H6) and (3F4,
3F4 → 3H4,

3H6) . Figure 4.13

displays the two possible energy transfer up-conversion processes that quench the

population of the 3F4 manifold. The discrete energy levels illustrated in Figure 4.13

represent the Stark energy levels within the energy manifold, showing 2J+1 Stark

levels in each energy manifold.

3H4

3H5

3F4

3H6

ETU2ETU1

Figure 4.13: Possible energy transfer up-conversion process which can occur from the
3F4 manifold. The white and blue circles represent the ions before and after the energy
transfer has taken place, respectively.
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The final Stark levels relevant for each energy transfer up-conversion process consid-

ered here are obtained from the general rule that the actual Stark levels which are

involved at the completion of the energy transfer are those that will minimise the

absolute value of the energy difference or energy mismatch ∆Eab =
∑

Ei −
∑

Ef

between the initial and final multiplets of the process [60]. It can be assumed that

only the lower Stark level of each manifold engaged at the initial stage of the energy

transfer process is relevant to the calculation of ∆Eab. Whilst thermal equilibrium

exists between the Stark levels of a manifold, the lower Stark level has a higher pro-

portion of the density of states. The energy mismatch ∆E for both energy transfer

up-conversion processes are listed in Table 4.9 for a range of different host materials.

Crystal
∆E ETU1 ∆E ETU2

(cm−1) (cm−1)
Y3Al5O12 [117] 1500 -1495
Y2O3-Sc2-Al2O3 [118] 1882 -790
LiYF4 [119] 2368 -1411
YVO4 [120] 2277 -1423
NaLa(MoO4)2 [121] 2389 -1387
YCl3 [95] N/R -698
Ca4GdO(BO3)3 [113] N/R -1345

Table 4.9: Energy mismatch of the two energy transfer up-conversion processes in various
Tm3+ -doped crystals. Note: N/R - not reported in the literature.

The positive energy mismatch of ETU1 indicates an exothermic transfer process

which requires the emission of phonons to conserve energy. The negative energy

mismatch of ETU2 indicates an endothermic transfer process which requires the ab-

sorption of phonons to conserve energy. Based on the values listed in Table 4.9 and

given the maximum phonon energy of silica glass is 1100 cm−1, at least two phonons

would need to be emitted for ETU1 to occur and at least one phonon would need to

be absorbed to complete ETU2. This implies that ETU2 is inherently more efficient

than ETU1. However, since exothermic processes are, in general, more probable

than endothermic processes most authors report ETU1 > ETU2 [122, 60]. In silica

glass, ETU1 may be deemed a fluorescence quenching energy transfer process, as
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the majority of ions excited to the 3H5 manifold will decay non-radiatively back

to the 3F4 manifold. This process has important consequences for the 2 µm lasing

transition as it quenches the excited state population of the 3F4 manifold. Work by

Jackson in heavily Tm3+ -doped silica fibres has shown that fluorescence quenching

energy transfer processes such as ETU1 can significantly affect the lasing threshold

and slope efficiency of the 2 µm laser [60].

The other possible energy transfer up-conversion process, labelled ETU2 in Fig-

ure 4.13, is of much interest for the operation of an S-band optical amplifier. This

energy transfer process acts to increase the population inversion between the upper

and lower amplifying manifolds. The (3F4,
3F4→ 3H4,

3H6) process involves the spec-

tral overlap between the excited state absorption from 3F4 → 3H4 which occurs at

∼ 1410 nm and the 3F4 → 3H6 emission which occurs at ∼ 1800 nm. Although this

energy transfer up-conversion process has been established in several Tm3+ -doped

crystals [95, 121, 122], in some cases, the sharp spectral lines associated with these

materials results in a lack of spectral overlap between the 3F4 → 3H4 excited state

absorption and the 3F4 → 3H6 emission, which reduces the efficiency of the en-

ergy transfer process. In silica glasses, where the energy levels are inhomogeneously

broadened, the spectral overlap is expected to be much stronger and therefore the

effect of the energy transfer up-conversion is expected to be greater.

To establish the (3F4,
3F4 → 3H4,

3H6) energy transfer process in Tm3+ -doped sil-

ica fibres, spectroscopic studies were carried out under 1586 nm excitation into the

3F4 manifold. The detection of up-conversion luminescence from the 3H4 mani-

fold would be the first step towards identifying the presence of the ETU2 process.

When excited at 1586 nm, the Tm3+ -doped silica fibres were observed to emit up-

conversion luminescence centred at 800 nm. The 800 nm luminescence band from

the 3H4 manifold was studied here as it is 9 times stronger than the 1480 nm lu-

minescence in silica glass [70]. Figure 4.14 shows the counter propagating emission

spectrum obtained from a 20 cm section of the 1850 ppm alumino-silicate sample

(Al-4), when pumped with 16.8 mW of light at 1586 nm.
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Figure 4.14: Counter-propagating up-conversion luminescence spectrum from a 20 cm
section of the Al-4 fibre, excited with 16.8 mW at 1586 nm.

The emission spectrum observed is characteristic of the 3H4 manifold. The large dip

in the spectrum at ∼ 790 nm results from the counter propagating fluorescence being

reabsorbed by the strong ground state transition (3H6 → 3H4 ) as the fluorescence

propagates back through the doped fibre section. It should be noted that the same

experimental arrangement was not used to collect the up-conversion fluorescence

signal for the decay analysis; all other measurements were carried out transverse to

the doped fibre as described in Section 3.4.

The origin of this luminescence lies in two possible processes: energy transfer up-

conversion (ETU2 ) and/or excited state absorption (ESA). In ETU2 , two pump

photons excite two ions to the 3F4 manifold. The excited ions then exchange energy

non-radiatively, promoting one excited ion to the 3H4 manifold, whilst demoting the

other ion to the 3H6 ground state. In ESA, a pump photon excites an ion to the

3F4 manifold. The excited ion then absorbs the energy of another pump photon

promoting itself to the 3H4 manifold (see Figure 4.15).
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Figure 4.15: Possible energy transfer processes that can populate the 3H4 manifold in
Tm3+ -doped silica glass, when pumping into the 3F4 manifold. The white and blue circles
represent the ions before and after the processes have taken place, respectively.

Both processes illustrated in Figure 4.15 require two pump photons in the pro-

cess of exciting one ion to the 3H4 manifold. Hence, the luminescence from the

3H4 manifold at 800 nm should be proportional to the square of the population in

the 3F4 manifold, i.e. proportional to the square of the luminescence from this man-

ifold at 1800 nm. This was investigated by measuring the integrated steady state

luminescence intensities from the 800 and 1800 nm transitions over the range of

available pump powers. It should be noted that the luminescence from the 800 nm

transition was collected through a 810 ± 10 nm bandpass filter, while the 1800 nm

luminescence was collected using a 1500 nm long pass filter.

4.6.1 Alumino-silicate fibres

The Al2O3 concentration has been shown to significantly affect the fluorescence life-

times of the excited state manifolds of Tm3+ . In order to study the energy transfer

processes independently, this study was limited to fibres with similar Al2O3 con-

centrations, namely, Al-3, Al-4 and Al-5. Figure 4.16 shows the dependence of the

810 nm luminescence on the 1800 nm luminescence for these fibre samples. The
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approximate quadratic dependence observed for all three samples is consistent with

the 3H4 manifold being populated by a two photon process.
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Figure 4.16: Log-log plot of the 810 nm luminescence vs. the 1800 nm luminescence, for
incident pump powers ranging from 3 - 16.8 mW. The 1800 nm data have been offset to
aid comparison. Note: the errors associated with these measurements are not shown as
they are smaller than the size of the individual data points presented in the plot.

To distinguish between the two possible populating mechanisms, ESA and ETU2 ,

a study was undertaken of the decay characteristics of the up-conversion lumines-

cence. The behaviour of the up-conversion luminescence when the pump excitation

has been removed can be described by considering a simple set of rate equations

relating the populations of the 3F4 and 3H4 manifolds, namely:

dn1

dt
= −n1

τ1

−WETU n2
1 c , (4.1)

dn2

dt
= −n2

τ2

+
1

2
WETU n2

1 c , (4.2)

where n1 and n2 represent the relative population of the 3F4 and 3H4 manifolds

respectively, c is the Tm2O3 concentration, WETU is the ETU co-efficient and τ1 and

τ2 are the fluorescence lifetimes of the 3F4 and 3H4 manifolds, respectively.
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The rate equations 4.1 and 4.2 involve several assumptions. Firstly, it has been

assumed that any population in the 3H5 manifold will relax rapidly to the 3F4 man-

ifold in a time scale which is short in comparison to the other decay times involved

(refer to Table 2.1); thus the 3H5 manifold has been ignored. Secondly, by rep-

resenting the ETU2 process with the term WETU n2
1 c we have ignored any energy

migration processes, which is justifiable since this process occurs on a much smaller

time scale (∼ 10−10 s) [123]. The term which describes the possible ESA from the

3F4 → 3H4 manifold does not appear in the rate equations describing the decay

of the emission as ESA occurs only in the presence of pump excitation. There-

fore studying the decay characteristics of the up-converted luminescence provides a

sensitive technique for distinguishing between the ETU2 and ESA processes. The-

oretical calculations by Peterka et al. [11] have estimated the ESA cross section at

the pump and signal wavelengths (1586 and 1800 nm) to be ∼ 3×10−31 and ∼ 0 m2,

respectively. Although relatively large errors are associated with these values, they

suggest that ESA does not play a significant role in the up-conversion process at

these wavelengths.

As noted in Section 4.4.1, the luminescence decay from the 3F4 manifold is ade-

quately described by a single exponential, implying n1/τ1 À WETU n2
1 c. Therefore

the solution to Equation 4.1 becomes:

n1 = n10 exp

(
− t

τ1

)
, (4.3)

where n10 represents the initial population of the 3F4 manifold after the pump exci-

tation has been removed.

By inserting Equation 4.3 into 4.2, a normalised expression for n2 can be found:

n2

n20

= (1− A) exp

(
− t

τ2

)
+ A exp

(
−2t

τ1

)
, (4.4)
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where A =
WETU c n2

10

(τ−1
2 −2τ−1

1 )2n20
and n20 represents the initial population of the 3H4 mani-

fold after the pump excitation is removed.

From Equation 4.4 we see that the up-conversion luminescence, resulting from ETU2,

decays as a double exponential with two characteristic time constants, one being

equal to the lifetime of the 3H4 manifold (τ2) and the other being equal to (1
2
τ1)

i.e. one half of the 3F4 manifold lifetime. The amplitudes of the respective decay

components are given as (1 − A) for the fast decay component and A for the slow

decay component of the waveform. The ‘fast’ and ‘slow’ amplitudes of the decay

waveforms can give an insight into the dominant decay process over time.

Figure 4.17 shows the semi-log plots of the up-conversion luminescence decay under

1586 nm pumping for the Al-3, Al-4 and Al-5 samples and, as a comparison, the

decay of the 3H4 manifold under direct excitation at 780 nm is also presented. It is

clear from Figure 4.17 that the up-conversion luminescence decay deviates from the

natural decay of the 3H4 manifold. Furthermore, the up-conversion luminescence

decay shows evidence of two characteristic decay components.
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Figure 4.17: Semi-log plots of the luminescence from the 3H4 → 3H6 transition. (a), (b)
and (c) are the decay curves for samples Al-3, Al-4 and Al-5, respectively. The open circles
represent the decay under in-direct excitation at 1586 nm. The open squares represent the
decay under direct excitation at 780 nm. The least squares fits are discussed in the text.
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A least squares fit using Equation 4.4 was applied to the up-conversion lumines-

cence decay waveforms, with τ1 and τ2 being the 1/e lifetimes, as listed in Table

4.5, obtained under direct pumping of the 3F4 and 3H4 manifolds, leaving A as the

fitting parameter. The least squares fits were in excellent agreement with the mea-

sured waveforms. The fitting parameter A represents the ‘slow’ amplitude of the

late exponential, which is due to the energy transfer up-conversion process. The

fitted parameter for each fibre sample is listed in Table 4.10.

Sample Tm2O3 (ppm) ‘slow’ amplitude (A)
Al-5 200 0.091± 0.001
Al-3 450 0.215± 0.001
Al-4 1850 0.401± 0.001

Table 4.10: The ‘slow’ amplitude obtained from the fit to Equation 4.4 for the three
Tm3+ -doped alumino-silicate samples.

The ‘slow’ amplitude provides an indication of the strength of the energy trans-

fer up-conversion process in relation to the natural fluorescence decay rate from the

3H4 manifold. If the energy transfer up-conversion rate is small in comparison to the

natural fluorescence decay rate (i.e. n2/τ2 À WETU n2
1 c) then the up-conversion lu-

minescence will exhibit a relatively small ‘slow’ amplitude. If, on the other hand, the

ETU2 rate dominates the natural fluorescence decay rate (i.e. WETU n2
1 c À n2/τ2)

then the ‘slow’ amplitude will approach unity and the up-conversion luminescence

will decay as a single exponential in the form n2(t) = Aexp (−2t/τ1). This effect was

observed for the highly concentrated Al-8 sample (32 000 ppm), as shown in Figure

4.18, where the up-conversion luminescence decay could be described accurately by

a single exponential function with a characteristic lifetime equal to τ1/2.

The concentration dependence of the ‘slow’ amplitude can be explained by consid-

ering the concentration dependence of the energy transfer and natural fluorescence

decay rates. From the fluorescence lifetime results presented in Section 4.4.1 it can

be concluded that the natural fluorescence decay rate is concentration independent

for Tm2O3 concentrations up to 1950 ppm. The same cannot be said for the energy
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Figure 4.18: Single exponential fit to the measured decay from the 3H4 manifold of the
alumino-silicate sample Al-8, under in-direct excitation at 1586 nm.

transfer rate. As the Tm2O3 concentration increases, so too does the energy transfer

rate. For high Tm2O3 concentrations, this rate can begin to compete and then dom-

inate over the concentration independent natural fluorescence decay rate, which will

lead to increases in the ‘slow’ amplitude. From the fitted values of A listed in Table

4.10, it can be concluded that the energy transfer rate is less dominant, although

not negligible, than the natural fluorescence decay rate for Tm2O3 concentrations

up to 1850 ppm.

4.6.2 Germano-silicate fibres

Similar investigations were carried out on the germano-silicate fibres, Ge-1 and Ge-2,

to gain an understanding of the strength of the energy transfer up-conversion process

in comparison to the alumino-silicate fibres. Figure 4.19 shows a log-log plot of the

810 nm up-conversion luminescence versus the 1800 nm luminescence.
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Figure 4.19: Log-log plot of the 810 nm luminescence vs. the 1800 nm luminescence, for
incident pump powers ranging from 3 - 16.8 mW. The 1800 nm measured data has been
offset to aid comparison. Note: the errors associated with these measurements are not
shown as they are smaller than the size of the individual data points presented in the plot.

The non-integer values greater than 2, obtained from the slopes of the log-log plots

indicate that other energy transfer processes are involved in populating the 3H4 man-

ifold. As energy transfer up-conversion processes require two nearby excited ions to

complete the transition their relationship with the up-conversion luminescence is al-

ways quadratic. However, processes such as ESA are not dependent on the number

of nearby excited ions in a particular manifold but are dependent on the incident

pump power. In the case of ESA, the slope of the 810 nm up-conversion lumines-

cence versus the 1800 nm luminescence can take on quite different characteristics

to ETU. This phenomenon is able to be observed using simple rate equation analy-

sis, in which the rate equation describing the population of the 3F4 manifold under

continuous wave pumping can be written as:

dn1

dt
= R01n0 − n1

τ1

− 2WETU n2
1 c−R12n1 − n2

τ21

. (4.5)

where n0, n1 and n2 are the relative populations of the 3H6 ,3F4 and 3H4 mani-

folds, respectively, WETU is the energy transfer up-conversion co-efficient, c is the
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Tm2O3 concentration, R01 is the pump rate from the 3H6 → 3F4 manifold, R12

is the ESA pump rate from the 3F4 → 3H4 manifold and τ2 is the lifetime of the

3H4 manifold.

