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Abstract

In recent years there has been considerable interest in cross relaxation processes
between ions in rare earth doped glasses and crystals. In particular interest has focused
on diode-pumped lasers and optical waveguide amplifiers based on rare earth ions. This
thesis is concerned with developing a model, which can explain the population and de-
population processes which are responsible for the spectroscopic behaviour of Er’* ions
in fluoride glass materials. The model particularly concentrates on Er’*:ZB(L)AN
glasses with very heavy Er’* doping levels. Under these circumstances the: energy level
dynamics can be dominated by non-linear multiple-ion cross relaxation processes.

The work includes CW and pulsed spectroscopic measurements on the glasses
that provide data for the model. CW absorption and fluorescence measurements provide
absorption cross sections for important pump transitions and data from which an energy
level diagram can be constructed. Fluorescence waveforms measured under high-energy
short-pulse excitation from a tunable OPO source are used to provide information on the
temporal behaviour of the population of a large number of energy levels for a wide range
of doping concentrations using five pump wavelengths. These measurements, together
with some simplified modelling, are used to obtain a physical understanding of the
processes responsible for the various fluorescence features observed. This information is
then used to construct a rate equation model consisting of nine simultaneous non-linear
differential equations containing fluorescence, multiphonon and cross relaxation terms
which can predict the observed population behaviour of the levels quite well. The
modelling has allowed identification and quantification of 14 ion-ion cross relaxation
processes that are needed to explain the behaviour of these heavily doped materials.

The work has produced is by far the most detailed model of the behaviour of
erbium ions in any material to date. The model will find application in the design and

optimisation of lasers based on this material.
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Chapter 1

Introduction

1.1. Introduction

Erbium (Er), together with other rare-earth elements like holmium (Ho) and
thulium (Tm), was first made to lase in the 1960s by a group from Bell Telephone
Laboratories (Hecht, 1993). The laser transitions took place between energy levels of
the relevant three-valent ions in the solid state host. One significant reason for attention
to Er’* is its laser transition at a wavelength just beyond 1.5 pm. This transition is in
the so-called "eye-safe” spectral range and therefore is of particular interest for remote-
sensing and range-finding applications. Erbium also has another infrared (IR) laser
transition at 2.7 um, which corresponds to a spectral region of strong water absorption
and lasers operating at this wavelength have proved to be very suitable for surgery
applications (Hecht, 1993). These laser transitions in erbium have been demonstrated in
a number of crystal and glass materials (Koechner, 1992; France, 1991). The issues that
affect overall laser performance are rather complicated but include thermal conductivity
and properties of relevant energy levels such as lifetime, linewidth and fluorescence
efficiency. The fluorescence efficiency and lifetimes are strongly dependent on phonon

energy in the material and in the case of glass materials, fluoride-based hosts have been
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shown to be of particular importance since they have very low phonon depopulation
rates and hence high fluorescence efficiency and long lifetimes.

In recent years there has been a considerable interest in compact, laser-diode
pumped, rare-earth laser sources, based on fluoride glasses, for a range of medical,
sensor, spectroscopic and communications applications (Zayhowski et al., 1989; Taira
et al., 1991; Knowles et al. 1992; Laporta et al., 1993; Bames, 1996). Materials
configurations for these diode-pumped lasers include small rods, optical fibres, planar
slabs and microchips. The major advantage of the microchip configuration is that single
longitudinal mode operation can more easily be obtained since there are normally only a
few longitudinal cavity modes within the gain profile. For compact bulk laser
configuration such as a microchip, relatively large doping concentrations are normally
required to obtain sufficient absorption of the pump radiation in the thin sample
(~1 mm) (Laporta et al., 1993). However, as the dopant concentration increases, ion-
ion energy transfer processes between the dopant ions become increasingly important.
These processes may lead to increased or decreased population of particular energy
levels and thus are important for laser performance in highly-doped materials. For this
reason the development of any practical device requires a very detailed knowledge for
the population dynamics of the energy levels of the rare earth ions in the particular glass
host. While, as will be seen in the next chapter, some of the important ion-ion cross-
relaxation processes in Er3+-doped fluoride glasses have already been identified, no
detailed analysis of particular processes has yet been presented. Certainly, to the best of
our knowledge, no values for the rate constants for any ion-ion interaction process in

Er**-doped fluoride glass have been published.

1.2. Aim and subject of the research

A detailed study of all the ion-ion processes which have a significant effect on
the population of important Er’* energy levels in heavily-doped Er/ZB(L)AN glass is
the basic aim of the research described in this thesis. The dominant cross-relaxation
processes have been identified and analysed.  Values for the corresponding

concentration-independent cross-relaxation rate constants have been obtained. A rate-
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equation mode] describing the population behaviour of the erbium energy levels has
been developed which is sufficiently detailed to enable optimisation of the design of
materials suitable for laser applications. This model is applicable to any doping level
and any pumping wavelength and provides a new level of understanding of the
behaviour of these materials.

Initially both fluorozirconate and fluoroaluminate glasses were investigated.
However, preliminary fluorescence measurements indicated that the fluorozirconates
had slightly stronger fluorescence lines than those of similarly-doped fluoroaluminates.
This confirmed the observations of Yanagita er al. (1989) for similar glasses. Thus it
was decided to concentrate the research on fluorozirconate glasses only.

Glass samples required for this research were provided by the Amorphous
Maternials Group of the Department of Chemistry at Monash University. This Group
was able to produce a range of stable fluorozirconate glasses with excellent optical
quality and erbium concentration varying from 0.8 mol% to 18 mol%. To the best of
our knowledge this is the highest reported erbium concentration in fluorozirconate
glasses. As will be seen in the following chapters, these concentrations were high
enough to give rise to a large number of cross-relaxation processes at rates that were
comparable to other population and depopulation effects. Thus these processes had
effects on the fluorescence behaviour at levels which were sufficient to allow
determination of their rate constants.

At the time of commencement of this research, CW laser-diode sources with
power levels suitable for pumping devices such as microchip lasers were readily
available at about 800 nm and to a lesser extent at about 980 nm. A 1 W single junction
laser diode at about 805 nm was available in the laboratory and it was decided to
concentrate on this source for most CW measurements. Pulsed measurements of the
rise and decay of fluorescence from the erbium levels were performed with an optical
parametric oscillator (OPO) which could produce 10 ns pulses with energies varying up
to 100 mJ over the wavelength range 220 nm to 1800 nm. For consistency,
measurements performed with the OPO also concentrated on 800 nm pumping.
Pumping at this wavelength was found to give rise to significant populations of a
substantial number of erbium levels through cross-relaxation and excited-state-

absorption (ESA) processes. Other wavelength between 400 nm and 1500 nm were
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used to selectively excite particular levels to study their temporal fluorescence

behaviour under direct pumping.

1.3. Structure of the thesis

The work presented 1n this thesis has been divided into six chapters:

e Chapter 1 contains a brief introduction and describes the aims and motivations of
the research.

o Chapter 2 presents an overview of previously reported spectroscopic work on
erbium-doped fluoride materials. The main properties of fluorozirconate glasses as
a host and the erbium ions as dopant are described. Previously reported ion-ion
exchange processes in erbium are described and summarised. This chapter also
briefly discusses laser devices based on bulk fluoride glass hosts doped with pure
erbium or erbium co-doped with other rare earth 1ons.

e Chapter 3 describes the experimental arrangements used for all the spectroscopic
measurements. This chapter also describes most of the data which was measured.
Absorption spectra were recorded using a Cary spectrophotometer and fluorescence
spectra of all main lines have been obtained using the 800 nm laser-diode (LD)
pump. These measurements have been used to calculate absorption cross-sections
and construct a low-resolution energy level diagram for the Er’* ion in these
fluorozirconate materials. The fluorescence intensity of various lines has been
studied as a function of the erbium concentration and the excitation power. The
most important and certainly the most extensive measurements are those of
fluorescence rise and decay times of the various levels. The waveforms of ten
different fluorescence lines under five different pumping wavelengths (including the
main one at 800nm) were measured in samples with erbium concentration from 0.8
mol% to 18 mol%. The substantial change of rise and decay rates of some
fluorescence lines with concentration or the non-exponential behaviour of other
fluorescence lines were a clear indication of the presence of cross-relaxation

processes. The majority of the fluorescence waveform data is not presented directly
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in Chapter 3 but is deferred to Chapters 4 and 5 where it is combined with
appropriate analysis and discussion.