The rate equation describing the population of the 3H4 manifold can be written

as:
dn2

dt
= WETU n2

1 c + R12n1 . (4.6)

In the steady state these rate equations equate to zero and can be solved analyti-

cally. From Equation 4.6 an expression for the up-conversion luminescence (n2) as

a function of the down-conversion luminescence (n1) from the 3F4 manifold can be

obtained.

n2 = (WETU n2
1 c + R12n1)τ2 , (4.7)

Therefore, in the presence of ESA the up-conversion luminescence from the 3H4 man-

ifold is found to exhibit a greater than quadratic relationship with the down-

conversion luminescence from the 3F4 manifold. With this in mind, it can be

concluded from the results shown in Figure 4.19 that the up-conversion lumines-

cence from the 3H4 manifold in the germano-silicate fibres is due to two population

mechanisms, ETU2 and ESA. Unfortunately, without a value for ETU2 or the ESA

cross section for the pump wavelength it is not possible to compare the model di-

rectly. However, the model is in qualitative agreement with the measured intensities.

Although evidence of ESA has been observed in the study of the steady state lu-

minescence intensity, these effects should not affect the decay characteristics of the

up-conversion luminescence, as ESA only occurs in the presence of pump excitation.

Hence, the decay analysis used for the alumino-silicate fibres should still hold true

for the germano-silicate samples. Figure 4.20 shows the semi-log plot of the up-

conversion luminescence decay under 1586 nm pumping for the two germano-silicate

samples. Again the least squares fit to Equation 4.4 was applied with the lifetimes τ1

and τ2 being the 1/e lifetimes, as listed in Table 4.6, obtained under direct pumping

of the 3F4 and 3H4 manifolds, respectively.
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Figure 4.20: Semi-log plots of the luminescence from the 3H4 → 3H6 transition. (a)
and (b) are the decay curves for samples Ge-1 and Ge-2, respectively. The open circles
represent the decay under in-direct excitation at 1586 nm. The open squares represent the
decay under direct excitation at 780 nm. The least squares fits are discussed in the text.
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The fits to the decay waveform show reasonable agreement throughout the decay,

although the quality of the fits are less when compared to those obtained for the

alumino-silicate samples. This may be attributed to other energy transfer processes

occurring which have not been accounted for in the ETU model, an example of

which would be ESA of the signal fluorescence. There is some justification for ESA

of the signal fluorescence since evidence of ESA was observed in the steady state

luminescence investigations. The difference between ESA of the pump and signal

fluorescence is that ESA of the pump can only occur during pump excitation and

hence when the pump is removed ESA ceases and the excited ions are left to decay

naturally to the ground state. ESA of the signal fluorescence, on the other hand,

occurs in the presence of fluorescence and therefore there is an opportunity for the

excited ions in the intermediate state to be excited to a higher energy manifold by

the signal fluorescence for a short period of time after the pump excitation has been

removed. This will in turn affect the population of the up-converted manifold as

well as the decay characteristics. This may explain the small discrepancy between

the measured decay waveform and the ETU model presented here. However, the

reasonable agreement with the ETU model still establishes the ETU2 process as a

populating mechanism of the 3H4 manifold under 1586 nm pumping in germano-

silicate fibre. The fitting parameter A describing the ‘slow’ amplitude is listed in

Table 4.11 for the two germano-silicate samples.

Sample Tm2O3 (ppm) ‘slow’ amplitude (A)
Ge-1 300 0.036± 0.001
Ge-2 1400 0.067± 0.001

Table 4.11: The ‘slow’ amplitude obtained from the fit to the germano-silicate samples
using Equation 4.4.

The ‘slow’ amplitudes are significantly less than those obtained from the alumino-

silicate samples. Considering that the fluorescence lifetime of the 3H4 manifold

in the germano-silicate samples is similar to the alumino-silicate samples, it can

be concluded that the germano-silicate fibres exhibit less ETU2 than the alumino-

silicate fibres. A crude comparison suggests that the alumino-silicate fibres exhibit
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∼ 2.5 times more energy transfer up-conversion than the germano-silicate samples,

when excited under the same pump conditions at 1586 nm. It is also important

to put these results in context with the data presented in Figure 4.12. Under

1586 nm pumping the 3F4 manifold lifetime of the germano-silicate fibre samples

showed a greater dependence on pump power. This dependence was attributed to

two possible energy transfer up-conversion processes ETU1-(
3F4,

3F4→ 3H5,
3H6) and

ETU2 -(3F4,
3F4→ 3H4,

3H6). Unfortunately ETU1 relies on the transition from the

3F4 → 3H5 manifold which occurs at ∼ 3 µm, a wavelength which is outside the

transparency range of silica glass. Therefore quantifying the contribution this pro-

cess makes to the quenching of the 3F4 manifold is difficult. However, the fact that

the germano-silicate fibres exhibit less energy transfer up-conversion to the 3H4 man-

ifold than the alumino-silicate samples implies that the majority of quenching of the

3F4 manifold in germano-silicate fibres occurs as a result of the ETU1 process.

Another important observation from the data set was that the germano-silicate fibre

samples were found to emit more up-conversion luminescence at 810 nm than the

alumino-silicate samples. Figure 4.21 illustrates the difference in the relative inten-

sities from the up-conversion luminescence for samples Al-5 and Ge-1.
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Figure 4.21: Measured relative intensities from the up-conversion luminescence of the
Tm3+ -doped germano-silicate and alumino-silicate samples under 1586 nm pumping.
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These two fibres are used as the comparison as they have similar Tm2O3 concentra-

tions. The measured voltage from the photodiode detectors is directly proportional

to the relative intensity and hence population from the excited manifold, provided

that the detector circuitry is operated within the linear region of the photodiode.

The necessary steps were taken to ensure that this was the case.

The higher relative intensities observed in the germano-silicate fibres can be at-

tributed to the populating mechanisms for the two different fibre types. It was

established in Section 4.6.1, that up-conversion luminescence at 810 nm from the

alumino-silicate fibres resulted solely from the ETU2 process. However, the up-

conversion luminescence from germano-silicate fibres was linked both to ETU2 and

ESA. Since the ETU2 process was found to be less efficient in the germano-silicate

fibres, it must be concluded that ESA in the germano-silicate fibres dominates over

ETU2 in the concentration range studied here. The significant presence of ESA in

the germano-silicate fibres can be attributed to the position of the 3F4 absorption

peak. As shown in Section 4.3.2, germano-silicate fibres exhibit a 3F4 absorption

peak at significantly shorter wavelengths than the alumino-silicate fibres. Theoreti-

cal estimations place the peak ESA cross section from the 3F4 → 3H4 transition

at 1410 nm [11]. Therefore the 3F4 absorption peak observed in the germano-

silicate fibres exhibits significantly more overlap with the ESA cross section of the

3F4 → 3H4 transition. This may also provide a plausible explanation as to why ESA

was not observed in the Tm3+ -doped alumino-silicate glass. The 3F4 absorption

peak in alumino-silicate glass was measured to be ∼ 60 nm longer than in germano-

silicate glass, this results in a reduced spectral overlap between the 3F4 manifold

and the ESA cross section in comparison to the germano-silicate glasses.

The spectroscopic measurements reported here do not allow the determination of

the relative strength of the energy transfer up-conversion co-efficient. In general,

determination of this parameter requires a systematic study of the variations in the

nature of the luminescence decay from the 3F4 manifold with Tm3+ concentration.

These variations can usually be described well in the energy transfer framework put
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forward by Inokuti-Hirayama [108] or Yokota-Tanimoto [124]. Unfortunately, the

restricted concentration range studied here limited our ability to study any varia-

tions in the fluorescence decay from the 3F4 manifold. Even so, the identification of

this parameter in Tm3+ -doped silica fibres is made even harder by the fact that two

energy transfer up-conversion processes occur out of the 3F4 manifold. Therefore de-

termining the contribution each process makes to the quenching of the 3F4 manifold

would be extremely difficult and open to significant uncertainty. However, it can

be concluded from this investigation that the energy transfer up-conversion process

ETU2 -(3F4,
3F4 → 3H4,

3H6) does exist in Tm3+ -doped silica fibre at Tm2O3 con-

centrations as low as a few hundred ppm and this process was found to be more

efficient in alumino-silicate glasses compared to germano-silicate glasses.

4.7 Conclusion

Modifying the local environment of the Tm3+ ion in silica glasses has, in some cases,

had an advantageous effect on the fluorescence properties of the Tm3+ ion. The ad-

dition of 9 mol % of Al2O3 to the silica glass network resulted in a ∼ 260% increase

in the fluorescence lifetime of the 3H4 manifold, when compared to pure silica glass,

commensurate with a ∼ 260% increase in the quantum efficiency of the 3H4 → 3F4 S-

band transition. A similar percentage increase of ∼ 175% was observed from the

3F4 manifold. The increase in the lifetimes of both manifolds was attributed to the

modified local environment surrounding the Tm3+ ion and the lower phonon energy

of the Al-O bonds. The addition of Al2O3 was also shown to affect the energy level

structure of the Tm3+ ion, with the greatest effect observed for the 3F4 manifold.

The peak absorption of this manifold was found to shift by 28 nm with the addition

of 9 mol % of Al2O3 . The cause of the selective shift of the 3F4 manifold peak is

unclear, but may be attributed to the strong electron coupling to the random local

strains of the glass. The other co-dopant which was shown to affect the local environ-

ment of the Tm3+ ion was GeO2. Although GeO2 exhibited considerable differences

in the shapes and positions of the energy manifolds (particularly the 3F4 manifold)

its effect on the fluorescence lifetime of the 3F4 and 3H4 manifolds were minimal.
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The same can be said for Sb2O3 and SnO2 which were found to have a negligible

effect on the absorption or fluorescence properties of the Tm3+ ion.

The Tm2O3 concentration studies concluded that the cross relaxation process

from the 3H4 manifold has a negligible effect on the decay from this manifold

for Tm2O3 concentrations as high as 1950 and 1400 ppm for alumino-silicate

and germano-silicate glasses, respectively. This study went on to establish the

(3F4,
3F4→ 3H4,

3H6) ETU process in silica based glasses for the first time, to the best

of the author’s knowledge [125]. Under 1586 nm pumping, the ETU2 process was

found to be the sole process populating the 3H4 manifold in alumino-silicate glasses,

whilst germano-silicate glasses showed evidence of both ETU2 and ESA from the

3F4 manifold. In terms of efficiency, the germano-silicate glasses were found to emit

more up-conversion luminescence, which was tentatively assigned to the domination

of the ESA process in these glasses under 1586 nm pumping. The establishment of

the ETU2 process may provide an alternative pumping scheme for the S-band op-

tical amplifier in silica glass as it acts to increase the population inversion between

the 3H4 and 3F4 manifolds. Future work into optimising the host parameters to

maximise the efficiency of the ESA and ETU2 processes may enable more efficient

Tm3+ -doped silica fibre S-band optical amplifiers to be realised.



Chapter 5

FLUORESCENCE DECAY IN TM3+ -DOPED

SILICA FIBRE

5.1 Introduction

This chapter reviews and explores the origin of non-exponential fluorescence decay in

rare earth doped materials and presents a study into the origin of the non-exponential

fluorescence decay observed from some excited manifolds in Tm3+ -doped silica fi-

bres. To understand the origin of the non-exponential decay, it is necessary to begin

with the simplest form of luminescence decay from an excited manifold known as

intrinsic decay. This form of decay occurs when a system of donor ions is excited

by a short pulse of radiation. When the number of excited donor ions is small com-

pared to the total number of donors ions, the probability of a neighbouring donor

ion being unexcited approaches unity. If the donor ion excitation density, given by

φ(~r, t), denotes the probability of finding a donor ion at position ~r in an excited state

at time t, then, in the absence of energy acceptor ions and diffusion, the donor ion

system φ(t) will decay as a single exponential exp (−t/τ0) where τ−1
0 is the intrinsic

donor ion decay rate.

In addition to intrinsic decay, excited donor ions have been found to relax by (i)

direct interaction and energy transfer to acceptor ions and (ii) by the migration of

excitation among donor ions. The direct interaction and energy transfer to accep-

tor ions is a one step process involving resonant energy transfer between donor and

acceptor ions. The theory for this process was initially developed by Förster [110]

and Dexter [109] for multi-polar coupling and was later extended by Inokuti and Hi-

rayama [108] for exchange coupling. Relaxation via energy migration, on the other

90
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hand, is a multi-step process involving resonant energy transfer from one ion to an-

other ion of the same species in a random walk manner and finally de-exciting to an

imperfection in the host material, the theory for which was developed by Dexter and

Schulman [123]. It should be noted here, that donor and acceptor ions can represent

two different species (or rare earth ions) and in some cases, the rare earth ions take

the form of both donor and acceptor ions. For the present discussion, donor and

acceptor ions are considered to be Tm3+ ions.

In glass materials both direct energy transfer and energy migration are active. An

understanding of how these processes affect the form of the luminescence decay in

such systems, may be established in terms of three limiting cases (1) direct transfer

- no diffusion, (2) fast diffusion and (3) diffusion-limited relaxation. The theoretical

treatment of these three limiting cases have been reviewed in the literature [126] and

are summarised below.

5.1.1 Direct transfer

In a system which comprises both donor and acceptor ions, direct energy transfer can

take place when a donor ion transfers its energy via exchange or multi-polar forces

to an acceptor ion. The transfer rates for different donor-acceptor pairings vary

significantly since the strength of the donor-acceptor coupling is dependent on the

separation between donor-acceptor pairings and the distribution and orientation of

acceptor ions [126]. By assuming a random distribution and orientation of acceptor

ions, the angular dependence of the transfer rate can be averaged out, leaving the

dependence on separation, which for multi-polar interactions is given by [127]:

w(R) = CR−S , (5.1)

where C is a constant in m/s, R is the distance in metres between donor-acceptor ion

pairs and S describes the type of multi-polar coupling. For dipole-dipole coupling

S = 6, dipole-quadrupole S = 8 and quadrupole-quadrupole S = 10.
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The general solution for the decay of the luminescence, φ(t), for multi-polar coupling

is then given by:

φ(t) = φ(0) exp

[
(−t/τ0)− 4

3
π Γ(1− 3/S) Na R0

3 (t/τ0)
3/S

]
, (5.2)

where φ(0) is the initial excitation, R0 = (Cτ0)
(1/S) is the critical transfer distance

and is defined as the separation at which the probability for energy transfer between

a donor-acceptor ion pair is equal to the intrinsic decay probability τ−1
0 and finally,

Na is the concentration of acceptor ions.

A similar expression derived by Inokuti and Hirayama [108] to describe the lu-

minescence decay for exchange coupling is given in Equation 5.3.

φ(t) = φ(0) exp

[
(−t/τ0)− 4

3
π(3/2) Γ(1− 3/S) Na R0

3 (t/τ0)
3/S

]
. (5.3)

These two relationships show that in the presence of direct energy transfer, the

luminescence decay does not exhibit a simple exponential dependence with time. At

short times (t << τ0) the decay is non-exponential and proportional to 1−γt where

γ = 4
3
πa Γ(1−3/S) Na R0

3 τ
−3/S
0 and a = (3/2) and 1 for exchange and multi-polar

coupling, respectively. whilst at longer times (t >> τ0) the decay exhibits an single

exponential dependence with a decay rate equal to τ−1
0 .

5.1.2 Fast diffusion

Another form of energy transfer which occurs in systems with high donor ion concen-

trations is fast diffusion. Fast diffusion refers to the resonant energy transfer between

donor ions. In this scheme, the excitation energy is able to migrate through the sys-

tem by the successive transfer of energy from one donor ion to another, until the

excitation comes into the vicinity of an acceptor ion where direct (donor-acceptor)

energy transfer can take place. At high donor ion concentrations the average sepa-

ration between donor ions is small; this allows the migration or diffusion of energy

to occur rapidly. The fast diffusion of energy effectively averages out the variations
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in the transfer rates for different donor-acceptor ion pairs. The luminescence decay

from such a system will therefore exhibit a simple exponential dependence with time.

5.1.3 Diffusion-limited relaxation

As opposed to fast diffusion, diffusion limited relaxation is said to occur when the

rate of energy diffusion from donor to acceptor ions is slow (but still comparable to

the intrinsic decay rate) and when in this regime the system is observed to decay

with two competing processes. Excited donor ions in close proximity to acceptor

ions will relax predominantly by direct donor-acceptor ion energy transfer, whilst

the more distant donor ions must first diffuse into the vicinity of an acceptor ion

before relaxation can occur. In systems where the acceptor concentration is low,

only a small fraction of the total number of excited donor ions are within the crit-

ical transfer distance of an acceptor ion. In this limit, where the average distance

between acceptors Na
1/3 >> R0, the donor ion decay will be governed principally

by the intrinsic relaxation and the diffusion-limited relaxation to acceptor ions [126].

As the acceptor ion concentration increases, a larger proportion of donor ions are

within the critical interaction range of the acceptor ions making energy migration

less predominant. Yokota and Tanimoto [124] were the first to obtain a general

solution for the donor ion decay function including both diffusion within the donor

ion system and donor-acceptor ion energy transfer via dipole-dipole coupling. The

solution takes the form:

φ(t) = φ(0)exp

(−t

τ0

)
×exp

[
−4

3
π3/2Na(Ct)1/2

(
1 + 10.87x + 15.50x2

1 + 8.743x

)3/4
]

, (5.4)

where x = DC−1/3 t2/3 and D is the diffusion constant.

For early times during the decay, when t << C1/2D−3/2, often for times << τ0,

Equation 5.4 reduces to Equation 5.3 and therefore exhibits non-exponential be-

haviour with time. At longer decay times, t >> τ0, the diffusion and intrinsic decay

processes begin to dominate. In this limit, Equation 5.4 reduces to an exponential
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function and decays at a rate approximately equal to 1/τ = 1/τ0 +1/τD, where 1/τD

is the decay rate due to diffusion.

By analysing the luminescence decay from the donor ion system, usually as a func-

tion of donor ion concentration, one can determine the appropriate regime of the

donor ion system. The distinguishing features of the luminescence decay, φ(t), for

each regime are summarised below.

1. Direct transfer - no diffusion

(a) Occurs at low donor ion concentrations;

(b) φ(t) at early times is fast and non-exponential; φ(t << τ0) ∝ 1− γt3/S and

(c) φ(t) at long times becomes exponential as the donor ions that are far from the

acceptor ion will decay with their own lifetime: φ(t >> τ0) ∝ exp(−t/τ0).

2. Fast diffusion

(a) Occurs at very high donor ion concentrations;

(b) at high donor ion concentrations the separation between donor ions is small,

making the rate of energy transfer/energy migration high and

(c) the observed decay is purely exponential, since the fast diffusion averages out

all of the different donor ion environments: φ(t) ∝ exp(−t/(τ0 + τD)).

3. Diffusion-limited relaxation

(a) Occurs at high donor ion concentrations;

(b) the decay at early times, where migration is not important, takes the form for

direct donor-acceptor ion transfer: φ(t << τ0) ∝ 1− γt3/S and

(c) the decay at long times becomes exponential and is characterised by: φ(t >>

τ0) ∝ exp(−t/(τ0 + τD)).
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Direct transfer and diffusion-limited relaxation have been shown to result in non-

exponential decay of the donor ion system. These two theoretical frameworks are

frequently used in the literature to characterise the non-exponential decay from rare

earth ions. In recent times, these frameworks have been used to describe the non-

exponential decay of the 3H4 and 3F4 manifolds of Tm3+ in a range of different host

materials [115, 97, 113, 128, 129, 130]. However, these studies have been restricted

to fluoride and crystal host materials, mainly due to their ability to incorporate large

Tm2O3 concentrations.

Although no quantitative study of the energy transfer processes in Tm3+ -doped

silica glass has been undertaken, non-exponential decay from the 3H4 and to a lesser

extent the 3F4 manifold, has been reported [107, 88]. Work by Lincoln in low con-

centration Tm3+ -doped silica fibres demonstrated that non-exponential decay could

also occur as a result of the inhomogeneous nature of the glass [107]. The approach

taken in that work showed that non-exponential decay of an excited manifold may

still occur in the absence of energy transfer mechanisms. The theory behind this

approach is discussed in the following section.

5.1.4 Inhomogeneous broadening effects

To understand the effects that inhomogeneous broadening can have on the decay of

an excited state manifold, it is convenient to look at the rate equation describing

the decay of the population in an excited state. In the absence of any energy

transfer processes, the rate equation describing the population of Nj excited ions in

a manifold of energy Ej can be given as:

dNj

dt
= −

Nj∑
n=1


An

j, j−1 (mp) +
∑

i, Ei<Ej

An
j, i (rad)


 , (5.5)

where An
j,i (rad) is the radiative decay rate of ion n to a lower lying Stark manifold i

and An
j,j−1 (mp) is the multi-phonon decay rate of ion n.



Chapter 5. FLUORESCENCE DECAY IN TM3+ -DOPED SILICA FIBRE 96

If the radiative and non-radiative decay rates are constant for all excited ions

then the jth manifold will decay as a single exponential, with a characteristic life-

time of 1/τ = 1/τrad + 1/τmp, where 1/τrad and 1/τmp represent the radiative and

non-radiative (multi-phonon) decay rates, respectively. However, if there is a non-

uniform distribution of either of these two decay rates within the glass, the decay

from the manifold will become non-exponential.

As discussed in Section 2.4, inhomogeneous broadening of energy manifolds can

result in slight variations in the position of the Stark levels within a manifold. In a

situation where the excited and next lowest energy manifold are separated by sev-

eral thousand cm−1 the transition will be dominated by radiative decay. The slight

variation in the position of the energy levels in this case, is considered to have a

negligible effect on the decay of the manifold since transitions which are dominated

by radiative decay can, in general, be described by a single exponential.

On the other hand, when the energy gap between the excited and next lowest en-

ergy manifold is such that multi-phonon emission can occur and dominate, then the

decay of the system becomes vulnerable to site-to-site variations. As discussed in

Section 2.3, the multi-phonon decay rate is exponentially dependent on the energy

gap between the two Stark manifolds; this being the case, any variation between site-

to-site energies will have a significant effect on the multi-phonon decay rate. The

finite energy differences caused by the site-to-site variation will translate into a fi-

nite distribution of possible multi-phonon decay rates and therefore non-exponential

decay from the system. The decay of a system dominated by multi-phonon decay

across a varying energy gap can be modelled according to [114]:

φ(t) ∝
∫

g(E)exp

( −t

τmp(E)

)
dE , (5.6)

where g(E) is the probability of having an energy gap E and τ−1
mp(E) is the multi-

phonon decay rate which can be approximated by:
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τ−1
mp(E) = B exp (−αE) , (5.7)

where B and α are host dependent parameters.

If the assumption is made that energy gap distribution is Gaussian, then the decay

of the system can be described by:

φ(t) ∝
∫

exp
[−(E − (E0/ς))

2 − t B exp (−αE)
]

dE , (5.8)

where (E − (E0/ς))
2 represents the Gaussian approximation of the energy gap dis-

tribution.

Unfortunately, the occurrence of an exponential within the exponential in the inte-

gral makes solving this equation extremely difficult. To date, solutions to Equation

5.8 have not been found. Instead, Lincoln demonstrated that a stretched expo-

nential function can be used to characterise these types of decaying systems [114].

The stretched exponential function is frequently used in physics and chemistry to

describe non-exponential waveforms and takes the form:

φ(t) = φ(0) exp (−t/τlife)
p , (5.9)

where φ(0) is the initial population of the excited manifold, τSE is the stretched ex-

ponential lifetime of the excited manifold and p is the stretched exponential power

(SEP), which ranges from 0 to 1, where 1 represents a single exponential. For p

values < 1 the decay is slower than the comparable exponential decay with the same

τlife factor.

Therefore, in the case of a stretched exponential function there are three parameters

which describe the decay waveform. An important note here is that the stretched

exponential function behaviour is implicit in the energy transfer models derived by

Förster and Dexter [109], and Inokuti and Hirayama [108]. However in the case of

inter-molecular energy transfer, the physical origin of the stretched exponential is
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defined [109] and hence the principal parameters driving the stretched exponential

decay can be determined. The same cannot be said for the stretched exponential

of the form presented in Equation 5.9, for this type of function does not have an

exclusive origin for the stretched exponential decay. Therefore, the characteristic

lifetime obtained from the fit cannot be interpreted with a great deal of physical

meaning. Rather the stretched exponential fit provides an effective tool to compare

the shapes and decay time scales from one system to another.

5.2 Single exponential fitting

In Chapter 4, single exponential fits were applied to the decay waveforms from

the 3H4 and 3F4 manifolds to obtain a characteristic lifetime value which could be

compared between each fibre sample.

5.2.1 3H4 manifold

Figures 5.1 shows an example of a single exponential fit to the decay of the 3H4 man-

ifolds for sample Al-7, under 780 nm excitation.
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Figure 5.1: Single exponential fit to the measured decay from the 3H4 manifold of the
alumino-silicate sample Al-7, under 780 nm excitation. The inset of the figure shows the
residuals associated with the fit to the single exponential function.
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The single exponential fit to the data fails to describe accurately the waveform at the

beginning of the decay for t < 60 µs; this is exemplified in the plot of the residuals

shown in the inset of Figure 5.1. The non-exponential nature of the decay from this

manifold is further evidenced by the 1/e-fold times for the decay. Figure 5.2 shows

the first four e-fold times from the 3H4 manifold decay for six of the Tm3+ -doped

alumino-silicate fibre samples.
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Figure 5.2: The first four e-fold times from the 3H4 manifold decay of Tm3+ -doped
alumino-silicate fibres, under 780 nm excitation.

The variation in e-fold times confirms the non-exponential nature of these decay

waveforms. The lifetime increase of each e-fold time also indicates that the decay is

dictated by longer decay components as it progresses in time.

5.2.2 3F4 manifold

The decay waveforms from the 3F4 manifold of Tm3+ are reported frequently as sin-

gle exponential for reasons discussed later in this chapter. In this section it becomes

clear that the decay from this manifold in silica glass does exhibit non-exponential

behaviour. Figure 5.3 presents an example of a single exponential fit to the decay

of the 3F4 manifold for the alumino-silicate sample Al-7, under 1586nm pumping.
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Figure 5.3: Single exponential fit to the measured decay from the 3F4 manifold of the
alumino-silicate sample Al-7, under 1586 nm excitation. The inset of the figure shows the
residuals associated with the fit to the single exponential function.

From Figure 5.3 it can be concluded that the decay is more exponential than that

from the 3H4 manifold; however, the fit fails to describe the beginning of the decay

for times > 1000 µs, as exemplified in the plot of the residuals shown in the inset

of Figure 5.3. The first four e-fold times from the 3F4 manifold decay for six of the

Tm3+ -doped alumino-silicate fibre samples is shown in Figure 5.4.
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Figure 5.4: The first four e-fold times from the 3F4 manifold decay of Tm3+ -doped
alumino-silicate fibres, under 1586 nm excitation.
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Although rarely reported in the literature, increases in the e-fold times for the

3F4 manifold in Tm3+ -doped germano-silicate fibres have been observed [88].

5.3 Stretched exponential fitting

To explore the non-exponential nature of the decay from both the 3H4 and 3F4 man-

ifolds, a stretched exponential fit is applied to the data to compare the degree of

non-exponentiality for each measured waveform. By comparing the amount of non-

exponential decay that a particular manifold exhibits, meaningful conclusions re-

garding the origin of the non-exponential form can be made. The least squares

fitting of the stretched exponential function was carried out using the three param-

eters φ(0), τSE and p, as defined in Equation 5.9.

5.3.1 3H4 manifold

Figure 5.5 shows a stretched exponential fit to the 3H4 manifold decay waveform

from the alumino-silicate sample Al-7.
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Figure 5.5: Stretched exponential fit to the decay from the 3H4 manifold of the alumino-
silicate sample Al-7, under 780 nm pumping. The inset of the plot shows the residuals
associated with the stretched exponential fit.
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The stretched exponential fit described the decay waveform quite accurately over

both short and long decay times as seen by the plot of the residuals shown in

the inset of Figure 5.5. In the following sections the parameters from the stretched

exponential fit are used to investigate the effects of the Tm3+ concentration and host

environment on the non-exponential nature of the decay from the 3H4 manifold.

5.3.1.1 Tm3+ concentration

In order to determine the origin of non-exponential decay in Tm3+ -doped silica

fibres, one of the important comparisons which needs to be made is the degree

of non-exponentiality as a function of Tm3+ concentration. If the observed non-

exponential decay is a result of inter-molecular energy transfer then, according to

the expressions presented in Section 5.1, the decay waveform should become in-

creasingly non-exponential with donor concentration. On the other hand, if the

non-exponential decay is a result of the finite distribution of multi-phonon decay

rates caused by the inhomogeneous nature of the host material then the degree of

non-exponentiality should be independent of donor concentration. Table 5.1 reports

the fitted parameters from the stretched exponential fit to the decay of five alumino-

silicate fibre samples at various Tm2O3 concentrations, under 780 nm pumping.

Sample Tm2O3 (ppm) τSE (µs) SEP ‘p’
Al-5 220 15.9 ± 0.10 0.719 ± 0.008
Al-3 450 15.0 ± 0.07 0.722 ± 0.007
Al-6 1850 15.6 ± 0.06 0.719 ± 0.006
Al-4 1950 15.3 ± 0.06 0.716 ± 0.005
Al-8 32000 10.9 ± 0.03 0.704 ± 0.005

Table 5.1: Characteristic lifetimes and stretched exponential powers of the 3H4 manifold
as a function of Tm2O3 concentration.

The stretched exponential power obtained from the fits show no dependence on the

Tm2O3 concentration, for concentrations as high as 1950 ppm. This result is in

agreement with Chapter 4, which found that the cross relaxation process involving

the 3H4 and 3H6 manifolds (3H4,
3H6→ 3F4,

3F4) has a negligible effect on the decay

dynamics of the 3H4 manifold at these concentration levels. It can also be concluded,
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from the lack of concentration dependence in this sample set, that inter-molecular

energy transfer mechanisms are not the cause of the non-exponential behaviour from

this manifold.

The highly doped Al-8 sample was the only sample to deviate from the average

stretched exponential power. The slight reduction in the power and exponentiality

could be attributed to the cross relaxation process originating from this manifold, as

the probability of this process occurring increases with concentration. With this in

mind, the decay waveform was fitted to both the Inokuti-Hirayama energy exchange

expression as well as the Yokota-Tanimoto expression; both fits exhibited similar

outcomes to the stretched exponential as expected. However, the phenomenological

parameters which arise from the fits give non-physical values, indicative of an inap-

propriate fit.