Many models for erbium in materials with higher photon energies than fluoride
glasses have considered only a relatively small number of lower energy levels.
Certainly even in fluoride glasses, most of the excited state population is in the
lowest couple of levels. Hence it seems reasonable to see to what extent it is
possible to model the behaviour of the glasses with only the involvement of a
restricted number of levels. This is done in Chapter 4. The same chapter also
introduces the techniques used in the analysis and modelling of the data. This
modeling shows that it is not possible to obtain reasonable fits to the complete data
set without the involvement of higher levels. It also strongly suggests the
involvement of previously unreported three-ion energy exchange processes.

In Chapter 5 the higher energy levels have also been included in the model. These
levels had substantially smaller population than the lower levels under 800 nm
pumping and therefore tended to be sensitive indicators of the extent of many cross
relaxation processes originating from the lower levels. This chapter contains
detailed discussions of the reasons for inclusion of the various non-linear cross-
relaxation terms and their effect on the populations of the levels and hence the
measured fluorescence waveforms. A comprehensive model including most of the
fluorescence levels of erbium has been developed. The cross-relaxation parameters
were varied until a single set was obtained which adequately reproduced the
observed fluorescence waveforms for the whole range of concentrations used. As a
result of this modelling 14 cross-relaxation processes were identified. Six of these
fourteen processes had previously been reported for the Er’* jon in some host but
very few values of the corresponding rate constants have been reported, none of
which were in fluoride glasses.

Chapter 6 summarises the main results and conclusions from the research.

1.5



Chapter 2

Previous work on spectroscopic
measurements and laser operation in

bulk Er’*-doped fluoride materials

2.1. Introduction

As has already been mentioned, the motivation for this work has been to develop
an understanding of materials with very heavy doping concentrations, which are
suitable for applications such as miniature lasers or waveguide devices, where the
interaction length is small. For such an understanding, knowledge of both the optical
characteristics of the glass host and the spectroscopic properties of the dopant ions is
necessary. This chapter summarises previous spectroscopic work with erbium ions in
fluoride glass hosts. To help the reader understand future discussions regarding the
spectroscopic properties of Er’* a very detailed energy level diagram has been supplied
as a foldout in the end of the thesis. A table with the absorption wavelengths and the
corresponding wavenumbers of some of the excited states of the Er’* ions has also been
provided there.

It is very clear from the literature that the fluorescence properties of an active
ion are in general strongly dependent on the nature of the host material and so studies of
the energy-level processes in the ion are necessarily specific to a particular host.
However, because there has been relatively little modelling work on singly-doped

erbium materials, and particularly in fluoride hosts, the discussion includes some work
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in other crystal and glass host materials as well as some work on co-doped materials.
The purpose of the co-dopants in general is to aid in selective excitation of the upper
laser level or selective de-population of the lower laser level. Reports on materials co-
doped with other ions, especially Yb>* ions, represent a substantial part of the literature
on Er’*-doped materials suitable for laser-diode pumping. Such reports, however, have
been only very briefly described here as the population behaviour in co-doped materials
can be very different from that in materials doped only with Er’*. For example, the
addition of Yb®" ions leads to strong coupling of the *Fs;, Yb** level to the “Ijj;» Er*
level, which results in a considerable shortening of the lifetimes of most levels in the

erbium system.

2.2. The fluorozirconate glass as a host

Up until mid-seventies, many years after the discovery of the laser, crystal hosts
were the dominant materials used for CW laser applications, due mainly to their
superior thermal conductivity. One major step in the development of the CW glass
lasers was made by Stone and Burrus (1973) with the demonstration of a working laser-
diode pumped Nd>*/oxide glass laser. Two years later Poulain ef al. (1975) introduced
the fluorozirconate glasses based on heavy metal fluorides. The initial ZrF,;-BaF,-NaF
(ZBN) system formed an unstable glass. This composition, however, was stabilised
with the addition of AlF; and LaF; and the, now well known, ZBLLAN glass was
reported for the first time. The interest in these new fluoride glasses and their
applications was so overwhelming, that a number of books (Almeida (1987); France
(1990), (1991); Aggarwal and Lu (1991)) and a major international symposium series
(International Symposium on Halide Glasses) have been dedicated to them. In general,
ZBLAN is the designation of these glasses for doping concentrations below 4 mol%. In
higher doping concentrations the La®* ions are usually completely substituted by the
dopant ions and the glass is referred to as ZBAN. Throughout this thesis a universal
naming protocol of ZB(L)AN, describing all glasses (with concentrations from

0.2mol% to18 mol%), has been used.
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The heavy metal structure of these glasses resulted in several important
properties, which proved these glasses to be a viable alternative of the popular silica-

based glasses in some infrared applications. These properties are outlined below.

2.2.1. Suitable for high dopant concentrations

One consequence of the specific structure of the fluorozirconate glasses is that
these glasses could be doped with much higher rare-earth-ion concentrations than the
silica-based glasses. The current understanding of the structure of fluoride-based
glasses is the subject of some uncertainty. Attempts have been made to describe their
structural properties in terms of network forming models which are well accepted for
glasses based on silica in which there are strong covalent bonds (France, 1990).
However, it seems more accurate to describe the structural properties in terms of the
ions being loosely bound by relatively weak electrostatic bonds (Newman, 1999). In
this latter model, no network is formed and the possibility for high doping
concentrations is easily understood as the ions fit into a much more open easily-
modified lattice. The limitation on doping levels is set by the onset of crystallisation.
The tendency of some ions to lower their energy state by spontaneous crystal formation
is avoided by addition of non-compatible ions to the mix. Thus for increasing dopant
levels it is also necessary to make variations to the base glass composition in order to
preserve the random glass structure. This has been the basic strategy used in making
the glasses in this work. As the doping concentration is increased, some intuition has
been necessary in making compensating changes in the composition of the base
materials in order to maintain a glass structure. Chapter 3 contains a table which lists
the full composition of each glass used in this work and to the best of our knowledge the
upper dopant level of 18 mol% is the highest erbium concentration which has been

reported in fluoride glasses.
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2.2.2. Narrower fluorescence and absorption lines

Experimentally it is observed that the fluorescence linewidth of the erbium
transitions in fluoride glasses is narrower than the corresponding transitions in silica
glasses (Shinn et al., 1983; Adam and Sibley., 1985; Samek et al., 1992). This is
clearly related to the glass structure although the details are not fully understood. The
fluorescence lines in solid materials such as glasses are broadened by variations of the
electric field at dopant sites within the glass. Thus a reduced inhomogeneous linewidth
in erbium-doped glasses is an indication of a narrower range of magnitudes of electric
fields at the erbium sites. A model of a loosely-bound electrostatic lattice in fluoride
glasses would seem to imply a much a greater variety of dopant sites than would apply
in a network environment. However, the immediate environment of the erbium site in
fluoride glasses always consists of six fluoride ions and also the electric fields in
fluoride glasses are relatively weak. The overall effect can be understood to produce a
narrower range of electric field magnitudes.

When considering the absorption and the fluorescence lines of rare-earth dopants
in glasses and crystals, it is important to understand that the optical transitions of the
trivalent rare-earth ions take place within the 4f shell which is to some extent shielded
from outside influences by the filled 5s and 5p shells. This is responsible for the
relatively small variation of observed fluorescence spectra for a given ion between
different hosts (compared, for example, to the variation for transition metal ions in

similar hosts)(Desurvire, 1994).

2.2.3.  Low phonon-assisted transition rates

The heavy atoms and weak bonds in fluoride glasses results in relatively low
phonon energies. The fundamental phonon energy in these glasses is approximately
500cm ' which is substantially smaller than phonon energies in many other glasses as

seen in Table 2.2-1.
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Host Borate | Phosphate | Silicate | Germanate | Tellurite | Fluorozirconate | Sulfide | LaF;

B (cm™) 1400 1200 1100 900 700 500 350 350

Table 2.2-1  Phonon energies of various glasses and LaF; crystal (Reisfeld and Jorgensen, 1987)

This low phonon energy results also in lower multiphonon assisted decay rates
for the fluorozirconates as compared to other glasses such as silicates or phosphates. It
has been shown (Layne et al., 1977; Reisfeld and Jorgensen, 1977) that the multiphonon
assisted decay rate, W from level 2 to level 1 varies exponentially with the energy gap
between the two levels:

W,, = a[n(T)+1] P e °EE) 2.2-1)
where; p is the number of phonons required to bridge the energy gap (E,-E;) and a and
b are host-dependent parameters which are considered to be insensitive to the rare earth
ion and the particular levels involved. The Bose-Einstein occupational number (which
is temperature dependent) for the effective phonon mode is:

1
n(h=——, (2.2-2)

ekT 1

where A is the fundamental phonon energy. Values for the parameters a and b and the
phonon energies Aw for various glasses are available (Reisfeld and Jorgensen., 1987).
For fluorozirconate glasses, the values given were a=1.59x10"%"and b= 5.19x10cm.
Similar values of 1.88x10'™ and 5.77x107cm respectively were obtained for ZBLA
glasses by Shinn et al. (1983) who also reported multiphonon decay rates in fluoride
glasses which were an order of magnitude lower than those observed in germanate and
tellurite glasses. They pointed out that the parameters a and b are characteristics only of
the glass host and so equation (2.2-1) allows the non-radiative rates for any lanthanide
ion in a particular host to be calculated (within a factor of about two). The uncertainty
in the estimates of multiphonon rates obtained using equation (2.2-1) was, however,
pointed out to be much larger in the case of a very large or very small (one or two
phonons) energy gaps. Shinn er al. (1983) presented also a very detailed study of the
spectroscopic properties of erbium in ZBLAN. Optical absorption and emission spectra
were presented and oscillator strengths of the transitions between J manifolds at 300 K

and 15 K have been calculated. The non-radiative decay rates were determined as a
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difference between the measured and the calculated radiative rates. The predictions of
the phenomenological equation (2.2-1), useful in a number of crystals and glasses, was
found to be in agreement with the predictions of the Huang-Rhys theory of multiphonon
decay at temperatures up to room temperature.

Wetenkamp ez al. (1992 b) also studied the optical properties of erbium, as well
as a variety of other rare earth ions, in ZBLAN glasses. Branching ratios and radiative
decay-rates have been calculated for the erbium *Ss, *I;1» and *I13,, levels and these
rates have been compared to the experimentally measured ones. Values for the non-
radiative decay rates and the parameters a and b in Equation (2.2-1) were obtained. The
reported values of a=1.99x10%s"! and b=2.1x10"cm, however, are substantially different
from the values published by Reisfeld and Jorgensen (1987) and Shinn et al. (1983).
Results from the work of this thesis are consistent with the values given by Reisfeld and
Jorgensen (1987) and Shinn et al. (1983).

In general, lower fundamental phonon energy leads to lower multiphonon-
assisted decay rates for a given energy difference between two levels. This would
suggest that the fluorozirconate glasses have smaller multiphonon assisted decay rates
than most other glasses in Table 2.2-1. These non-radiative decay rates are directly
connected to the fluorescence quantum efficiency of the level and also to the overall

lifetime of the level by:

A 1
n = 2 Ar and T = (2.2-3)
YAr+o+ X Ag,

-ZAr+w+2AH'

In these equations, M is the fluorescence quantum efficiency, A; are the radiative
spontaneous decay rates to the various lower levels, w is the multiphonon assisted decay
rate, T is the overall decay time of the level and the Agr terms represent the rates of ion-
ion energy transfer processes. Because of the lower multiphonon decay rates, the
fluorozirconate glasses should have higher quantum efficiencies and longer decay times
than many other glasses.

Indeed, the studies of Yanagita et al. (1989) confirmed that the quantum
efficiency of erbium-doped ZBLAN glasses was superior to that of similarly doped
fluorozirco-aluminate, phosphate, fluorophosphate and tellurite glasses. The radiative
and non-radiative properties of each of these glasses were studied and compared. The

radiative decay rates of the 4111/2 level were calculated using the Judd-Ofelt theory (see
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later in this chapter). The measured decay times for the “I;;;» and “Lisp levels were
observed to be longest in the ZBLAN glasses. Yanagita er al., however, pointed out
that an important advantage of the fluorozirco-aluminate over the ZBLAN glasses was
the fact that the former could be doped with up to 20% rare-earth ions (a concentration
which was significantly higher than the levels achieved with ZBLAN at that time)

There are some important implications resulting from the higher fluorescence
quantum efficiency and the longer decay times in the fluorozirconate glasses. The
larger quantum efficiencies would mean that more and stronger fluorescence lines
should be observed in fluorozirconate glasses (France, 1991). The longer decay times
of the levels, on the other hand, would offer lower threshold for lasing and also greater
probabilities for two (or more) photon absorption or cross-relaxation processes, which
would increase the possibility of obtaining up-conversion lasing. This was confirmed
by Quimby et al. (1987) who reported that the up-conversion from infrared to visible
light in erbium-doped fluoride glasses is four orders of magnitude more efficient than in
silicate or phosphate glasses. An efficient upconversion from red to violet was reported
by Pope et al. (1997) in erbium-doped fibre. A three-photon excitation process was

found to be responsible for this fluorescence.

2.2.4. Suitable host for IR lasers

The relatively small phonon energy and high quantum efficiency of the fluoro-
zirconate glasses makes them especially suitable for IR laser applications. As was
pointed out by France er al. (1991), if a typical radiative decay time of 10” s is assumed
in fluoride glass, a minimum energy gap of 3100cm™ is required between two levels for
the radiative and phonon assisted decay rates to be equal. In other words, in these
glasses a quantum efficiency of at least 50% would be present for energy separations
greater than 3100 cm™' (fluorescence wavelengths below about 3.2 um). This compares
very favourably with similar calculations for oxide glasses and YAG crystals, where the
same 50% quantum efficiency is obtained only for wavelengths below 2 um (Auzel,
1989; France, 1991). A further advantage of the fluorozirconate glasses is their superior

transmission in the mid-IR compared to that of silicates or phosphates.
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2.3. The dopant ions

2.3.1. Rare earths

Electric dipole transitions between the states of the 4f" electron configuration of
an isolated ion are normally forbidden by the parity selection rule. Inside a host,
however, this prohibition is avoided due to the non-centrally symmetric interactions of
the ions with the surroundings, which mixes states of opposite parity (Auzel, 1989;
France, 1991). An important step in developing the theory of transition intensities in
rare-earth ions was made by Judd (1962) and Ofelt (1962). In the early 1960s they
developed a quantum-mechanical theory of rare-earth-ion doped solid-state media,
which allowed estimates to be made of the electric dipole transition strength between
any pair of LSJ manifolds. Regardless of the many approximations made by the theory,
it has been widely used for calculating the spontaneous emission probabilities of the
energy levels in rare earths (Reisfeld and Jorgensen, 1977; Vickers and McFarlane,
1992; Wetenkamp ez al.,1992 b).

The basic spectroscopic properties of rare-earth ions in a range of glasses,
including fluorides and fluorozirconates, have been comprehensively reviewed (Auzel
1989; Miniscalco, 1993). The energies and line-widths of levels, absorption cross-
sections, excited state decay times, radiative and non-radiative rates as well as energy

transfer and up-conversion processes in these glasses have been discussed in detail.

2.3.2. Erbium

Laser action and optical amplification in the Er’* ion in a variety of hosts has
attracted considerable attention in recent years. Erbium has been of interest because it
can be optically pumped at a number of the popular high-power laser-diode wavelengths

and its laser wavelengths are in IR spectral regions which are important for optical
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communications (Nakazawa et al., 1990; Kimura and Nakazawa, 1992), remote sensing
(Hecht, 1993) and medical applications (Pollnau, 1997).

Erbium was first reported to lase in a silicate glass host by Snitzer and
Woodcock, (1965). In fluoride glasses, Okada et al. (1988) studied the green (550 nm)
and red (650 nm) fluorescence lines at erbium doping concentrations up to 15 mol%.
Uéing an 807 nm LD pump, the dependence of the 987 nm, 650 nm and 550 nm
fluorescence lines as a function of the pumping power was studied. While the intensity
of the 987 nm fluorescence line varied linearly with pump power, the intensity of the
other two lines exhibited a quadratic dependence, confirming their up-conversion origin.
These results were very similar to the results of our study in a similar experiment
(Chapter 5). In another experiment, reported in the same paper, an Argon ion laser at
488 nm as well as the LD were used as a pumping source in a study of the fluorescence
intensities of the 550 and 650 fluorescence lines as a function of the erbium
concentration. A very different dependence of the fluorescence intensity on the doping
concentration was observed in both cases, but no explanation was offered. Our study
(Chapter 5) confirmed the presence of cross-relaxation processes, originating from the
lower levels, which under 807 nm pumping repopulate the levels responsible for the 650
nm and 550 nm fluorescence lines and thus explain the trend toward a stronger
fluorescence intensity in higher concentrations, observed by Okada et al. (1988). When
the 488 nm pumping of the Ar laser was used, the populations of the higher levels were
relatively high, which stimulates various cross-relaxation processes, which were
affecting the populations of these levels. The populations of the lower levels, however,
are relatively small and the effective rates of the cross-relaxation processes, originating
from these levels, were not sufficient to cause a substantial repopulation of the
(2H11/z+4S3,2) and 4F9,2 levels. Thus a concentration quenching of the 650 nm and 550
nm fluorescence lines should be observed. This analysis is based on our modelling
work, however, it explains well the behaviour of these two fluorescence lines, observed
by Okada et al.