This leads to the second most probable cause for the slight reduction in the stretched

exponential power, the host composition. Sample Al-8 was co-doped with aluminium

and a small proportion of phosphorus, which acted as a glass softening agent to in-

corporate such high Tm2O3 concentrations. The addition of phosphorus to the host

composition has been shown to dramatically decrease the fluorescence lifetime of the

3H4 manifold [35], which indicates that it has a significant impact on the local envi-

ronment surrounding the Tm3+ ion. It is therefore proposed that the incorporation

of phosphorus has modified the local environment which could involve increasing

the amount of inhomogeneous broadening and therefore the distribution of possible

multi-phonon decay rates in the system. An increase in the amount of inhomoge-

neous broadening would account for the observed increase in the non-exponentiality

of the Al-8 decay waveform.

5.3.1.2 Alumino-silicate fibres

To further explore the host materials’ effect on the non-exponentiality of the decay

waveforms a study was undertaken on the stretched exponential parameters for the

range of alumino-silicate fibre samples. The stretched exponential parameters for a
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series of alumino-silicate samples with Tm2O3 concentrations < 500 ppm containing

Al2O3 concentrations from 1.9 to 9 mol% are listed in Table 5.2 and displayed as a

function of Al2O3 concentration in Figure 5.6.

Sample Al2O3 (mol %) τSE (µs) SEP ‘p’
Al-1 1.9 16.8 ± 0.1 0.733 ± 0.006
Al-2 3.4 19.9 ± 0.1 0.723 ± 0.005
Al-3 4.4 20.7 ± 0.1 0.722 ± 0.004
Al-5 4.8 22.5 ± 0.2 0.719 ± 0.004
Al-7 9.0 32.5 ± 0.2 0.697 ± 0.005

Table 5.2: Characteristic lifetimes and stretched exponential powers of the 3H4 manifold
as a function of Al2O3 concentration.
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Figure 5.6: Stretched exponential power for the 3H4 manifold as a function of Al2O3 con-
centration, for fibre samples with Tm2O3 concentrations < 500 ppm.

The decreasing trend in the stretched exponential power with Al2O3 concentration

indicates that the host material and local environment surrounding the Tm3+ ion

does indeed, play a role in determining the shape and nature of the decay from

the 3H4 manifold. In the theoretical framework considered here, an increase in the

non-exponentiality with increasing Al2O3 concentration suggests that the site-to-site
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variations and distributions of multi-phonon decay rates increases with increasing

Al2O3 concentration. There is evidence in the literature to support such an ar-

gument, with spectroscopic studies of Er3+ and Nd3+ showing that the amount of

inhomogeneous broadening of the excited 4I13/2 and 4F3/2 manifolds, respectively,

increase with increasing Al2O3 concentration in silica glass [131, 92]. Since the fibres

studied in this investigation were fabricated using the same technique (MCVD) in a

similar host material, it is not unreasonable to expect Tm3+ -doped alumino-silicate

glasses to exhibit similar characteristics. An important note here is that no sig-

nificant inhomogeneous broadening of the energy manifold was observed from the

absorption spectra presented in Section 4.3, bearing in mind that the measurement

resolution of the spectra was limited to 2 nm. This suggests that modest changes

in the local environment may lead to significant changes in the exponentiality of

the decay waveform from the 3H4 manifold. Variation in the local environment sur-

rounding the Tm3+ ion, caused by the addition of Al2O3, may be further exaggerated

by the fact that the 3H4 manifold is dominated by non-radiative multi-phonon de-

cay (see Table 2.1). The strong link to the multi-phonon decay rate results in the

3H4 manifold being extremely sensitive to changes in the local environment. This

sensitivity may prove to be an effective tool in determining the effects of a co-dopant

in the silica glass system.

5.3.1.3 Germano-silicate fibres

The parameters obtained from stretched exponential fits to the decay waveforms

from the 3H4 manifold of the germano-silicate samples are listed in Table 5.3.

Sample τSE (µs) SEP ‘p’
Ge-1 17.8 ± 0.1 0.818 ± 0.008
Ge-2 16.4 ± 0.1 0.804 ± 0.005

Table 5.3: Characteristic lifetimes and stretched exponential powers of the 3H4 manifold
for the two germano-silicate fibres.
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The stretched exponential power exhibited in the germano-silicate samples is con-

siderably higher than those reported for the alumino-silicate samples. The increase

in the exponentiality can be explained in terms of how the rare earth ion is incor-

porated into the host material. In germano-silicate glass, the four-coordinated Ge

does not alter the tetrahedral silica network sufficiently [91]. By comparison, the

structural model put forward by Arai et al. for the incorporation of Al suggests that

there are two different bonding configurations in a SiO2 network: (a) a tetrahedral

bonding configuration as a network former such as AlO4/2 and (b) an octahedral

coordination of oxygen atoms as a network modifier such as AlO6/2. Therefore com-

binations of AlO4/2 and/or AlO6/2 coupled with SiO2 surround the rare earth ion.

The varying local environment surrounding the rare earth has important implica-

tions on the transition linewidths, both homogeneous and inhomogeneous. Indeed,

Desurvire et al. showed in studies on Er3+ -doped silica glass, that the inhomogeneous

broadening of the 4I14/2→ 4I15/2 was greater in alumino-silicate glasses compared to

germano-silicate glass [132, 133]. It is expected that the Tm3+ -doped silica glasses

studied here would exhibit similar characteristics, as they were fabricated using the

same technique. In this case, decay waveforms which are dependent on the inhomo-

geneous broadening of the host in germano-silicate fibres will exhibit a greater degree

of exponentiality than those in alumino-silicate glass as the site-to-site variation and

hence distribution of possible multi-phonon decay rates is reduced.

5.3.2 3F4 manifold

In this section, the non-exponential decay of the 3F4 manifold is explored in greater

detail with respect to the host composition and Tm2O3 concentration. A stretched

exponential fit to the 3F4 manifold decay of the Al-7 sample, under 1586 nm pump-

ing, is shown in Figure 5.7.
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Figure 5.7: Stretched exponential fit to the decay from the 3F4 manifold of the alumino-
silicate sample Al-7, under 1586 nm pumping. The inset of the plot shows the residuals
associated with the stretched exponential fit.

The fit again describes the decay waveform well at both early and late times, as

indicated by the plot of the residuals in the inset of Figure 5.7. To explore the origin

of non-exponentiality from the 3F4 manifold, a similar study was carried out into

the effects of the Tm2O3 concentration and host composition.

5.3.2.1 Tm3+ concentration

Table 5.4 reports the fitted parameters from the stretched exponential fit to the

decay of five alumino-silicate fibre samples at various Tm2O3 concentrations.

Sample Tm2O3 (ppm) τSE (µs) SEP ‘p’
Al-5 220 367 ± 2 0.781 ± 0.006
Al-3 450 347 ± 1 0.785 ± 0.004
Al-6 1850 361 ± 1 0.794 ± 0.008
Al-4 1950 366 ± 1 0.795 ± 0.005
Al-8 32000 355.5 ± 0.5 0.879 ± 0.0007

Table 5.4: Characteristic lifetimes and stretched exponential powers of the 3F4 manifold
for increasing Tm2O3 concentrations.
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It may be argued that the non-exponential decay from the 3F4 manifold is a result

of the energy transfer up-conversion processes which were established in Section 4.6.

However, if this were the case then the degree of non-exponentiality would increase

with increasing Tm2O3 concentration. The stretched exponential powers listed in

Table 5.4 show a variation of < 2 % for Tm2O3 concentrations ranging from 220

- 1950 ppm. It can therefore be concluded that the energy transfer up-conversion

processes originating from the 3F4 manifold have a negligible effect on the decay

characteristics of the 3F4 manifold at such concentrations. This is not a surprising

result, as the energy transfer up-conversion process, established in Section 4.6, is less

efficient than the cross relaxation process and no significant change was observed for

that process.

A significant increase in the stretched exponential power was observed for the highly

concentrated Al-8 sample. The ∼ 10% increase in the stretched exponential power is

attributed to the high Tm2O3 concentration. At Tm2O3 concentrations of the order

of several thousand ppm, the system can be considered to be in the fast diffusion

regime. In this regime, donor Tm3+ ions can transfer energy rapidly throughout

the system, effectively averaging out the variations in the multi-phonon decay rate

caused by the site-to-site variations. The averaging of the multi-phonon decay rate

distribution results in a decay which has a greater exponential dependence with

time. This regime has a more pronounced effect on the 3F4 manifold, because the

manifold is dominated less by multi-phonon decay compared to the 3H4 manifold

and exhibits a longer intrinsic decay time.

5.3.2.2 Alumino-silicate fibres

The stretched exponential parameters for the series of alumino-silicate samples with

Tm2O3 concentrations < 500 ppm containing Al2O3 concentrations from 1.9 to

9 mol% are listed in Table 5.5 and displayed as a function of Al2O3 concentra-

tion in Figure 5.8.
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Sample Al2O3 (mol %) τSE (µs) SEP ‘p’
Al-1 1.9 306 ± 6 0.77 ± 0.01
Al-2 3.4 332 ± 2 0.774 ± 0.005
Al-3 4.4 347 ± 3 0.785 ± 0.004
Al-5 4.8 367 ± 2 0.781 ± 0.006
Al-7 9.0 475 ± 2 0.781 ± 0.008

Table 5.5: Characteristic lifetimes and stretched exponential powers of the 3F4 manifold
for increasing Al2O3 concentration.
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Figure 5.8: Stretched exponential power for the 3F4 manifold as a function of Al2O3 con-
centration, for fibre samples with Tm2O3 concentrations < 500 ppm.

From the data presented in Figure 5.8 a slight positive slope is observed. However,

the linear fit applied to the data results in a poor fit and a slope consistent with

zero, when measurement errors are considered. The stretched exponential power of

the 3F4 manifold was found to be significantly higher (∼ 10 %) than the 3H4 man-

ifold. This can be explained by considering the multi-phonon contribution to the

overall decay rate for each manifold. The energy gap from the 3F4 manifold to the

3H6 ground state is ∼ 5400 cm−1 , whereas the energy gap from the 3H4 manifold

to the next lowest Stark manifold (3H5 ) is ∼ 4150 cm−1. Therefore, the decay from

the 3H4 manifold is more sensitive to variations in the multi-phonon decay rate
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caused by site-to-site variations. Many researchers have reported single exponential

decay from the 3F4 manifold [95, 134, 97], in low phonon energy glasses, where this

transition is dominated by radiative decay as the energy gap cannot be bridged by

the simultaneous emission of multiple phonons. Hence, site-to-site variations caused

by the host material have little to no effect on the decay of the manifold and the

manifold will decay as a single exponential. Researchers have also reported single

exponential decay of the 3F4 manifold in crystals [115]; in these cases the single expo-

nential nature of the decay arises from the fact that the sites occupied by rare earth

ions are the same throughout the crystal which results in little or no inhomogeneous

broadening of the energy levels. With no inhomogeneous broadening, all excited

ions in a particular manifold will decay with constant radiative and non-radiative

decay rates.

5.3.2.3 Germano-silicate fibres

The parameters obtained from the stretched exponential fit to the decay waveforms

from the 3F4 manifold of the germano-silicate samples are presented in Table 5.6.

Sample τSE (µs) SEP ‘p’
Ge-1 419 ± 2 0.853 ± 0.004
Ge-2 387 ± 1 0.815 ± 0.004

Table 5.6: Characteristic lifetimes and stretched exponential powers of the 3F4 manifold
for the two germano-silicate fibres.

The fluorescence decay from the 3F4 manifold in the germano-silicate glass again ex-

hibited a greater degree of exponentiality than those observed in the alumino-silicate

glass. This result is consistent with the explanation offered in Section 5.3.1.3, re-

garding the difference between the incorporation of the Tm3+ ion in a host material

of germano-silicate as opposed to alumino-silicate. The cause of the difference be-

tween the stretched exponential power of Ge-1 and Ge-2 (∼ 4%) is unclear. One

possible explanation may be the difference in Tm2O3 concentration. In germano-

silicate glass, the incorporation of rare earth ions is made difficult by the tetrahedral

structure of the network and lack of non-bridging oxygens. Hence, rare earth ions in



Chapter 5. FLUORESCENCE DECAY IN TM3+ -DOPED SILICA FIBRE 111

germano-silicate glasses tend to cluster at concentrations much less than alumino-

silicate glasses [92]. With this in mind, the reduction in stretched exponential power

observed with the increase in the Tm2O3 concentration, may indicate that the energy

transfer up-conversion processes established in Section 4.6 affect the decay dynam-

ics of this manifold for Tm2O3 concentrations & 1950 ppm. However, this effect

is considered to be minimal since the ETU rate was found to be greater in the

alumino-silicate fibres where no variation in the shape of the decay was observed

with increasing Tm2O3 concentration.

5.4 Conclusion

In the majority of cases, the fluorescence from rare earth ions can be described well

by fitting a single exponential function to the decay waveform. The single expo-

nential fit is justified when the majority of ions decay with the same radiative and

non-radiative decay rates. In a disordered host material such as glass, this require-

ment still holds true for excited manifolds which are dominated by radiative decay.

On the other hand, excited manifolds which are dominated by multi-phonon decay

have been found to exhibit non-exponential behaviour, regardless of dopant con-

centration. In these situations the non-exponential nature of the decay cannot be

explained by ion-ion interactions and/or clustering.

In the present study, the non-exponential nature of the decay from the 3H4 and

3F4 manifolds in Tm3+ -doped alumino- and germano-silicate host materials, was ex-

plained in terms of multi-phonon decay occurring across varying energy gaps caused

by site-to-site variations in the glass network. Stretched exponential fits were found

to accurately describe the non-exponential nature of the decays as well as providing

a comparative figure for the degree of non-exponentiality exhibited by a particular

decay waveform. The stretched exponential power for the 3H4 manifold of Tm3+ in

the alumino-silicate glass was found to decrease with increasing Al2O3 concentration.

This effect was attributed to the increase in site-to-site variations and distribution

of possible multi-phonon decay rates caused by the incorporation of Al2O3 into the
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glass network. The results suggest that the 3H4 manifold of Tm3+ may be used

as a probing source to gain information about the relative amount of site-to-site

variation and average local environment experienced by a Tm3+ ion. Although no

quantitative information could be obtained from this analysis, it may provide a

simple technique for assessing the effects of co-doping in particular disordered host

materials. It should be noted that this technique is not limited to Tm3+ ; other

rare earth ions that have energy manifolds which are dominated by multi-phonon

decay will also serve as excellent probing sources for the assessment of the effects of

different host modifiers.



Chapter 6

THULIUM:YTTERBIUM-DOPED SILICA

FIBRES

The second approach taken to improve the quantum efficiency of the Tm3+ -doped

fibre amplifier in silica glass was to co-dope Tm3+ ions with a strong sensitising ion

in the form of Yb3+ . Studies of Tm3+/Yb3+ co-doped systems date back to the

1960s and 70s where Hewes et al. [41] and Ostermayer et al. [42] carried out ex-

tensive studies on the up-conversion characteristics of Tm3+/Yb3+ in YF3 crystals.

Researchers have since studied the properties of Tm3+/Yb3+ co-doped systems in a

range of host materials [43, 44, 135, 45, 136], although work that has been carried

out on such systems in silica based glasses has been limited. Hanna et al. reported

on the up-conversion properties of Tm3+/Yb3+ -co-doped silica glass under excita-

tion at 1060 and 800-860 nm and found that the poor up-conversion efficiencies of

the system were a result of the short excited state lifetimes of Tm3+ [64]. However,

from the results shown in Section 4.4.1, 3-fold increases in the fluorescence lifetimes

of the 3H4 and 3F4 manifolds can been achieved in these glass types through the

incorporation of large amounts of Al2O3 . This, coupled with the development of

high-powered semi-conductor laser sources at 980 nm, which enables the peak ab-

sorption of Yb3+ to be optically pumped efficiently, suggests that an improvement

in the up-conversion efficiencies in silica-based materials may now be realised.