Calculated oscillator strengths and the spontaneous emission probabilities for
excited states in erbium have been reported by Reisfeld et al. (1982); Shinn et al.
(1983); Miniscalco et al. (1989); Vickers and McFarlane (1992) and Zou and Izumitani
(1993). Especially detailed work has been presented by Vickers and McFarlane (1992),
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who reported calculated oscillator strengths for 12 excited energy levels in Er’*, as well

. 3+
as many levels in Ho’*, Tm** and Pr’".

2.3.2.1. Ion-ion exchange processes in erbium

Many researchers have studied population quenching, resulting from various
ion-ion energy exchange processes that affect the population dynamics of the system.
The interest in these processes is almost 50 years old (Dexter, 1953; Inokuti and
Hirayama, 1965). The effect of the ion-ion exchange processes becomes significant in
high dopant concentrations where the distances between the dopant ions in the host is
reduced and an energy exchange can occur between similar ions of the same dopant or
different ions in co-doped materials. From Equation (2.2-3) it is clear that if this energy
transfer rate Agpr is high enough it can completely dominate the other relaxation
processes and reduce the fluorescence quantum efficiency. Depending on the particular
level involved, these cross-relaxation processes add or remove population from the level
and hence can enhance or limit the performance of any practical device.

An energy level diagram for Er** is presented in Figure 2.3-1 below. For the
purpose of visualising and easier identification of the levels a numbering system has

been introduced where the “I;5/, level is denoted as Level 0, the *Iy3/, level - as
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Figure 2.3-1 Energy level diagram for Er’*and cross-relaxation processes reported in Er'*. For
designation of cross-relaxation processes and corresponding references - see

Table 2.3-1 and the text below.
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Level 1 and so on. Level 5 in Figure 2.3-1 consists of three closely spaced energy

levels (*Ss/, “Hiyz and *F52), which at room temperature are thermally coupled. A brief

summary of the cross-relaxation processes reported previously in Er’”* is presented in

Table 2.3-1.
Process: Reference:
W(30,11) Moine et al., 1989; Knowles and Jenssen, 1992;
Zou and Izumitani, 1993.
Moine et al., 1989; Shi er al., 1990;
Brenier ez al., 1990; Wetenkamp, 1991;
W(22,50) d

Knowles and Jenssen, 1992; Lupei et al., 1993;
Zou and Izumitani, 1993; Pollnau, 1997

W(50,31)=W(50,13)

Haixing and Fuxi, 1985;

Moine et al., 1989; Shi et al., 1990;

Brenier er al., 1990; Wetenkamp, 1991;

Knowles and Jenssen, 1992;Lupei et al., 1993; Pollnau, 1997

Shi ez al., 1990; Yanagita er al., 1991
Knowles and Jenssen, 1992;Lupei et al., 1993;

W(11,30) o
Zou and Izumitani, 1993
Brunel ez al., 1996; Pollnau, 1997
W(21,40) Zou and Izumitani, 1993
W(53,44) Oomen et al., 1990
T(500,013) Zhekov et al., 1990; Georgescu et al., 1991; Lupei et al., 1993
T(111,005) Lupei et al., 1993
Table 2.3-1 Previously reported ion-ion interaction processes involving Er’* in various materials.

Where possible, the papers chosen describe these processes in fluoride-based materials.
For the designation of the cross-relaxation processes see Figure 2.3-1 and text below.

In this thesis we discuss a very large number of ion-ion energy exchange processes and

have found it convenient to introduce our own nomenclature for describing them. The

processes are designated as either two-ion (W) or three-ion (T), followed by up to six

numbers indicating (starting levels, finishing levels). The processes, with the energy

levels numbered as in Figure 2.3-1, are detailed below:

W(30,11): [*Iop +'I152—2 (Lian)];

W(22,50);12 (*T,12)— *S3n+'T1s];

W(50,31):[CHiio+*S32)+ Tisn = CLan)+Clon)l; W(A1,30): [2 Clizn)— *Ton +Tispl;
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W(50,31):[(CH)1/2+*S32)+ o —2(*Fop); W(21,40): [*I110+ 113, *Forn +*I1sl;
T(500,013): [(*H112+*S32)+2( L152) = Tis+ T30+ ool

T(111,005): [3(°*L132)—2('Lis2)+CHi1+*S32)].

In the literature values of the corresponding cross-relaxation constants have been

reported for very few of these processes. Table 2.3-2 summarises these reported values

for different materials.

Rate Constant: | Value(¢cm/9): Material: Er’t (at.%) Reference:
W(11.30) 1x10718 Phosphate glass Nilsson er. al, 1994
W(11.30)= 2.6x10718 _ 4x10%m™ Di Pasquale, 1996
=W(22,50) 3.76x107"7 i fbrefaer 2x10%%cm™
W(11.30) 1.8x107 Y;Al0;, 10 Zhekov et. al, 1986
W(11.30) 2.5x107" Y;Al0;, 15 Zhekov er. al, 1984
W(11.30) 1.5x107" Y3Al01, 16.6 Shi et. al, 1990
W(11.30) 4x10°" Ba;Y,Fq 20 Knowles and Jenssen, 1992
W(11.30) 4x107 Y;3Al504, 333 Shi et. al, 1990
W(11.30) 2.5x107" Y3A101, 50 Shi et. al, 1990
W(11.30) 25.0x107"7 Y;Al0), 50 Zhekov et. al, 1984
W(11.30) 1.3x10°0 Y3Al50,, 50 Lupey et. al, 1993
W(22.50) 3.0x10°Y Y;Al0;, | 16.6,33.3, 50 Shi er. al, 1990
W(22.50) 5x107" Y;3Al501, 10 Zhekov et. al, 1986
W(22.50) 0.8x107" Ba;Y,Fg 20 Knowles and Jenssen, 1992
W(22.50) 3.7x1071° Y;Al50), 50 Lupey er. al, 1993
W(50.31) 1.06x107" Y3Al501, 50 Georgescu et.al, 1998

Table 2.3-2

different materials

Cross-relaxation rate constants reported as numerical valuesin the literature for Er’* in

An investigation of the concentration dependence of the fluorescence intensities
of Er* in fluoride glass at room temperature was carried out by Haixing and
Fuxi (1985).  In their experiments a so-called "infrared fluorescence-enhanced
phenomenon" occurred when pumping the 4S3,2 and 2H11,2 levels. In this effect, the

intensity of the visible (~540 nm) fluorescence from these levels decreased rapidly with
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increasing concentration, in contrast to the 1.56 um fluorescence from the 4113,2 level

which increases its intensity. With pumping of only the “I,;,, and “I;3, levels, however,
the fluorescence of the latter exhibited the usual concentration quenching. The effect of
the cross-relaxation process W(50,31) (see Figure 2.3-1 and Table 2.3-1) was proposed
as a possible explanation of this behaviour. Our work confirmed the existence of this
process, however a three-ion process (T(500,031)) was found to be more important for
the population dynamics of the 4S3,2 and 2H“,z levels when these levels were pumped
directly.

Oomen ez al. (1990) and Van Dongen et al. (1991) paid special attention to the
origin of the red (from level 4F9,2) and the green (from levels (4S3,2+2H11,2))
upconversion fluorescence in Er’*-doped fluoride glasses as well as to the cross-
relaxation processes which affect these fluorescence lines. Fluorescence intensities of

these lines as a function of the intensity of the pump were studied in order to determine
the origin of the population of the corresponding 4F9,2 and (4S3,2+2H11,2) levels. A
multiphonon decay from the (4S3,2+2H11,2) levels to the 4F9,2 level was found to be the

major mechanism responsible for the population of the “Fo, level in doping
concentrations below 1 mol%. In higher concentrations, the cross-relaxation process
W(53,44) (see Figure 2.3-1) was found to become increasingly important for the
population of the 4F9,2 level. A decay with a double time-constant was reported for the
green fluorescence line at 545 nm. The initial part of this decay exhibited a time-

constant of about 540 us, which was similar to the "intrinsic” decay time of this

(4S3,2+2H11,2) combined level. Here "intrinsic" refers to the decay time measured under
direct pumping in doping concentrations which are sufficiently low so that no cross-
relaxation processes are affecting the population of the level. The second part of the
decay curve exhibited a slower decay rate, equivalent to a time constant of about 1.5 ms.
The existence of a cross-relaxation process was suggested as an explanation, however,
no further discussions or justification was offered. A similar double decay was
observed in the green fluorescence at 550 nm in our experiments with 800 nm pump.

An energy transfer process originating from the lower energy levels was shown to
repopulate the (4S3,2+2HH,2) levels thus imposing on them a second (and longer) decay

time constant. In work reported in later chapters of this thesis, a three-ion cross-
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relaxation process originating from the 419,2 level was found to be responsible for the
population of the 4Fg,z level in high Er’* concentrations.

A very extensive study of the spectroscopic properties, as well as various energy
transfer processes in Er’*-doped ZBLAN, aluminate, gallate and several other glasses
was presented by Zou and Izumitani (1993). Spontaneous emission probabilities were
calculated (Judd-Ofelt calculation) for a large number of the excited Er’* levels. The
red and the green erbium fluorescence lines under 800 nm pumping were studied.

Processes involving an excited state absorption and cooperative energy transfer from the
4 . .
I3, and 4111,2 levels were suggested to be responsible for the population of the

corresponding 4Fg,z and (4S3,2+2H11,2) levels (see processes W(11,30), W(22,50) and
W(21,40) in Figure 2.3-1 and Table 2.3-1).

A study of energy transfer processes in Er’* when used as a co-dopant for Ho*
ions has been reported by Moine ez al (1989). The strong visible absorption of Er’* has
been used to sensitize the Ho>" ions in order to optimise its laser emission at 2 pm.
Several cross-relaxation processes were described in detail (see W(30,11), W(22,50)
and W(50,31) in Figure 2.3-1 and Table 2.3-1). The fluorescence dynamics in the
erbium:holmium co-doped system has been studied in ZBLA, BATY and BIZYT
fluoride glasses at room temperature. Numerous concentrations and different selective
laser excitations in the visible and infrared spectral ranges were used in order to
determine the best concentrations and the most suitable glass for this particular 2 um
laser application.

Various energy exchange processes between erbium ions in highly doped
(Er/YAG) were studied by Lupei et al. (1990) (see W(22,50), W(50,31), W(11,30),
T(500,013) and T(111,005) in Figure 2.3-1 and Table 2.3-1). Data over large
concentration (0.1-100 at.% replacement of Er’* for Y>*in YAG) and temperature (10-
300 K) ranges were analysed. A three-ion cross-relaxation process (T(500,013)) was

found responsible for the quadratic concentration dependence of the decay rate for the

coupled 4S3,2+2H11,2 levels at temperatures above 150 K.
Shi et al. (1990) presented an extensive study of the effects of energy transfer
among the erbium ions on the fluorescence properties of heavily doped (Er/YAG) at

room temperature. They report non-exponential decays in high Er’* concentrations of
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both 4113,2 and 41“,2 levels. A rate-equation model was developed and solved
numerically. Various two-ion cross-relaxation processes, involving the 4113,2, 4111/2 and

(4S3/2+2H11,2) levels (see W(22,50), W(50,32) and W(11,30) in Figure 2.3-1 and
Table 2.3-1) were analysed and values have been obtained for some of their rate
constants. Shi et al. obtained values for W(11,30) in Er:YAG which varied between
1.5x 10" cm®™ and 4 x 1077 cm’s™! for Er doping levels between 16.6 and 50 at.%.
These values can be compared with other results in YAG giving values of W(11,30) of
1.8 x 10" cm’s™.(Zhekov ez al., 1986; 10 at.% Er**), 2.5 x 10" cm’s™".(Zhekov et al.,
1984; 15 at.% Er’*) and 25 x 1077 cm’s.(Zhekov er al., 1984; 50 at.% Er'*). The
spread of values and particularly the large discrepancy between the latter two values is
indicative of the existence of additional processes affecting the 4113/2 level. Indeed, in
our initial modeling where no account is taken of such processes (see Chapter 4) we
obtain a value for W(11,30) of 4x10""7 cm’s™! in our fluoride glasses. After the inclusion
of additional processes (see Chapter 5S), which gave better agreement with the
experimental data, a value of 1x10"7 ¢cm?s! was obtained.

For the process W(22,50), Shi er al. obtained a consistent value of 3.0 x 10"
cm’s! for W(22,50) for the same range of concentrations (16.6 to 50 at.%). This
compares to a value of 5.1 x 1077 cm’s™ obtained by Zhekov er al. at (1984). The
values obtained for these two cross-relaxation rate-constants (W(22,50) and W(11,30))
would be expected to vary with material structure as they depend on the environment of
the Er** jons. Hence values obtained in YAG can only be used as a guide to values
which could be expected in fluoride glasses and direct comparison of YAG values and
values obtained in this thesis are not particularly meaningful. Our values of W(11,30)
were included above only to illustrate the point about the possible existence of
additional processes, beyond the two considered by Shi er al. All of the processes
presented in this chapter (and others) will be discussed in detail in Chapters 4 and 5.

Throughout this thesis there will be a great deal of discussions of various ion-ion
exchange processes. For that reason a comment should be made about the nomenclature
used with these processes. Various researchers have taken different approaches with
this regard. Wright (1976) uses nomenclature which refers to the detailed mechanisms
and uses different names for various energy transfer processes such as "up-conversion”,

"fluorescence quenching"”, "sensitisation” and so on. Authors like Chen et al. (1989)
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and Shi et al. (1990) use only general terms like "energy transfer" and "cross-relaxation
process”. A significant number of processes, some of them involving three ions, will be
introduced later in the thesis. Many of these processes are introduced, in our
knowledge, for the first time. To avoid any confusion caused by the use of specific
effect-related terms for a variety of different processes, it was decided to only use
general expressions like "ion-ion exchange process”, "energy transfer process” or

“cross-relaxation process”.

2.3.2.2. Erbium glasses co-doped with other rare earth

ions

Erbium ions have often been used together with other rare-earth ions which can
be effective in modifying the properties of levels via cross-ion relaxation processes.
The relatively low absorption efficiency of Er’* for direct pumping with wavelengths
around lum is one of the reasons for co-doping with Yb>* ions. The Yb’* ion has a
much higher absorption cross section at 980 nm_ which makes it suitable for laser-diode
pumping, and can also be excited using the 1.06 um output of a Nd:YAG laser (Hanna
etal., 1987).

Gapontsev et. al (1982, 1983) have presented data for laser action in the Yb-Er
system at 1.55 wm for a number of glasses (but not including fluorozirconate glasses).
Energy accumulation and channels of energy loss were covered in detail. High energy
operation using both flashtube and Nd-glass-laser pumping were studied as well as
possible applications of these laser systems. This paper is fairly typical of early work
on co-doped glass lasers. More recently there has been a considerable volume of work
on a wide range of compact Er:Yb laser systems based on bulk glass materials. These
lasers cover a similarly wide range of operating regimes from CW to mode locked and
the review by Taccheo et al. (1996) gives a very good description of the types of system
which are possible and their performance.

Of particular interest for the type of materials described in this thesis are glass
microchip lasers as this configuration is capable of high power and single longitudinal

mode operation and is likely to require high dopant concentration for good pump
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absorption in the thin material. The first Er-Yb:phosphate glass microchip laser at 1. 5
um was reported by Laporta et al. (1993). A 980 nm LD was used as the pumping
source and Er’* and Yb>* doping concentrations of 1x10% jons/cm® (approximately
0.5mol%) and 2x10*' ions/cm® (approximately 10 mol%) were used. A single
longitudinal mode output power of 25 mW and slope efficiency of 22% were obtained
with a 150 mW pump. The experimental and modeling work by this group on
microchip lasers in phosphate hosts has been recently summarised (Laporta ez al.,
1999). Also, recently, a diode-pumped Er:Yb microchip laser, Q-switched using a
semiconductor saturable absorber mirror, has delivered pulse energies up to 4 uJ at
repetition rates up to 100kHz (Fluck et al., 1998)