In this chapter the up-conversion properties of Tm3+/Yb3+ co-doped alumino-

silicate fibres under excitation at 980 nm are presented. The population mecha-

nisms for the up-conversion processes are established and studied at three different

Tm3+/Yb3+ concentration ratios. The lifetimes of the excited states of Tm3+ and

Yb3+ are also reported and studied as a function of Yb2O3 concentration.

113
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6.1 Absorption measurements

A total of three Tm3+/Yb3+ co-doped alumino-silicate fibres were fabricated for this

study using the MCVD and solution doping techniques. The core concentrations of

the fibres are listed in Table 6.1 along with the Tm3+/Yb3+ concentration ratios.

Sample
Tm2O3 Yb2O3 Ratio Al2O3 LPMC
(ppm) (ppm) Tm3+/Yb3+ (mol%) label

TmYb-1 100 430 1:4 3.8 C05
TmYb-2 100 940 1:9 3.8 C08
TmYb-3 120 1400 1:12 3.2 C017

Table 6.1: Core dopants of the Tm3+/Yb3+ -co-doped silica fibres.

The absorption spectrum of the TmYb-1 sample is shown in Figure 6.1.
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Figure 6.1: Measured absorption spectrum of the Tm3+/Yb3+ -co-doped silica fibre
sample TmYb-1. The energy level designations for each absorption peak are also pre-
sented. Note: the measured absorption has been magnified by a factor of 10 in the regions
designated by the arrows.



Chapter 6. THULIUM:YTTERBIUM-DOPED SILICA FIBRES 115

The absorption spectrum displayed similar characteristics to the Tm3+ -doped silica

fibre spectra shown in Section 4.3.1, apart from the absorption peaks present at

920 and 976 nm. These peaks are attributed to the Yb3+ ion and are significantly

stronger than those associated with Tm3+ as can be seen by the scaling factor of

10 in Figure 6.1. The Tm2O3 and Yb2O3 concentrations given in Table 6.1 were

estimated from the absorption peaks at 786 and 920 nm, respectively. The refrac-

tive index profiles of the fibre samples were used to obtain the Al2O3 concentrations.

Al2O3 was used to modify the core region of the fibre, as it has been established that

it has a lengthening effect on the fluorescence lifetimes of the 3H4 and 3F4 manifolds.

The Al2O3 also helps to distribute the rare earth ions homogeneously throughout

the glass host and provides the refractive index difference needed to guide light along

the fibre. High Tm2O3 concentrations were avoided in this study as the cross relax-

ation processes between Tm3+ ions may mask the energy transfer properties from

the energy exchange between Yb3+ and Tm3+ ions. No other standard modifiers

of silica, such as germanium, phosphorus or fluorine were used in the fabrication

process.

6.2 Up-conversion luminescence under 980 nm

excitation

The approach taken in this investigation is to use a double energy transfer process

to further enhance the quantum efficiency of the S-band transition in Tm3+ . The

proposed double energy transfer process has the added advantage of populating the

upper amplifying 3H4 manifold whilst depopulating the lower amplifying 3F4 mani-

fold, as shown in Figure 6.2.

The double energy transfer mechanism involves the energy transfer of an excited ion

in the 2F5/2 manifold of Yb3+ with a nearby ground state Tm3+ ion, which excites

the ground state Tm3+ ion to the 3H5 manifold. Due to the close proximity of the

3F4 manifold, multi-phonon decay quickly relaxes any population in the 3H5 mani-
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Figure 6.2: Double energy transfer between Yb3+ and Tm3+ ions under 980 nm excita-
tion, illustrating how the 3H4 manifold of Tm3+ is populated.

fold to the relatively long lived 3F4 manifold. A second energy transfer from another

excited Yb3+ ion can then populate the 3F2 and 3F3 manifolds of Tm3+. Again,

multi-phonon decay quickly relaxes any population in the 3F2 and 3F3 manifolds to

the 3H4 manifold. The non-resonant nature of each energy transfer step necessitates

the assistance of phonons. The energy mismatch for each up-conversion step is given

below for Tm3+/Yb3+ in YF3 [42]:

Yb3+ (2F5/2) + Tm3+ (3H6) → Yb3+ (2F7/2) + Tm3+ (3H5) ∆E ∼ 1650 cm−1

Yb3+ (2F5/2) + Tm3+ (3F4) → Yb3+ (2F7/2) + Tm3+ (3F2) ∆E ∼ 1000 cm−1

From the absorption spectra of the fibre samples used in this investigation these

mismatches are estimated to be ∼ 1124 ± 4 and ∼ 822 ± 33 cm−1 , respectively.

The reduction in the energy mismatches in silica glass may be attributed to the

energy level broadening caused by the amorphous nature of the glass. The positive

energy mismatch associated with these processes requires the emission of phonons

to conserve energy. The reduced energy mismatches coupled with the relatively high

phonon energy of silica glass suggests that efficient energy transfer can take place in

silica glass environments, although these advantages may be negated by the reduc-

tion in the radiative lifetimes of the excited manifolds.

When optically pumped at 980 nm, the Tm3+/Yb3+ -co-doped silica fibres produced
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blue emission, which was clearly visible with the naked eye. Blue luminescence un-

der 980 nm pumping in Tm3+/Yb3+ -co-doped systems has been observed in many

host materials and is reported to originate from the 1G4 manifold of Tm3+ by the

successive three step energy transfer process illustrated in Figure 6.3 [64, 137, 138].
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Figure 6.3: Proposed mechanism for the population of the 1G4 manifold via a three step
energy transfer up-conversion process in Tm3+/Yb3+ co-doped silica fibre under 980 nm
excitation.

The three step process involves the double energy transfer mechanism shown in Fig-

ure 6.2 with an additional step, which involves a third energy transfer from another

excited Yb3+ ion to a neighbouring excited Tm3+ ion in the 3H4 manifold. The re-

sultant transfer culminates in an excited Tm3+ ion in the 1G4 manifold. The energy

mismatch for the third energy step for Tm3+/Yb3+ in YF3 [42] is:

Yb3+ (2F5/2) + Tm3+ (3H4) → Yb3+ (2F7/2) + Tm3+ (1G4 ) ∆E ∼ 1400 cm−1 .

From the absorption spectra measured in this work the mismatch is estimated to be

955 ± 15 cm−1 , in alumino-silicate glass.

The counter-propagating up-conversion luminescence spectrum for each fibre sam-

ple, in the wavelength range of 450 - 900 nm is shown in Figure 6.4.
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Figure 6.4: Counter-propagating luminescence spectra of the Tm3+/Yb3+ -co-doped fibre
samples under 980 nm excitation. Note: sample lengths were all kept to 20 cm and the
incident pump power in each case was 128 mW.

The up-conversion luminescence spectra show three distinct fluorescence bands cen-

tred around 475, 650 and 780 nm, which are attributed to the transitions from

the 1G4 → 3H6 , 1G4 → 3F4 and (1G4 → 3H5 & 3H4 → 3H6 ) manifolds, respec-

tively. Unfortunately, low fluorescence intensity levels prevented the 3H4 → 3F4 and

3F4 → 3H6 counter propagating spectra from being measured. Even so, the pres-

ence of the three luminescence bands at visible wavelengths confirms energy transfer

between Yb3+ and Tm3+ ions is taking place under 980 nm excitation. A fourth

fluorescence band which begins to rise around 880 nm is attributed to the strong

Yb3+ fluorescence band which spans ∼ 300 nm and peaks at 980 and 1040 nm as

seen in Figure 2.6.

To understand the origin of the luminescence bands, the dependencies of the up-

conversion luminescence bands were studied as a function of the Yb3+ excited state

population for a range of incident pump powers. The number of pump photons, n,

required to produce an up-converted photon in the Tm3+/Yb3+ -co-doped system

can be determined easily, as the up-conversion intensity has an n power dependence
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on the density of excited ions in the 2F5/2 manifold of Yb3+ . In the majority of

cases, authors report the up-conversion luminescence as a function of incident pump

power to obtain the number ‘n’ which is valid when the density of excited ions in

the 2F5/2 excited manifold is directly proportional to the incident pump power. This

condition is satisfied when only a small number of ions are excited from the ground

state manifold. However, when the ground state is excited with increasingly large

input powers it can become depleted, resulting in a saturated excited state popula-

tion. In such a case, the density of excited ions is no longer directly proportional to

the incident pump power and comparisons with the up-conversion luminescence be-

come invalid. A more accurate account of the density of ions in an excited state can

be obtained by measuring the fluorescence intensity from the excited manifold. The

fluorescence intensity is directly proportional to the density of excited ions under all

input pumping regimes; therefore comparison between the fluorescence intensities of

the excited state and up-conversion luminescence states provides a better account

of the populating mechanism and number ‘n’ over a large range of incident pump

powers. This is an important distinction which needs to be made as in this work,

saturation effects in population of the 2F5/2 manifold were observed for incident

pump powers > 20 mW in the lowest Yb2O3 concentrated samples (see Figure 6.5).
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Figure 6.5: 1060 nm fluorescence intensity as a function of incident pump power for
the TmYb-1 fibre sample. Note: the theoretical fit was obtained from the solution to the
rate equation describing a simple two level system.
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Since the fluorescence intensity at 1060 nm is directly proportional to the density

of excited ions in the 2F5/2 manifold of Yb3+ , the number of pump photons re-

quired for a particular up-conversion process is obtained readily from the slope of

the up-conversion intensity versus the fluorescence intensity at 1060 nm.

6.2.1 3F4 manifold

To establish the first energy transfer step, the fluorescence intensity at 1800 nm from

the 3F4 manifold of Tm3+ was compared to the fluorescence intensity at 1060 nm

from Yb3+ . Figure 6.6 shows the log-log plot of the 1800 nm luminescence versus

the 1060 nm luminescence for the three fibres.
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Figure 6.6: Log-log plot of the 1800 nm luminescence from Tm3+ vs. the 1060 nm
luminescence from Yb3+, for incident pump powers ranging from 3 - 108 mW. The 1800 nm
measured data have been offset to aid comparison. Note: the errors associated with these
measurements are not shown as they are smaller than the size of the individual data points
in the plot.

The equation used to fit the measured data in Figure 6.6 was obtained by solv-

ing the rate equations describing the excited state populations of the 2F5/2 and

3F4 manifolds. These rate equations are given below, along with the energy man-
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ifold labelling which is shown in Figure 6.7, where NY i represents the population

of the ith Yb3+ manifold and NTj represents the population of the jth Tm3+ man-

ifold. It should be noted that the populations of the 3H5 and 3F2,3 manifolds of

Tm3+ have been ignored in this analysis due to the close spacing to the next lowest

energy manifold; any population in these manifolds will decay non-radiatively to

the longer lived 3F4 and 3H4 manifolds, respectively. τY 1 represents the fluorescence

lifetime of the 2F5/2 manifold of Yb3+, whilst τTj represents the fluorescence lifetime

of the jth excited manifold of Tm3+ . Wi represents the energy transfer co-efficient

describing the interaction between Yb3+ and Tm3+ ions for steps i = 1 to 3 and

σTi−j represents the excited state absorption cross sections for transitions from the

ith to jth manifold in Tm3+. I represents the incident pump intensity. Finally, σY 01

is the absorption cross section of the ground to excited state transition of Yb3+ when

excited at 980 nm.
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Figure 6.7: Energy manifold labelling for the rate equation analysis of the Tm3+/Yb3+ -
co-doped system.

The rate equations describing the populations of the 2F5/2 manifold of Yb3+ and the

3F4 manifold of Tm3+ can be written as:
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dNY 1

dt
= IσY 01NY 0 − NY 1

τY 1

(6.1)

and
dNT1

dt
= W1NY 1NT0 − NT1

τT1

−W2NT1NY 1 , (6.2)

with the additional condition that

NY 0 + NY 1 = c Y (6.3)

NT0 + NT1 + NT2 + NT3 = c T (6.4)

where c Y and c T represent the concentration of Yb3+ and Tm3+ ions, respectively.

It should be noted that Equation 6.1 takes into account the assumption that the

energy transfer up-conversion terms (i.e. W1NY 1NT0 , W2NY 1NT1 and W3NY 1NT2)

are << than the spontaneous decay term NY 1/τY 1. This assumption is verified

by fluorescence decay results from the 2F5/2 manifold, reported in Section 6.3.1.1.

The second assumption made in this analysis is that, since only a small fraction of

ground state Tm3+ ions are excited by the up-conversion mechanisms, NT0 ≈ c T .

The validity of this assumption is discussed further in the text.

Equations 6.1 and 6.2 can be solved in the steady state, i.e. when dNY 1

dt
and dNT1

dt
= 0,

to obtain an expression for NT1 as a function of NY 1:

NT1 =
W1NY 1c T

1/τT1 + W2NY 1

. (6.5)

The solution shows that in the limit that W2NY 1 << 1/τT1, a linear relationship

exists between the population of the 3F4 and 2F5/2 manifolds. To test the validity

of this solution, the measured data were fit to a linear expression in the form of

y = Ax + B, where A and B were the fitting parameters. The excellent agreement,

as shown in Figure 6.6, between the fit and measured data over the entire pump
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power range for all fibre samples verifies that under 980 nm excitation, the 3F4 man-

ifold of Tm3+ , is populated by the energy transfer process:

Yb3+ (2F5/2) + Tm3+ (3H6) → Yb3+ (2F7/2) + Tm3+ (3H5 → 3F4)

It can also be concluded from the analysis that the energy transfer up-conversion

rate, W2NY 1, which depopulates the 3F4 manifold is much less than the spontaneous

decay, 1/τT1.

6.2.2 3H4 manifold

The second energy transfer step from the 3F4 to the 3F2,3 manifolds could not be

determined from the luminescence at 810 nm in this sample set as, upon inspection

of the Tm3+ energy level diagram, see Figure 2.4, it becomes clear that luminescence

from the 1G4 → 3H5 and 3H4 → 3H6 transitions both result in fluorescence bands

around 810 nm. Since blue luminescence has been observed in these fibre samples

it can be concluded that excited ions have been promoted to the 1G4 manifold

of Tm3+ . With this in mind, the 810 nm luminescence should show the properties

associated with the populating mechanisms from both energy manifolds and hence an

independent measurement of the population of the 3H4 manifold cannot be obtained.

This complication can be avoided by studying the luminescence properties of the

1480 nm transition; unfortunately the luminescence in this wavelength region was too

weak to be detected, due to the low Tm2O3 concentrations and limited pump powers

available. A short discussion of the 810 nm luminescence is given following the

exploration of the 1G4 manifold. This order has been chosen to aid understanding.

6.2.3 1G4 manifold

The populating mechanism responsible for the blue luminescence from the 1G4 man-

ifold can be established in this sample set by studying its dependence on the 1060 nm

luminescence from Yb3+. The fluorescence at 650 nm from the 1G4 → 3F4 transition

could also be used to study the mechanism populating the 1G4 manifold. However

the branching ratio in silica glass for the 475 nm luminescence is 0.51 compared to
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0.069 for the 650 nm luminescence [70], therefore the luminescence intensity of the

475 nm luminescence at least 7 times stronger. Figure 6.8 shows the log-log plot of

the 475 nm luminescence as a function of the Yb3+ luminescence at 1060 nm for a

range of input pump powers.
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Figure 6.8: Log-log plot of the 475 nm luminescence from Tm3+ vs. the 1060 nm
luminescence from Yb3+, for incident pump powers ranging from 3 - 108 mW. The 475 nm
measured data have been offset to aid comparison. Note: the errors associated with these
measurements are not shown as they are smaller than the size of the individual data points
presented in the plot. The fits to the data are discussed in the text.

The equation used to fit the measured data in Figure 6.8 was determined from

the solution to the rate equation describing the population of the 1G4 manifold.

Since the populating mechanism of the 3H4 manifold could not be determined from

the 810 nm luminescence data, it was assumed that a second energy transfer up-

conversion process, involving the energy exchange between an excited Yb3+ ion and

an excited Tm3+ ion in the 3F4 manifold, populates the 3H4 manifold under 980 nm

excitation, as shown Figure 6.2. Based on this assumption the rate equation describ-

ing the population of the 3H4 manifold and 1G4 manifold of Tm3+ can be written as:

dNT2

dt
= W2NY 1NT1 − NT2

τT2

−W3NY 1NT2 , (6.6)
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and
dNT3

dt
= W3NY 1NT2 − NT3

τT3

. (6.7)

Equation 6.7 assumes that the 1G4 manifold is populated by a third energy transfer

up-conversion process involving an excited Yb3+ ion and an excited Tm3+ ion in

the 3H4 manifold. This assumption was made on the basis of the significant body

of work which attributes blue luminescence to the successive 3- step energy transfer

up-conversion process [137, 43, 45, 139, 140].

By solving the rate equations for the respective manifolds in the steady state, ex-

pressions for the population of the 3H4 and 1G4 manifolds can be obtained as a

function of Yb3+ population. These solutions are:

NT2 =
W1W2c T τT1N

2
Y 1

1/τT2 + W3NY 1

, (6.8)

and

NT3 =
W1W2W3c T τT1τT3N

3
Y 1

1/τT2 + W3NY 1

. (6.9)

Both expressions contain a saturation term, which plays a role only when the en-

ergy transfer up-conversion rate is comparable to the spontaneous decay rate from

the 3H4 manifold. It has been established that the energy transfer rate of the

second ETU step (W2NY 1) is much less than the spontaneous decay of the 3F4 man-

ifold; since the decay rate of the 3H4 manifold is an order of magnitude greater

than the 3F4 manifold, it is suggested that the ETU rate of the third step from

3H4 → 1G4 (W3NY 1) is much less than the spontaneous rate from the 3H4 mani-

fold (1/τ2). Therefore the steady state solutions for the 3H4 and 1G4 manifolds can

simplify to:

NT2 = W1W2c T τT1τT2N
2
Y 1 , (6.10)

and

NT3 = W1W2W3c T τT1τT2τT3N
3
Y 1 , (6.11)
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Therefore, the population of the 3H4 manifold is dependent on the square of the

2F5/2 population whilst, the 1G4 manifold population is dependent on the cube of

the 2F5/2 population.

Equation 6.11 was used to fit the measured data shown in Figure 6.8. The fit

describes the data accurately at low pump powers, but fails to describe the data at

high pump powers, for all three fibre samples. Figure 6.8 shows that the 475 nm

luminescence continues to grow after the 1060 nm fluorescence begins to saturate.

This behaviour cannot be described solely by the successive three step ETU process

shown in Figure 6.2. The ETU process is inherently linked to the population of the

excited states; hence as the 2F5/2 manifold begins to saturate, so too will the other

successive excited states of Tm3+ . The fact that the 475 nm luminescence contin-

ues to grow indicates that another populating mechanism is occurring within the

co-doped system which is not just dependent on the excited state populations, but

also the incident pump power. The only energy transfer process which fulfils this

requirement is excited state absorption (ESA), as it involves the energy exchange of

a pump or fluorescent photon with an ion in an excited state. Since ESA requires

only one accepting ion, the process is concentration independent and scales with in-

cident pump or fluorescence power, which is an important difference when compared

to ETU. Although ESA of Tm3+ ions has been frequently reported in the literature

[141, 85, 142, 143], this has not been the case for Tm3+/Yb3+ -co-doped systems.

For ESA to occur in the Tm3+/Yb3+ -co-doped system, excited Tm3+ ions are

required to absorb incident pump photons at 980 nm and/or fluorescing photons

at 1060 nm. Of the possible ESA transitions which can occur in Tm3+ , only two

are possible in the Tm3+/Yb3+ -co-doped system under 980 nm excitation, namely

the 3F4 → 3F2,3 and 3H4 → 1G4 transitions. The ESA cross sections for these

two transitions have been calculated [11] and are shown in Figure 6.9, with the

3F4 → 3F2,3 transition exhibiting stronger absorption strengths compared to the

3H4 → 1G4 transition. However, of most interest, is the location of these absorp-

tion peaks in regard to the energy available from the incident pump and fluorescing
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photons. Included in Figure 6.9 is the emission spectrum of Yb3+ under 980 nm

excitation; the position of this fluorescence band indicates which ESA transition of

Tm3+ has the greatest spectral overlap with the energy available from the pump

and fluorescing photons.
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Figure 6.9: Spectral overlap of the Yb3+ fluorescence from the 2F5/2 → 2F7/2 transition
with the calculated ESA transitions of Tm3+ [11]. Note: the Yb3+ fluorescence spectrum of
the TmYb-1 sample was measured under 980 nm excitation, using the counter-propagating
technique described in Section 3.6.

The 3F4 → 3F2,3 transition is found to have the greatest overlap with the Yb3+ fluo-

rescence but, more importantly, it is found to have a larger absorption cross section at

the pump wavelength, 980 nm. The absorption cross section at the pump wavelength

is the most critical parameter in this case as the number of incident pump photons

is many orders of magnitude greater than the number of fluorescent photons. The

ESA cross section of the 3F4 → 3F2,3 transition at 980 nm in silica glass is estimated

to be 5.2× 10−28 m2, compared with 5.4× 10−36 m2 for the 3H4 → 1G4 transition.

This comparison suggests that the 3F4 → 3F2,3 transition is the most favourable

ESA transition in the co-doped system under 980 nm. This is further supported by

the fluorescence lifetime measurements reported in Chapter 4, which found that the
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lifetime of the 3F4 manifold was an order of magnitude longer than the 3H4 manifold;

this provides the 3F4 manifold ions with a greater opportunity to interact with a

incident pump photon, as the ions spend longer in the excited state.

If the 3F4 → 3F2,3 ESA transition is now considered in the populating dynamics

of the Tm3+/Yb3+ -co-doped system, the rate equations describing the populations

of the 3H4 would be given by Equation 6.12; bearing in mind that the previous

analysis determined that the energy transfer rates W2NY 1 and W3NY 1 are much less

than the spontaneous decay rates from the 3F4 and 3H4 manifolds, respectively.

dNT2

dt
= IσT12NT1 + W2NY 1NT1 − NT2

τT2

. (6.12)

Since ESA from the 3H4 → 1G4 manifold is extremely unlikely under 980 nm pump-

ing, the rate equation describing the population of the 1G4 manifold would remain

the same as that stated in Equation 6.7. It should be noted that the inclusion of the

(3F4 → 3F2,3 ) ESA term in the analysis also has implications on the rate equation

describing the population of the 3F4 manifold. However the linear dependence of the

1800 nm luminescence on the 1060 nm luminescence indicates that the ESA term

is much less than the spontaneous decay rate from the 3F4 manifold. Equations

6.12 and 6.7 can be solved in the steady state to obtain an expression for NT3 as a

function of NY 1, namely:

NT3 = W1W2W3c T τT1τT2τT3N
3
Y 1 +

W1W2c T σT12τT1τT2τT3N
3
Y 1

τY 1σY 01(c Y −NY 1)
. (6.13)

Equation 6.13 is similar to the expression obtained for the successive three step ETU

process except for the additional term which results from the inclusion of ESA. The

measured 475 nm versus 1060 nm luminescence data were then fitted with the new

expression in the form of y = Ax3 + Bx3/(1 − Cx), where A, B and C were the

fitting parameters. The resulting fits are shown in Figure 6.10 along with the R2

value which provides an indication of the quality of the fit. The A, B and C fitting

parameters are listed in Table 6.2 for each fibre sample along with their uncertainty.
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Figure 6.10: Log-log plot of the 475 nm luminescence from Tm3+ vs. the 1060 nm
luminescence from Yb3+ , for incident pump powers ranging from 3 - 108 mW. The data
were fitted with Equation 6.13.

Fitting parameters
Sample

A B C

TmYb-1 (1.8 ± 0.1)×10−7 (5.6 ± 0.5)×10−8 (1.67 ± 0.03)×10−5

TmYb-2 (1.6 ± 0.1)×10−7 (6.0 ± 0.7)×10−8 (1.52 ± 0.03)×10−5

TmYb-3 (1.5 ± 0.2)×10−7 (6.1 ± 0.9)×10−8 (1.61 ± 0.04)×10−5

Table 6.2: Parameters obtained by fitting the steady state rate equation model to the
475 versus 1060 nm luminescence data. Note: the uncertainty in each fitting parameter
was determined by taking the square root of the sum of the squared errors divided by the
degree of freedom of the fit.

Although the physical parameters associated with the A, B and C terms cannot

be obtained from the fitting parameters due to the coupling of several unknown

parameters and proportionality constants, the uncertainty in the fitting parameters

validates the model and the quality of the fit for all fibre samples. This estab-

lishes for the first time the 3F4 → 3F2,3, ESA process as a populating mechanism in

Tm3+/Yb3+ -co-doped silica glasses under 980 nm excitation.
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One point which has not been addressed in this analysis is the possible contribution

to the 475 nm luminescence from the double energy transfer of two excited Yb3+ ions.

It has been reported in the literature that under 980 nm excitation, Yb3+ is observed

to emit fluorescence from a so-called “virtual” level around 475 nm [144, 145, 146].

This observation is usually observed in highly concentrated samples under relatively

large input pump powers. This process can, however, be ruled out in this analysis

since similar outcomes were achieved by studying the 650 nm luminescence proper-

ties, providing a separate independent measurement of the 1G4 manifold population.

The possibility of energy transfer between two excited Yb3+ ions and an unexcited

Tm3+ ion was also investigated as a possible cause of the increase in the 1G4 mani-

fold population [138]. The steady state solution to the 1G4 manifold population in

the absence of ESA appeared as:

NT3 = W1W2W3c T τT1τT2τT3N
3
Y 1 + W2Y b−TmN2

Y 1τT3 , (6.14)

where W2Y b−Tm represented the energy transfer co-efficient for the energy exchange

of two excited Yb3+ ions and one unexcited Tm3+ ion.

However, this expression failed to describe the measured data well at both low and

high incident pump powers, thereby discounting the possibly of the double energy

transfer process. It can therefore be concluded that the populating mechanisms

involved in promoting Tm3+ ions to the 1G4 manifold in Tm3+/Yb3+ -co-doped

silica glass under 980 nm excitation are:

Step 1 - Yb3+ (2F5/2) + Tm3+ (3H6) → Yb3+ (2F7/2) + Tm3+ (3H5 → 3F4)

Step 2 - Yb3+ (2F5/2) + Tm3+ (3F4) → Yb3+ (2F7/2) + Tm3+ (3F2,3 → 3H4 ) &

(980 nm photons) + Tm3+ (3F4 ) → Tm3+ (3F2,3 → 3H4 )

Step 3 - Yb3+ (2F5/2) + Tm3+ (3H4) → Yb3+ (2F7/2) + Tm3+ (1G4 )

Although the quantum efficiency of the S-band transition cannot be quantified in

this sample set, the spectroscopic study of the system has established two energy

transfer processes that act to populate the upper amplifying 3H4 manifold whilst

depopulating the lower amplifying 3F4 manifold, under 980 nm excitation.
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6.2.4 810 nm luminescence

As discussed in Section 6.2.2 the up-conversion luminescence at 810 nm is attributed

to the presence of two overlapping luminescence bands, one from each of the 1G4 and

3H4 manifolds. In this case, the luminescence at 810 nm should exhibit the char-

acteristics of both excited manifolds with the 3H4 manifold dominating over the

1G4 manifold at low excitation powers. Figure 6.11 shows the log-log plot of the

810 nm luminescence as a function of the Yb3+ luminescence at 1060 nm over a

range of input pump powers for each fibre sample.
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Figure 6.11: Log-log plot of the 810 nm luminescence from Tm3+ vs. the 1060 nm
luminescence from Yb3+, for incident pump powers ranging from 3 - 108 mW. The 810 nm
measured data have been offset to aid comparison. The solid lines represent the fit of a
standard quadratic equation to the measured data.

The non-linear nature of the log-log plot suggests the presence of more than one

up-conversion process. At low pump powers the measured data exhibits a slope of

2, as seen in Figure 6.11, whilst at high pump powers > 50 mW the slope exceeds

3. The non-linear behaviour is greatest in the TmYb-3 sample which has the high-

est 1G4 manifold population. This provides further evidence of the two overlapping

transitions from the 1G4 and 3H4 manifold and is consistent with the rate equation

model proposed in the previous section. Unfortunately, the large number of unknown
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parameters prevent the rate equation model from being fitted to the measured data

with any degree of certainty. A more accurate account of the population dynamics

involved in this luminescence band can be obtained by studying the fluorescence

decay characteristics after the pump excitation has been removed.

6.3 Fluorescence lifetime measurements

The final stage in the spectroscopic study of the Tm3+/Yb3+ -co-doped system was

to investigate the fluorescence lifetimes of the excited states of Tm3+ and Yb3+. The

fluorescence lifetimes of the 2F5/2,
3F4, and 3H4 manifolds were studied under direct

excitation at the appropriate wavelength, as outlined in Table 3.1. In addition,

the 3F4 , 3H4 and 1G4 manifolds of Tm3+ were studied under in-direct pumping at

980 nm. As discussed in Chapter 5, the fluorescence lifetime of an excited manifold

can often provide detailed information as to energy transfer processes occurring

to and from a particular excited state. By studying the decay characteristics of

the excited manifolds under direct and in-direct excitation, meaningful conclusions

can be drawn with respect to the dominant populating mechanisms of the system.

Of particular interest to this investigation is the possible presence of energy back

transfer processes from Tm3+ to Yb3+ ions. Energy back transfer processes will

have important implications for the efficiency of the Tm3+ transitions arising from

processes established in the previous section.

6.3.1 Direct pumping

6.3.1.1 2F5/2 manifold

The 2F5/2 manifold of Yb3+ is located ∼ 10 200 cm−1 above the 2F7/2 ground state.

The considerably large energy separation between these two manifolds ensures that

the decay from 2F5/2 manifold is purely radiative in most host materials, including

alumino-silicate glass. It was proposed in the previous chapter that excited mani-

folds which are dominated by radiative decay are insensitive to site-to-site variations

caused by the host material; this being the case, the excited manifold will decay as a
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single exponential. To verify this proposal the decay characteristics of the 2F5/2 man-

ifold of Yb3+ were studied in the Tm3+/Yb3+ -co-doped fibres by directly exciting

Yb3+ ions to the 2F5/2 manifold with 980 nm light. Figure 6.12 shows the normalised

measured decay waveform from the 2F5/2 manifold under 980 nm excitation. The

fluorescence decay was measured using 50 ms pulses at a repetition rate of 10 Hz.
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Figure 6.12: Semi-log plot of the normalised fluorescence decay waveform from the
2F5/2 manifold of sample TmYb-1 under 980 nm pulsed excitation.

The solid line shown in Figure 6.12 was obtained by fitting a single exponential

function to the measured data. The single exponential fit is in excellent agreement

with the measured waveform. The 1/e lifetimes obtained from the single exponential

fit are listed in Table 6.3 for the three Tm3+/Yb3+ -co-doped fibres.