The optical properties of erbium (and holmium) doped thorium-, zinc- and
yttrium-based fluoride glasses have been determined by Eyal er al. (1987). The Judd-
Ofelt intensity parameters €2; (i=2,4,6) were calculated for these glasses and compared
with previously reported values. The radiative decay rates of various transitions
between different Er’* and Ho’* levels were also calculated. The multiphonon-assisted
decay rates between adjacent levels were obtained as the calculated radiative rates were
subtracted from the measured decay rates. Logarithmic plots of these multiphonon-
assisted decay rates vs the energy gap between the fluorescing level and the nearest
level below produced values for the parameters a and b (see Equation (2.2-1)) for these
fluoride glasses. This alowed an equation , similar to Equation (2.2-1) to be used and
values for the multiphonon-assisted decay rates to be predicted. A reasonably good
agreement between the calculated and predicted multiphonon-assisted decay rates was
obtained in the cases where energy gaps larger than 1900 cm™ were involved. In the
cases with smaller energy gaps large discrepancies were observed. One such example
involved the *Hg, level and was explained in terms of uncertainty in the multi-phonon
rates to the next lowest level due to an uncertainty of the order of KT (KT=200 cm’ for
their glasses), which was about 10% from the energy gap between these two levels
(about 1750 cm™). Peak cross-sections for laser action and threshold powers for
infrared laser emissions have been calculated and compared with data published in the
literature. Co-doping with Yb’* is shown to significantly decrease the threshold for
laser action. The measured decay times of the main levels in Er’" which were reported

Eyal et al. (1987) are very close to those reported in this thesis.
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Further progress with rare-earth sensitisers was reported by Heuman et al.
(1988) using Er-doped fluoride-based glass co-doped with chromium and ytterbium. As
a result, for the first time, CW erbium laser action at A=1.6 um in
Cr,Yb,Er:fluoroaluminate glass was achieved. A two-step pumping process, via Cr>*
and Yb>*, with krypton laser excitation produced an 80 mW laser threshold. It was
pointed out that further improvement in the efficiency of the laser was possible by
optimisation of the doping concentration and further improving the optical quality of the
glass.

The other important emission wavelength of Er’* at 2.7 um has also been
extensively studied. Yanagita er al. (1989) studied the radiative and non-radiative
properties of this transition in a broad range of glasses which included fluorides,
fluorophosphates, tellurides and phosphates. The calculated radiative rates were similar
for all glasses except for the tellurides where the rates were substantially higher. Two
different ways of depopulating the 4113,2 level (which is the lower level for the 2.7 um
transition) were tried in an attempt to increase the population inversion between the
Iy and 4113,2 levels. First they increased the Er’* concentration without using co-
dopants. With these heavily-doped glasses, the most promising results were obtained
with the fluorozirco-aluminates which could be doped with Er’* concentrations up to 20
mol%. Shortening of the lifetimes of both 4111,2 and 4113,2 levels due to concentration
quenching was observed for dopant levels above about 10 mol%. Depopulating the
lower level by co-doping with Ho>* and Tm’" in several glass hosts has shown that
holmium ions are preferable for this purpose. The Tm>" jons also tended to depopulate
the 4111,2 level.

Other co-dopants for erbium-doped ZBLAN glasses, such as Eu and Pr, have
been studied by Wetenkamp er al. (1992 a). Praseodymium ions proved to be a

particularly good deactivator for the lower level of the erbium transition at 2.7 pm.

Very efficient depopulation of the 4113,2 level of highly-doped Er/ZBLAN glass was

demonstrated even with a very small dopant concentration of Pr** (0.05 mol%).
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2.3.2.3. Laser action in singly-doped erbium fluoride

glasses

One of the first pulsed lasers operating at wavelength 2.7 um in erbium-doped
ZBLAN at room temperature has been reported by Pollack and Robinson (1988). An
erbium concentration of 4 mol% and highly inefficient xenon flash-lamp pumping were
used. Although laser action was achieved on the 2.7 um transition, no stimulated
emission was observed from the 4113,2 - 411 5,2 transition at 1.55um.

The first continuous wave operation of an erbium-doped fluoride bulk-glass
laser at the 2.7 um wavelength was reported by Auzel er al. (1988b). Doping

concentrations up to 8% and pumping at 514 nm were used. Multi-wavelength and
tunable operation were demonstrated.
Wetenkamp ez al. (1992b), also consider the possibility of CW operation of Er**

in ZBLAN in their comprehensive study of the optical properties of rare-earth doped

fluorozirconate glasses. They confirmed that CW operation of the 4111,2 — 4113,2

transition at 2.7 pm could be realised by depleting the lower 4113/2 level via excited state
absorption (ESA) of the pump at 640 nm or 800 nm. They also pointed out that laser
action on the 4113/2 — 4115,2 transition at 1.55um should be possible with direct excitation

of the upper level because there is no effective ESA of the pump at around 1.5 pm to
deplete this level.

Modelling results for laser operation at approximately 3 um in Er/BaY,Fs
crystals have been presented by Knowles and Jenssen (1992). These crystals involve
doping levels of 1 - 100% Er and 0.1 - 1 % Pr. The advantages and disadvantages of
laser action, based on both upconversion deactivation and Pr-deactivation of the lower
laser level, have been discussed and compared. It was shown that the upconversion
laser should operate with higher efficiency than the quantum defect limited Er/Pr laser
at least in CW mode. Possible problems with operating these materials at high
inversion levels (such as thermal loading) were pointed out.

During the writing of this thesis, the first diode-pumped laser based on thin
samples of heavily-doped Er:fluorozirconate glass of the type investigated in this thesis

was reported (Sandrock. ez al., 1999). CW laser emission was obtained in the 2.7 um to
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2.8 um wavelength range. A 970 nm fibre-coupled LD pump and erbium
concentrations of up to 8 mol% were used. A CW output power of more than 160 mW
and slope efficiency of 10% were achieved. Although they did not have any glasses
with doping concentrations exceeding 8 mol%, the authors predicted that optimum
performance would be expected at higher concentrations.

Laser action in doped fluoride fibres can be very strong due to the advantage of
the high pump intensity and long interaction length which is achieved in this confined
geometry. Apart from the traditional wavelengths of 2.7 um (Brierley and France,
1988; Srinivasan et al., 1999; Poppe et al., 1998) and 1.5 um (Barnes et al., 1989), laser
action in erbium-doped fluoride fibres has been reported at various other wavelengths
such as 1.0 um (Allain e al., 1989), 1.66 and 1.72 um (Smart et al., 1990), 850nm
(Miller et al., 1990) and 540nm (Whitley ef al., 1991). Although the motivation for the
work described in this thesis has been the development of materials suitable for small
diode-pumped bulk glass lasers, the models of material behaviour are equally relevant
to the fibre geometry. Indeed, the high pump intensity in the core of fibre lasers and
amplifiers is likely to lead to significant excited state populations and strong cross-

relaxation processes when high doping concentrations and short lengths are used (Pope

et al., 1997).

Various commercial Er** glass laser systems have already been made available
on the market. Q-switched Er’*:phospahate lasers at 1.54 um, pumped by flash tubes,
produce output energies of around 5 mJ and are in use for laser rangefinders. CW
Er’*:fluorozirconate fibre lasers at 2.7 um produce output powers up to about 2 W and

are used for a wide range of medical applications.

2.3.3.  General comments on energy transfer

processes among 10ns

Up to now we have introduced concepts such as two and three-ion energy
exchange mechanisms without discussing their fundamental basis. The models that we

will develop in later chapters are based on the writing of rate equations. The use of this
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approach needs to be justified as such equations cannot be used in all situations. This
section will discuss ion-ion energy transfer processes in more detail and introduce a
number of concepts which will be used in the justification of the use of rate equations in
the modelling processes for the materials used in this thesis.

In discussing ion-ion energy transfer processes it is easier to understand the
physics of the situation if we first discuss two-ion processes involving two types of ion
in the decay - a donor ion and an acceptor ion. This is the approach followed below
even though singly-doped materials have been used exclusively in this thesis and the
donor and acceptor ions are therefore of the same type. We will later consider the case
of single doping.

Consider a host system containing randomly distributed assemblies of donor and
acceptor ions. The various ions interact via coulomb forces and if they are sufficiently
close then an interacting system of ions can be described using states of the whole
system (Di Bortolo, 1984). The basic mechanism for ion-ion interaction is via electric
dipole transitions between multiple-ion states (Watts and Richter, 1972). Some of these
transitions result in exchange of excitation energy between the ions. Under the
assumption that a short pulse of radiation has excited a small number of donor ions,
then, in the absence of acceptor ions or diffusion of energy amongst ions, the donor
excitation density, ®(r,t), decays simply as exp(-/1,), where 7, is the intrinsic donor
decay rate due to radiative and internal non-radiative transitions. In the presence of
acceptor ions there are three basic regimes in which the temporal behaviour of the donor

excitation can be described:

e Direct transfer

A donor ion in the vicinity of acceptor ions can interact with one of them in a direct
energy transfer. If the probability for direct energy transfer between donor and acceptor
separated by distance R, is w(R,) (two-ion process) then the donor excitation density
®(r,t) (the probability of finding a donor at position r at time t in an excited state) 1s

(Weber, 1971):

Nav

CID(r,T):e—’/TOZe_W(R")Z . (2.3-1)

n=1
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Here N, is the number of acceptor ions per unit volume and N,v is the total number of
acceptors in the sample volume v. The observed macroscopic signal will be

proportional to the statistical average of ® over all the donor-acceptor pairs
o (1) = J.cb(r,z)di‘r. (23-2)

In principle, if one knows the spatial distribution function for the ions and the form of
w(R;) then the above equation can be solved to give an expression for the decay of the
excited state population. Such solutions for the decay function for the particular radial
dependencies of the transfer rate in the cases of multipolar interactions and exchange
coupling have been reported by Inokuti and Hirayama (1965) and by Wright (1976).
For multipolar interaction the transfer rate constant is proportional to an inverse power
of the donor-acceptor separation, w(R)=cR™ (Weber, 1971). The values of s are 6, 8
and 10 for dipole-dipole, dipole-quadruple and quadruple -quadruple coupling
respectively. The general solution (Inokuti and Hirayama, 1965; Weber, 1971: Watts
and Richter, 1972) in this case is:

@ (1) = exp| —%—%Nal“(l—%)Rg(t/ro)m] , (2.3-3)
where I'(x) is the gamma function and Ry is the critical transfer distance (C‘EO)” * defined
as the separation at which the probability for energy transfer between donor-acceptor
pair is equal to the intrinsic decay probability T, .

Early in the decay, when t <<1,, the above equation reduces to a decay which is
approximately proportional to (1 - kt®), where k = (4/3)n'(1 - 3/s)N,R,*T,>". The
initial decay therefore has a non-exponential time dependence. This can be understood
because the number of donors having unexcited acceptors within the critical radius
decreases with time. Hénce during the decay the average separation of the interacting
ions is increasing and a changing decay rate will be observed within the time of the
decay. As the decay progresses, the intrinsic decay rate becomes more competitive with
that due to energy transfer. The late part of the decay will be predominantly exponential

with a rate that is close to the intrinsic decay rate.
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¢ Diffusion Limited transfer

When the donor concentration is increased, donor-donor energy exchange
interactions can become important. These donor-donor interactions give rise to energy
migration which can be described either as diffusion process or a random walk
(resonant exchange or hopping model). Both models lead to similar theoretical results
(Di Bartolo, 1984). A diffusion limited transfer is present when the rate of the energy
migration process among the donor ions is comparable with the donor-acceptor transfer
rate. After excitation of a sample containing a significant density of donors, excited
donors in the vicinity of acceptors relax via direct transfer. For excited donors which
are at substantial distances from the nearest acceptor, the excitation first diffuses via
donor-donor transfer until the excitation reaches a donor sufficiently close to an
acceptor for direct relaxation to occur. The time evolution of the excitation is now
given by the diffusion equation (Weber, 1971):

od(r,?) _
ot

D*V2¢(r,t)—ZV(r—rn)dJ(r,t)——lO-d)(r,t). (2.3-5)

T

Here D* is the diffusion coefficient and v(r - r,) is the probability for energy transfer
from an excited donor to the n™ acceptor at position . Yokota and Tanimoto(1967)
have obtained an approximate solution of the above function in the case of dipole-dipole
interaction:

1+10.87x +15.5x> 14
1+8.743x ’

(1) = (0™ expl= 277 Na (e (2.3-6)

where x=D*c*t*>. This equation assumes that the density of donors is much greater

than that of the acceptors and so the average separation of donors is much less than that
of acceptors. It also assumes the same value of ¢ for donor-donor interaction and donor-
acceptor interaction. At the early part of the decay (for t << c*D*32 x = 0) diffusion
is negligible and this equation reduces to equation 2.3-3. In the later part of the decay
when t— oo | Equation 2.3-6 reduces to an exponential decay with a decay time constant
1/ =1/19+K4, where Ky = 2.77D**N,c . (23-7)
The diffusion coefficient is a function of the donor concentration N, and is given by
(Brenier et al., 1990)
D*=3.375¢c N,*°. (2.3-8)
Using this, K4 becomes
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Ka=30c NNy . (2.3-9)
In this diffusion-limited decay, the initial part of the decay is non-exponential and the
latter part is exponential. The effective late decay rate varies directly with the product

of donor and acceptor doping concentrations.

e Fast diffusion
In high donor concentrations when the diffusion constant is large, diffusion is very rapid
and leads to a spatial equilibrium of the excitation within the donor system. In this case
the variation in the transfer rates for different donor-acceptor pairs is effectively
averaged out and a single exponential decay is observed. Under these conditions
diffusion is no longer important in limiting the rate of decay and for two-ion
interactions, equation 2.3-7 becomes (Watts and Richter, 1972; Brenier et al., 1990):

1/7 =1/79+K4., where K4 = UN,, (2.3-10)
where U is a constant. Because of the fast diffusion, the donor (acceptor) excitation is
now de-localised over the entire system and the processes now can be described with an
average transition rate. This allows a rate-equation analysis to be used (Di Bartolo,
1984). In the terms of a rate-equation model the evolution of the excited donor
population in fast diffusion regime can be expressed as:

dN,() _ N,@)

d

where Ny denotes excited donor ion concentration and K is a constant which determines

~ KN, ()N, (2). (2.3-11)

the rate of the process.

In general, a regime of fast diffusion is thought to be present only in higher
concentrations where the diffusion rate is sufficiently high. However, rate-equation
analysis has been successfully used also in relatively low concentrations. Watts and
Richter (1972) report that for Yb>* ions in a Y.xyYbsHoyF3 crystal, the fast diffusion
regime is noticed at about 0.3 mol% and it completely dominates the direct transfer
above 3 mol%. Chen et al. (1989) successfully used rate-equation models for heavy
metal fluoride glasses with combined Er’* and Tm’>* concentration of about 1 mol%.
Laporta et al. (1993) also reported successful rate-equation modelling of both erbium
and ytterbium processes in Er-Yb phosphate glass laser with Er’* concentration of only

about 0.05 mol% (and Yb* concentration of about 5 mol%).
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In many other papers that use rate-equation modelling it is not clear exactly what
evidence exists for believing that the fast diffusion regime is applicable. This is partly
because even when one is not strictly in the fast diffusion regime, rate equations can be
used still as an approximation (Wright, 1976). It is also because the value of D*
depends on both Ny and ¢ (see equation 2.3-8). This latter dependence on ¢ means that
the diffusion coefficient is a function of the energy transfer probability at a particular
separation and hence a function of the transition concemed. Hence in principle,
different ion-ion interaction processes in a particular material could satisfy the
requirements for fast diffusion to varying degrees. It should also be noted that
inhomogeneous broadening, common in most glasses, can lead to reduced overlap
integrals and hence lower values of ¢ than applies in crystals. Thus, the situation is very
much dependent on the details of the material and the processes being considered. In
the end, rate equations tend to be used and the justification in a particular situation tends
to be that they work in the sense that models agree with measurements. If the fast
diffusion regime can be shown to apply for a particular energy level it is reasonable to
assume that the regime applies to all levels in a particular material.

The distinguishing feature of the fast diffusion regime is that, provided only a
single energy exchange process is active, one will observe a single exponential decay
constant over the entire decay period. This is thus the best test for applicability of rate
equations. If many processes are affecting a particular level during a decay then one
will in general not see a single exponential decay, even if fast diffusion applies.

Before going on to discuss the evidence for the applicability of rate equations to
the modelling of this thesis, we first digress to consider the effect on the preceding
discussions of a having only a single dopant. In this case, N, = Ny and for the case of
slow diffusion, Equation 2.3-9 becomes: Kq =30 ¢ N4’ Thus for two-ion interaction in
the diffusion limited regime, the decay rate is proportional to concentration squared.
Physically, in the case of single-ion doping, diffusion can be thought of as a resonant
energy transfer (ion hopping) mechanism that can temporarily store the excitation
energy prior to eventual decay via direct energy transfer to some other state in another
dopant ion. For two-ion interactions in a singly-doped material, diffusion-limited decay
will be characterised by a late decay rate which is proportional to concentration squared.