Sample 2F5/2 lifetime (µs )
TmYb-1 826.0 ± 0.6
TmYb-2 832.0 ± 0.6
TmYb-3 823.0 ± 0.5

Table 6.3: Fluorescence lifetimes of the 2F5/2 manifold under 980 nm excitation with an
incident pump power of 9.3 mW.
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To ascertain whether the energy transfer up-conversion processes established in the

previous section affect the fluorescence decay from the 2F5/2 manifold, the fluores-

cence decay waveforms were measured over a range of incident pump powers, in a

similar manner to the investigation of the Tm3+ -doped silica fibres. Figure 6.13

shows the fluorescence lifetime of the 2F5/2 manifold for the three co-doped samples

at incident pump powers ranging from 9 - 113 mW.

Incident pump power (mW)

0 20 40 60 80 100 120

2
F

5
/2

 l
if
e

ti
m

e
 (
m

s
)

814

816

820

822

824

826

828

830

832

834

836

TmYb-1

TmYb-2

TmYb-3

Figure 6.13: Fluorescence lifetime of the 2F5/2 manifold as a function of incident pump
power at 980 nm for the three Tm3+/Yb3+ -co-doped alumino-silicate fibres.

Although Figure 6.13 shows a decreasing trend, this effect is minimal with the fluo-

rescence lifetime exhibiting a less than 1% decrease with increasing pump power over

the range of available pump powers. Since the ETU processes occurring from the

2F5/2 manifold involve a single 2F5/2 ion, the fluorescence decay from the manifold

will still exhibit single exponential behaviour. However, the characteristic lifetime of

the manifold will then contain contributions from three different decay rates, namely

the radiative, non-radiative and energy transfer rates. Hence, if the energy transfer

rates are significant the characteristic lifetime of the manifold will decrease. The

measured lifetimes of the three alumino-silicate samples reported in Table 6.3 are

consistent with those reported for Yb3+ -doped alumino-silicate glass [147], which

provides strong evidence that the assumption used in the rate equation analysis

that the energy transfer terms W1NY 1NT0, W2NY 1NT1, and W3NY 1NT2 are much
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less than NY 1/τY 1 is valid. This is also supported by the lack of lifetime dependence

on the Yb2O3 concentration.

6.3.1.2 3F4 manifold

Under direct excitation at 1586 nm the 3F4 manifold of the Tm3+/Yb3+ -co-doped

fibres was found to decay in a similar manner to the Tm3+ -doped alumino-silicate

fibres reported in Section 5.3.2. With this in mind, the decays were fitted with

both single and stretched exponential functions to provide comparisons with the

measured waveforms from the Tm3+ -doped alumino-silicate fibres. Table 6.4 lists

the 1/e lifetime obtained from the single exponential fit as well as the characteristic

lifetime and power obtained from the stretched exponential fit.

Sample
Direct pumping @ 1586 nm

τ1/e (µs) τSE (µs) SEP ‘p’

TmYb-1 424 ± 2 352 ± 2 0.804 ± 0.004
TmYb-2 423 ± 2 338 ± 2 0.777 ± 0.004
TmYb-3 377 ± 2 301 ± 2 0.778 ± 0.004

Table 6.4: Fluorescence lifetimes of the 3F4 manifold under direct excitation at 1586 nm,
where τ1/e represents the lifetime obtained from the single exponential fit, whilst τSE and
‘p’ represent the characteristic lifetime and power obtained from the stretched exponential
fit, respectively. Note: 30 µs pulses at 10 Hz were used for direct excitation.

The 1/e lifetimes and SEP’s listed in Table 6.4 are consistent with those reported

for the Tm3+ -doped alumino-silicate fibres in Table 5.5. Sample TmYb-3 did,

however, exhibit a decrease of ∼ 11% in the fluorescence lifetime. This reduction is

attributed to the reduced amount of Al2O3 present in the core, rather than energy

back transfer from Tm3+ to Yb3+ ions. If energy back transfer was occurring from

the 3F4 manifold, the fluorescence decay would have exhibited a greater degree of

non-exponentiality. Since the SEP remained relatively constant in this sample set,

it can be concluded that energy back transfer from Tm3+ to Yb3+ ions is negligible.

This is not a surprising result, as the energy mismatch associated with energy back

transfer from the 3F4 (Tm3+) → 2F5/2 (Yb3+) is ∼ 4500 cm−1, thereby necessitating

the simultaneous absorption of at least 4 phonons, which is highly unlikely.
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6.3.1.3 3H4 manifold

The direct excitation of the 3H4 manifold at 780 nm also resulted in decay wave-

forms similar to those reported for the Tm3+ -doped alumino-silicate fibres. Single

and stretched exponential fits were applied to the measured data with the results

summarised in Table 6.5.

Sample
Direct pumping @ 780 nm

τ1/e (µs) τSE (µs) SEP ‘p’

TmYb-1 20.0 ± 0.1 14.7 ± 0.1 0.723 ± 0.004
TmYb-2 20.1 ± 0.1 14.8 ± 0.1 0.724 ± 0.004
TmYb-3 18.7 ± 0.1 14.2 ± 0.1 0.730 ± 0.004

Table 6.5: Fluorescence lifetimes of the 3H4 manifold under direct pumping at 780 nm,
where τ1/e represents the lifetime obtained from the single exponential fit, whilst τSE and
‘p’ represent the characteristic lifetime and power obtained from the stretched exponential
fit, respectively. Note: 3 µs pulses at a repetition rate of 10 Hz were used to excite the
samples directly.

The results obtained from the single and stretched exponential fits are again con-

sistent with those reported in Tables 4.5 and 5.2 for Tm3+ -doped alumino-silicate

fibres. A considerable reduction (∼ 7%) in the fluorescence lifetime of the TmYb-3

sample was observed compared to the other two co-doped fibres, which is consistent

with the reduction seen in the 3F4 manifold lifetime under direct pumping. If the

reduction in the lifetime of the 3H4 manifold was due to the cross relaxation process,

discussed in Section 4.4.1, or an energy back transfer process then the measured de-

cay waveform would exhibit a greater degree of non-exponentiality. On the other

hand, if the reduction was due to a host dependent change, then the decay should

exhibit less non-exponentiality as the TmYb-3 sample contains less Al2O3. From the

increase in the SEP of the TmYb-3 sample, it can be concluded that the reduction

in the lifetime is caused by the reduced amount of Al2O3 present in the fibre core.

6.3.2 In-direct pumping

The in-direct excitation of the 3F4,
3H4 and 1G4 manifolds of Tm3+ has been demon-

strated in the previous section under continuous wave excitation at 980 nm. In this
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section, the fluorescence decay characteristics of the excited manifolds are studied

under pulsed excitation. The decay of an excited manifold under in-direct excita-

tion can often provide detailed information regarding the feeding mechanism into

the particular excited state. The time dependent rate equation model established in

the previous section for continuous wave pumping can be carried over into the fluo-

rescence decay analysis to describe the excited state population over time, allowing

the validity of the model to be tested under two energy excitation regimes.

6.3.2.1 3F4 manifold

An example of the fluorescence decay of the 3F4 manifold under in-direct excitation

at 980 nm is shown in Figure 6.14. The decay characteristics of the 3F4 manifold

showed considerable differences to those obtained under direct excitation.
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Figure 6.14: Semi-log plot of the normalised fluorescence decay waveform from the
3F4 manifold of sample TmYb-3 under 980 nm excitation.

The fluorescence decay was adequately described by a single exponential function, as

seen in Figure 6.14. Similarly, the data for the other two samples could also be de-

scribed in this way. The characteristic lifetime of the manifold was found to increase
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by a factor of two on average, when compared to the lifetimes obtained under direct

pumping and were comparable to the fluorescence lifetime of the 2F5/2 manifold of

Yb3+ (see Table 6.6).

In-direct pumping Direct pumping 2F5/2 manifold
Sample

τ1/e (µs) τ1/e (µs) τ1/e (µs)

TmYb-1 781 ± 10 424 ± 2 826.0 ± 0.6
TmYb-2 845 ± 20 423 ± 2 832.0 ± 0.6
TmYb-3 812 ± 10 377 ± 2 823.0 ± 0.5

Table 6.6: Fluorescence lifetime of the 3F4 manifold under in-direct excitation at 980 nm.
Note: 50 ms pulses at 10 Hz were used to excite the 3F4 manifold in-directly. The fluores-
cence lifetimes of the 3F4 and 2F5/2 manifolds under direct excitation at 1586 and 980 nm,
respectively, are shown for comparison.

The considerably large error associated with the single exponential fit was a result of

the poor signal to noise ratio of the 1800 nm luminescence under in-direct pumping,

rather than the inability of the fit to describe the waveform accurately. The single

exponential nature and longer fluorescence lifetime of the 3F4 decay can be explained

using the rate equation analysis outlined in the previous section. By solving the time

dependent rate equations after the pump excitation has been removed, expressions

describing the decay of the manifold can be obtained. From the steady state analysis

in Section 6.2, the time dependent rate equations describing the population of the

2F5/2 and 3F4 manifolds can be written as:

dNY 1(t)

dt
= IσY 01NY 0(t)− NY 1(t)

τY 1

, (6.15)

and
dNT1(t)

dt
= W1NY 1(t)cT − NT1(t)

τT1

. (6.16)

The solutions to Equations 6.15 and 6.16 after the pump excitation has been re-

moved, i.e. I = 0, are given by:

NY 1(t) = NY 1(0)exp

(
− t

τY 1

)
, (6.17)
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and

NT1(t) = Aexp

(
− t

τY 1

)
+ (NT1(0)− A) exp

(
− t

τT1

)
, (6.18)

where

A =
τY 1τT1NY 1(0)W1cT

τY 1 − τT1

. (6.19)

The normalised form of Equation 6.18 is given by:

NT1(t)

NT1(0)
= B exp

(
− t

τY 1

)
+ (1−B) exp

(
− t

τT1

)
, (6.20)

where

B =
τY 1τT1NY 1(0)W1cT

(τY 1 − τT1)NT1(0)
. (6.21)

The single exponential solution to the 2F5/2 manifold rate equation is consistent

with the measured decay waveform shown in Figure 6.12, with τY 1 representing the

characteristic lifetime of the decay. From Equation 6.20, it can be seen that the

3F4 manifold of Tm3+ decays as a double exponential under in-direct pumping, with

two characteristic time constants; one being equal to the lifetime of the 2F5/2 mani-

fold (τY 1) and the other being equal to the lifetime of the 3F4 manifold (τT1). The

amplitudes of the respective decay components are given as (1 − B) for the faster

component of the decay dictated by the 3F4 manifold lifetime and B for the slower

component of the decay dictated by the 2F5/2 manifold lifetime. Depending on the

relevant strengths of amplitudes, the decay from the 3F4 manifold can be a single

or double exponential. The measured fluorescence decay from the 3F4 manifold un-

der in-direct excitation was described well by a single exponential function with a

characteristic lifetime consistent with the 2F5/2 manifold lifetime, as seen in Figure

6.14. This suggests that the parameter B can be approximated to unity, in which

case the fluorescence decay under in-direct pumping at 980 nm is given by:

NT1(t) =
τY 1τT1NY 1(0)W1cT

(τY 1 − τT1)NT1(0)
exp

(
− t

τY 1

)
. (6.22)
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The dominance of the B parameter indicates that the energy transfer rate into the

3F4 manifold (W1NY 1) is greater than the 3F4 spontaneous decay rate (1/τT1). This

is a promising result as it demonstrates efficient energy transfer between Yb3+ and

Tm3+ ions in alumino-silicate glasses.

6.3.2.2 1G4 manifold

The in-direct excitation of the 1G4 manifold of Tm3+ can be achieved by the series

of successive energy transfer processes established in Section 6.2. The fluorescence

decay from the 1G4 manifold under in-direct pumping at 980 nm is shown in Figure

6.15 for the TmYb-1 sample. The measured waveforms for all samples were de-

scribed well by a single exponential fit, with R2 values of ∼ 0.997 achieved in each

case. The characteristic lifetimes obtained from the single exponential fits are listed

in Table 6.7 for the three co-doped samples.

0

0.1

1

0.01
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Time (ms)

N
o
rm

a
lis

e
d
 I
n
te

n
s
it
y

 TmYb-1 measured data

Single exponential fit

Figure 6.15: Semi-log plot of the normalised fluorescence decay from the 1G4 manifold
under 980 nm excitation for sample TmYb-1. Note: decay waveforms were recorded using
50 ms pulses at a repetition rate of 10 Hz.
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Sample τ1/e (µs)

TmYb-1 302.4 ± 0.7
TmYb-2 304.3 ± 0.4
TmYb-3 298.2 ± 0.5

Table 6.7: Fluorescence lifetime of the 1G4 manifold under in-direct excitation at 980 nm.
Note: 50 ms pulses at 10 Hz were used to excite the 3F4 manifold in-directly.

The single exponential nature of the 1G4 decay provides information regarding the

mechanisms dominating the 1G4 manifold population after the pump excitation has

been removed. The time dependent rate equation describing the population of the

1G4 manifold is given by:

dNT3(t)

dt
= W3NY 1(t)NT2(t)− NT3(t)

τT3

. (6.23)

Although the solution to Equation 6.23 cannot be obtained without the knowledge

of NT2(t), it is clear that the solution will contain several exponential components

each with their own amplitude and characteristic time constant, resulting in a non-

exponential decay waveform. However, the experimentally observed fluorescence

decay waveforms were single exponential in nature with characteristic time con-

stants consistent with the 1G4 manifold lifetime reported in Tm3+ -doped silica

fibres [24, 107]. It can therefore be concluded that the energy transfer rate into the

1G4 manifold is much less than the spontaneous decay. Therefore, the 1G4 manifold

decay can be described by the single exponential function:

NT3(t) = NT3(0)exp

(
− t

τT3

)
. (6.24)

This is not a surprising result; the lifetime of the 3H4 manifold is relatively fast and

hence, the likelihood of an excited (3H4) Tm3+ ion interacting with an excited (2F5/2)

Yb3+ ion after the pump excitation has been removed is extremely low. The other

important point is that the lifetime of the 1G4 manifold remains constant over the

Yb2O3 concentration range studied here, providing further evidence that the energy
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transfer rate is negligible compared to the spontaneous decay. This also suggests

that there is negligible energy back transfer from the 1G4 manifold of Tm3+ to the

2F5/2 manifold of Yb3+ .

Finally, the single exponential behaviour of the 1G4 manifold decay is expected

for both direct and in-direct pumping schemes since the excited manifold is located

∼ 5950 cm−1 above the next lowest excited manifold (3F2,3). The large energy gap

between these two manifolds results in the fluorescence decay from the 1G4 manifold

being dominated by radiative decay; therefore the decay should remain largely un-

affected by the site-to-site variations caused by the amorphous nature of the glass.

For completeness, the 1G4 manifold decay waveforms were fitted with the stretched

exponential function to provide a comparison against the two other excited states

studied in this work. Table 6.8 lists both the stretched exponential lifetime and

power obtained from each fit. Note that the stretched exponential power is close to

unity consistent with a near exponential decay.

Sample τSE (µs) SEP ‘p’

TmYb-1 289.9 ± 0.5 0.896 ± 0.009
TmYb-2 292.7 ± 0.3 0.917 ± 0.008
TmYb-3 288.8 ± 0.2 0.908 ± 0.006

Table 6.8: Characteristic lifetimes and stretched exponential powers obtained from the
stretched exponential fit to the 1G4 manifold decay waveforms under in-direct pumping
at 980 nm.

6.3.2.3 810 nm luminescence

The fluorescence decay properties of the 810 nm luminescence were studied in an

effort to verify the existence of the two overlapping transitions from the 3H4 and

1G4 manifolds. The fluorescence decay of the 3H4 manifold under in-direct pumping

at 980 nm is shown in Figure 6.16 for the TmYb-1 sample.
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Figure 6.16: Semi-log plot of the normalised fluorescence decay at 810 nm under 980 nm
excitation for sample TmYb-1. Note: decay waveforms were recorded using 50 ms pulses
at a repetition rate of 10 Hz. The double exponential fit is discussed in the text.

The decay waveforms at 810 nm were described accurately by a double exponential

function in the form of y = (1 − A) exp (−x/B) + Aexp (−x/C), where A was the

fitting parameter describing the amplitude of the second exponential and B and C

were the fitting parameters used to obtain the two characteristic lifetimes. The two

characteristic lifetimes obtained from the double exponential fit are listed in Table

6.9 for the three co-doped fibres.

Sample Amplitude A Fast decay B (µs) Slow decay C (µs)

TmYb-1 0.355 ± 0.001 37.1 ± 0.2 302 ± 1
TmYb-2 0.406 ± 0.002 36.6 ± 0.2 307 ± 1
TmYb-3 0.434 ± 0.002 30.9 ± 0.2 301 ± 1

Table 6.9: Amplitude and characteristic lifetimes obtained from the double exponential
fit of the 810 nm fluorescence decay for all three samples under in-direct pumping at
980 nm.

There are a number of possibilities as to the cause of the double exponential decay

of the 810 nm fluorescence. The first possible cause is based on the assumption that
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there are no overlapping transitions and that the 810 nm fluorescence originates

solely from the 3H4 manifold. In this case, the double exponential behaviour may

arise from the energy transfer process between Yb3+ and Tm3+ ions which popu-

lates the 3H4 manifold under 980 nm pumping. The time dependent rate equation

describing the 3H4 manifold would then be given by:

dNT2(t)

dt
= W2NY 1(t)NT1(t)− NT2(t)

τT2

. (6.25)

Equation 6.25 can be solved using Equations 6.17 and 6.22 to obtain:

NT2(t) = D exp

(
− 2t

τY 1

)
+ (NT2(0)−D) exp

(
− t

τT2

)
, (6.26)

where

D =
W1W2cT τT1τT2NY 1(0)2τ 2

Y 1

(2τT2 − τY 1) (τY 1 − τT1)
. (6.27)

Using this model, the double exponential solution would have two characteristic

time constants; one being equal to the lifetime of the 3H4 manifold (τ2) and the

other being equal to (1
2
τY 1), i.e. one half of the 2F5/2 manifold lifetime. Based on

the values reported in Tables 6.5 and 6.3, the decay is expected to exhibit a fast

and slow component equivalent to ∼ 20 and ∼ 410 µs , respectively. These time

constants are not consistent with the those reported in Table 6.9; therefore it can be

concluded that energy transfer up-conversion is not the cause of the non-exponential

decay of the 810 nm luminescence.

The second potential cause of the double exponential decay is the presence of

two overlapping transitions in the 810 ± 10 nm window. It has been proposed

throughout this chapter that the 1G4 → 3H5 transition spectrally overlaps the

3H4 → 3H6 transition. The fluorescence decay in such a case would exhibit the

characteristics from each energy manifold. It was established in the previous sec-

tion, that the 1G4 manifold decays in a single exponential form with a characteristic

lifetime around∼ 300 µs. Assuming the 3H4 manifold exhibits similar characteristics
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to the 1G4 manifold, i.e. the energy transfer rates which populate and depopulate

the manifold are much less than the spontaneous decay, the resultant decay would

be a double exponential with two characteristic time constants equivalent to the

lifetimes of the 3H4 and 1G4 manifolds. The slow component of the 810 nm lumi-

nescence decay is in excellent agreement with the measured 1G4 manifold lifetime,

whilst the fast component of the 810 nm decay is of the order of the 3H4 manifold

lifetime. The 1G4 manifold contribution to the 810 nm luminescence may explain

the increase in the amplitude of the slow component of the decay with increasing

Yb2O3 concentration. The 1G4 luminescence intensity was found to increase at a

greater rate than the 3H4 luminescence with increasing Yb2O3 concentration (refer

to Figure 6.4), and hence the contribution the 1G4 manifold makes to the overall

luminescence at 810 nm increases with increasing Yb2O3 concentration. Therefore

the amplitude associated with the slow component of the decay, which is attributed

to the 1G4 manifold luminescence, will also increase with increasing Yb2O3 concen-

tration.

The slight deviation of the double exponential fit at very long times may be a result

of the contribution of the energy transfer up-conversion rate into the 3H4 manifold;

however this contribution is considered to be small in all three fibres studied since

the luminescence from the 1G4 manifold dominates this effect. It can therefore be

concluded with confidence that the luminescence at 810 ± 10 nm under in-direct

pumping at 980 nm is a result of the spectral overlap of two fluorescence transi-

tions; one originating from the 3H4 manifold and the other from the 1G4 manifold.

The study of the 1480 nm luminescence would provide much greater detail in re-

gard to the energy transfer rates populating and depopulating the 3H4 manifold,

but this can only be carried out in Tm3+/Yb3+ -co-doped fibres with much higher

Tm2O3 concentrations.
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6.4 Conclusion

The spectroscopic study of the Tm3+/Yb3+ -co-doped system in alumino-silicate

glass identified up-conversion luminescence in the visible and near infra-red regions

under 980 nm excitation. The rate equation model used to describe the lumines-

cence intensity as a function of incident pump power enabled the population dy-

namics of the system to be established. One of the important conclusions to be

drawn from the analysis from the point of view of the S-band amplifying transi-

tion is that the lifetime and hence the quantum efficiency of the 3F4 manifold was

found to increase by a factor of two, due to the energy transfer up-conversion from

Yb3+ to Tm3+ ions. The increase in the 3F4 lifetime results in the manifold being

a virtual ground state. Hence, for optical amplification to occur, efficient processes

are required to remove the population from the 3F4 manifold to the 3H4 manifold.

The steady state rate equation analysis established two energy transfer processes

capable of depleting the 3F4 manifold and populating the 3H4 manifold. A dou-

ble energy transfer up-conversion process and an excited state absorption process

were identified as populating mechanisms in the co-doped system under 980 nm

excitation. To the best knowledge of the author, this is the first time the ESA

transition from the 3F4 → 3F2,3 manifold has been identified as a populating mech-

anism in the Tm3+/Yb3+ -co-doped system. These two processes are the key to the

Tm3+/Yb3+ -co-doped system becoming an efficient S-band amplifying source. The

other significant result to come from the analysis was that there was little evidence

of energy back transfer from Tm3+ to Yb3+ ions under the direct pumping of the

3F4 and 3H4 manifolds.

The only drawback to the Tm3+/Yb3+ -co-doped system is the presence of a third

energy transfer up-conversion process which quenches population from the upper

amplifying manifold to the 1G4 manifold. The rate of quenching from the 3H4 man-

ifold has not been identified in this analysis; however from the fluorescence lifetime

results it is considered to be significantly less than the ∼ 3257 s−1 decay rate of the

1G4 manifold.
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CONCLUSION

It was the intention of this work to study two possible techniques for improving the

efficiency of the S-band amplifying transition of Tm3+ in silica based glasses. Signif-

icant improvements in the quantum efficiency of the S-band transition were realised

by modifying the local environment of the Tm3+ ion through the incorporation of

Al2O3 . The addition of 9 mol % of Al2O3 to the silica glass network resulted in an

increase of ∼ 260% in the fluorescence lifetime the 3H4 manifold, when compared to

the lifetime in pure silica glass, which is commensurate with an increase of ∼ 260%

in the quantum efficiency of the S-band transition. A similar increase of ∼ 175% was

observed from the 3F4 manifold. The maximum reported lifetimes of the 3H4 and

3F4 manifolds were 32.5 and 573 µs , respectively. The increase in the lifetimes of

both manifolds was attributed to the modified local environment surrounding the

Tm3+ ion and the lower phonon energy of the Al-O bonds. The other network

modifying elements studied in this work included germanium, antimony and tin; al-

though considerable differences in the shapes and positions of the energy manifolds,

particularly the 3F4 manifold, were observed their effect on the fluorescence lifetimes

and quantum efficiency of the S-band transition were minimal, when compared to

the aluminium co-doping results.

Further spectroscopic studies of the Tm3+ -doped alumino-silicate glasses found the

well known cross relaxation process has a negligible effect on the 3H4 population for

Tm2O3 concentrations as high as 2900 ppm. The study also established the benefi-

cial (3F4,
3F4→ 3H4,

3H6) ETU process in silica based glasses for the first time. This

process provides an alternative pumping scheme which can be used in conjunction

with the traditional pumping techniques for the S-band amplifier in silica glass.

147
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The second stage of the investigation into Tm3+ -doped silica based glasses involved

the study of the non-exponential fluorescence decay characteristics of the 3H4 and

3F4 manifolds. The non-exponential behaviour from these manifolds was explained in

terms of multi-phonon decay occurring across varying energy gaps caused by site-to-

site variations in the silica glass network. A stretched exponential function was found

to accurately describe the non-exponential behaviour from both excited state man-

ifolds. The stretched exponential function enabled the degree of non-exponentiality

to be compared between waveforms. The stretched exponential fitting technique

was particularly useful when studying the fluorescence decay from excited manifolds

dominated by multi-phonon decay, such as the 3H4 manifold. The exponentiality of

the 3H4 manifold in the alumino-silicate glasses was found to decrease linearly with

increasing Al2O3 concentration. This effect was attributed to the increase in site-to-

site variations and distribution of possible multi-phonon decay rates caused by the

incorporation of Al2O3 into the glass network. Although no quantitative informa-

tion can be obtained from the analysis, the stretched exponential fitting of decays

dominated by multi-phonon processes provides a simple technique for assessing the

effects of co-doping in disordered host materials. It should be noted that this tech-

nique is not limited to Tm3+; other rare earth ions that have energy manifolds which

are dominated by multi-phonon decay will also serve as excellent probing sources.

The second approach taken to improve the efficiency of the S-band transition was

co-doping Tm3+ with the sensitising Yb3+ ion. The spectroscopic study of the

Tm3+/Yb3+ -co-doped system in alumino-silicate glass identified up-conversion lu-

minescence in the visible and near infra-red regions under 980 nm excitation. A

rate equation model was developed to determine the population mechanisms for the

475, 650 and 800, 1800 nm luminescence bands; the model accurately described the

luminescence under both continuous wave and pulsed excitation. In regard to the

S-band amplifying transition, a two fold increase in the quantum efficiency of the

3F4 manifold was realised under 980 nm excitation as a result of the energy trans-

fer from Yb3+ to Tm3+ ions. Moreover, an ETU and ESA process was established

which acts to remove the population from the 3F4 manifold to the 3H4 manifold and
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increase the efficiency of the S-band transition. One of the main limitations of the

Tm3+/Yb3+ -co-doped system is the quenching of the 3H4 manifold population to

the 1G4 manifold through a third ETU process. The system showed no signs of en-

ergy back transfer from Tm3+ to Yb3+ ions for Yb2O3 concentration up to 1400 ppm.

The positive results to come from the spectroscopic study of Tm3+/Yb3+ in silica

glass suggest this system may have an important role to play in the realisation of an

efficient S-band optical fibre amplifier; however careful manipulation of the dopant

concentrations and pumping wavelengths will be required in order to maximise the

quantum efficiency of this transition in silica glass.

7.1 Suggestions for future work

Future work to arise from this body of work could include a detailed concentra-

tion study of Tm3+ in alumino-silicate glasses. One of the failings of this work was

its inability to establish the cross relaxation and ETU co-efficients associated with

the (3H4,
3H6→ 3F4,

3F4) and (3F4,
3F4→ 3H4,

3H6) processes in Tm3+ -doped silica

glass. These important parameters can be obtained only through a thorough study

of the 3H4 and 3F4 manifold lifetimes over a much larger Tm2O3 concentration range

than that studied here. The identification of these parameters in alumino-silicate

glass will allow more accurate modelling of S-band amplification in these glass types.

Another important consideration, which may allow further improvements in the

quantum efficiency of the S-band transition to be made, is the possible realisation of

a fabrication technique which can incorporate large amounts of Al2O3 (> 9 mol%)

without crystallisation of the aluminium salts. The fluorescence lifetimes of the

3H4 and 3F4 manifold showed a linear dependence on the Al2O3 concentration, for

Al2O3 concentrations up to 9 mol% with, no sign of saturation. This suggests that

further improvements can be realised with the incorporation of greater Al2O3 con-

centrations. The technique used to fabricate the preforms and fibres in this investi-

gation was limited by the soluability of the aluminium salts in the solution and the

upper limit of the Al2O3 concentration was placed at around 9 mol%.
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The promising results obtained from the Tm3+/Yb3+ -co-doped silica fibres suggest

this system may have an important role to play in S-band amplification in the future.

However, before this system can be identified as a possible solution for improving

the S-band efficiency in silica glass, important spectroscopic parameters need to be

identified. Recent theoretical modelling of a Tm3+/Yb3+ -co-doped silica S-band

amplifier suggest that significant gains, upward of 20 dB, can be achieved in silica

glass through the careful manipulation of the Tm2O3 and Yb2O3 concentrations cou-

pled with an optimised pumping scheme [148]. However, the theoretical treatment

of this system was constrained by the limited spectroscopic parameters available in

silica glass, in particular, the ETU rates relating to the first and second energy trans-

fer steps. These rates were found to have a significant affect on the maximum gain

of the amplifier; therefore to permit accurate modelling of this system, experimental

energy transfer rates need to be identified in silica glass. The identification of the

first energy transfer parameter can be determined easily by studying the fluorescence

lifetime of the 2F5/2 manifold as a function of Tm2O3 concentration. This exper-

iment needs to be carried out at much greater Tm2O3 concentrations than those

studied here, an appropriate Tm2O3 concentration study would range between 500

- 15 000 ppm. The determination of the second ETU co-efficient is a little more

problematic but may still be obtained by studying the 3H4 manifold population as

a function of incident pump power at various Yb2O3 concentrations. The need to

study the 3H4 population places an increased emphasis on detecting the light from

the S-band transition; hence Tm2O3 concentrations much greater than those studied

here are required. From the experimental analysis, Tm2O3 concentrations as high as

1950 ppm can be used without significant penalty from the Tm-Tm cross relaxation

process. A suggested concentration range for the Yb2O3 study would lie between

1000 and 20 000 ppm, considering the theoretical maximum gain in silica glass was

realised with 3 000 ppm of Tm2O3 and 15 000 ppm of Yb2O3 under 1060 and 980 nm

pumping [148].

The other important issue which needs to be addressed in this system is the man-

agement of the third up-conversion step which quenches population from the S-band
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transition. Although little can be done in regard to the third ETU process, since

the rate is assumed to be independent of dopant concentration and pumping wave-

length, the potential for ESA from the 3H4 manifold needs to be taken into account.

Based on the theoretical predictions and limited experimental data, it is anticipated

that the S-band amplifier will require a dual wavelength pumping scheme, usually

a 980 nm source to excite a high percentage of Yb3+ ions to the 2F5/2 manifold and

an auxiliary source which is used to excite ions from the 3F4 manifold of Tm3+ to

the upper amplifying 3H4 manifold. The wavelength selection of the auxiliary pump

then becomes an important parameter in terms of the population dynamics of the

system. To avoid unwanted ESA from the 3H4 manifold, the auxiliary pumping

source should be implemented at wavelengths less than 1050 nm, given that longer

wavelengths have a significantly greater probability of exciting 3H4 manifold ions

into the 1G4 manifold (refer to Figure 6.9). This effect may be explored in greater

detail by studying the relative populations of the 1G4 and 3H4 manifolds under var-

ious auxiliary pumping wavelengths from 1000 to 1150 nm.

The realisation of an efficient TDFA in silica glass is indeed a challenging task.

This work has aimed to address some of the potential solutions towards improving

the efficiency of the S-band transition of Tm3+ . The outcomes and future work

to have arisen from this investigation provide optimism in our ability to meet this

engineering challenge.
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