In the case of fast diffusion, the two-ion decay rate is proportional to dopant
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concentration (Equation 2.3-10) and pure exponential decays are observed. Often these
concentration dependencies are used as an indication of the presence of either fast
diffusion or diffusion-limited decay (Brenier et al., 1990; Moine et al., 1989). However,
it must be stressed that this is only true if two-ion processes dominate the decay. Fong
and Diestler (1972) presented an elegant analysis of many body dipole-dipole processes
for energy transfer between ions in crystals. They showed that provided energy
conserving interactions are possible (and there is fast diffusion) pairwise energy transfer
will predominate at high dilution while higher order n-body processes can dominate at
high doping levels. They also showed that in the fast diffusion regime, n-body
processes will have decay rates which depend on N¢®". Thus one can indeed be in the
fast diffusion regime and still observe decay rates proportional to concentration squared.
Such a situation would indicate the existence of dominant three-ion decay processes.
The essential test for fast diffusion is thus whether or not a single exponential decay is
observed and not the concentration dependence of the decay. Fong and Diestler (1972)
also show that many body mechanisms are particularly important in rare earth ions
because of the narrow widths of the 4f* crystal states for which overlap of donor
emission and acceptor absorption spectra (and hence pairwise energy transfer) is
minimised. Later in this thesis we will introduce a number of three-ion processes to
explain certain features of our experimental fluorescence data. Some of these three-ion
processes have been previously reported by other workers in erbium-doped matenals
(Lupei et al., 1990; Lupei, 1993, Georgescu et al., 1991; Zhekov et al., 1990) and others
are 1ntroduced for the first time in this thesis.

We now return to a discussion of the reasons why we have used rate equations to
mode] the behaviour of the glasses used in this thesis. The dopant concentrations used
in our work are very high (up to 18 mol%) and thus it is reasonable to expect that the
fast diffusion regime will apply, particularly at the higher concentrations.

This assumption of fast diffusion was supported by a number of observations
that were interpreted as an indication that a fast diffusion regime is dominant in the
observed fluorescence behaviour of the different energy levels. In the complex situation
which occurs for heavily doped Er’*:fluoride glasses used in this thesis, the best way to
minimise the number of processes affecting a particular level is to observe the decay

when the level is directly pumped. Under these circumstances, the populations of other
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levels tend to be lower and competing cross relaxation processes tend to be minimised.
The fluorescence from some of the levels (419/2 and 2H9/2) exhibited exponential decays
for all concentrations and pumping conditions (see Tables 5.2-1, 5.2-2, 5.2-8).
Insufficient data was collected for the4F9/2 level to test its behaviour under direct
pumping. However, some data is available at low concentrations and this shows pure
exponential decays (see Table 5.2-9). The fluorescence from levels *I13» and Tun
exhibited non-exponential decays, but only under pumping conditions where they are
heavily populated (for non-exponential behaviour see Tables 5.2-1, 5.2-6, 5.2-7 for the
1,12 level and Tables 5.2-4, 5.2-5 and 5.2-7 for the 4113/2 level). The large population in
this case can result in more than one significant energy transfer process and this would
explain the observed non-exponential decay. When populated with a smaller number of
ions these two levels exhibited pure exponential decays for all concentrations (the
relative populations and the population dynamics under various pumping conditions
would be discussed in Chapter 4 and Chapter 5; for exponential behaviour see Tables
5.2-4, 5.2-5, 5.2-8 for the “I;; level and Tables 5.2-1, 5.2-2 and 5.2-8 for the *I;3
level). This exponential behaviour is typical of the fast diffusion regime. Another
important indication with regard to the origin of the observed non-exponential
behaviour was that the non-exponential decays of the fluorescence lines from these two
levels were observed only in the highest doping concentrations. This is quite opposite
to what one would expect under the diffusion limited regime where non-exponential
decays occur at low concentrations (Wright, 1976). Such non-exponential decays in
only low concentrations have been observed, for example, by Watts and Richter (1972).
In this thesis the measured decay rate of the fluorescence from the *Ssp+°Hiis
levels will be shown to exhibit a quadratic dependence of the dopant concentration (see
Chapter 5). As previously explained, this dependence can be typical of the diffusion
limited transfer regime for two-ion processes (see Equation 2.3-9). However, as was
also pointed out, the decays observed in the diffusion-limited regime have a non-
exponential initial part, followed by a later exponential part. For singly-doped Er’*:
BIZYT and BATY glasses, Moine et al. (1989) have observed a quadratic dependence
of lifetime for the same 4S3/2+2H11/2 levels in concentration varying from 0.1-28 %.
They interpret their data as being in the diffusion-limited regime. However, the data is

also consistent with a three-ion process, as there is no evidence presented of early non-
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exponential decay. In all our experiments (for all concentrations) only pure exponential
decays, typical of the fast diffusion regime, were observed.

Thus, we have shown that under appropriate experimental conditions, pure
exponential decay has been observed with the 4113/2, Tz ‘Ton, *Fop, 4S3/2+2H11/2 and
2H9/2 levels of our heavily-doped erbium glasses. Thus we believe that these materials
are operating in the fast diffusion regime and the use of rate equations to describe the
processes 18 appropriate. However, as it will become clear later in the thesis, the
ultimate justification of our rate equation approach was that it provided a clear physical
understanding and interpretation of the energy exchange processes and their effects on
the temporal behaviour of the populations of the levels involved in the modelling. This
understanding allowed successful predictions to be made of the complex population
dynamic for all the main fluorescence levels under various pumping conditions and for
the whole range of concentrations used. A detailed rate equation analysis of our
Er*/ZBAN glass system under various pumping conditions is presented later in the

thesis in Chapters 4 and 3.

2.4. Conclusion

Erbium-doped fluoride glasses have been extensively studied because of their
suitability for IR laser applications. High erbium concentrations in these glasses have
been a subject of a particular interest because of the more effective pump absorption
(Laporta et al., 1993) and the lower threshold for CW lasing (Auzel et al., 1988b). The
high erbium concentration, however, would increase the rates of various cross-
relaxation processes and thus strongly affect the population dynamics of the lasing
levels. Depending on the levels involved and the nature of the cross-relaxation process,
their effect on laser action can be either positive or negative. Certainly their effect is
positive in the case of the 2.7 wm Er:fluorozirconate laser reported by Sandrock et al.,
(1999). While various cross-relaxation processes have already been discussed in the
literature, very few values for the cross-relaxation rate constants of these processes have
been published in crystals and, to the best of our knowledge, no value has been
published for fluorozirconate glasses. It is evident that for further progress in this area,

a detailed understanding of the dynamics of the dominant cross-relaxation processes in
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erbium-doped ZB(L)AN glasses and knowledge of the values of the corresponding
cross-relaxation rate constants is required. The exponential decay forms of the
measured fluorescence lines from the 6 lower excited levels in our glasses under

appropriate pumping conditions are a strong indication that rate equations could be used

in the modelling process.
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Chapter 3

Experimental arrangements for the

measurement of spectroscopic data

3.1. Introduction

A set of 11 erbium doped ZB(L)AN glasses with doping concentration varying
from 0.2 mol% to 18 mol% was produced by the Amorphous Materials Group of the
Department of Chemistry at Monash University, Melbourne, Australia. This wide range
of doping levels was required so that the concentration dependence of fluorescence
behaviour would be evident and changes would be significant enough to allow
differentiation between the various non-linear processes.

Absorption and fluorescence spectra were taken for each of the glasses under
CW excitation. The spectra were used to identify suitable pumping wavelengths and
calculate absorption cross-sections. Fluorescence spectra were used to identify strong
fluorescence lines and study the pump power and concentration dependence of
fluorescence intensity. Extensive measurements of the time dependence of fluorescence
were also made using a tunable high intensity 10 ns OPO source. The rise and decay

waveforms of the main fluorescence lines under 5 different pumping wavelengths were
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recorded. Due to the large number of samples and fluorescence waveforms, less
important fluorescence lines were studied in only four or five samples, chosen to cover
the full range of concentrations. The analysis of the fluorescence waveforms provided
important information about the main cross-relaxation processes and their effect on the
population of the corresponding levels. A comprehensive presentation and discussion

of this fluorescent waveform data is deferred to Chapters 4 and 5.

3.2. Preparation of the glass samples

The glass hosts were based on a standard ZrF4-BaFp-LaF3-AlF3-NaF
(ZB(L)AN) composition that was prepared from highly purified fluorides, obtained
from BDH and Morita and then re-sublimed to further remove OH and oxide impurities
(MacFarlane et. al, 1997). The glass sample preparation involved batching in a
nitrogen-filled dry box and subsequent melting in an electrically heated fumace,
attached to the dry box. At lower doping levels, compositions were typical of those
used in standard ZBLAN glasses with small amounts of erbium added. As the erbium
doping level was progressively increased, compositional changes were made to the
glass host when deQitrification was encountered. At the lowest doping levels, the Er*
ion was substituted for La>*. Above 4 mol% doping, when the La>* concentration was
zero, it was necessary to decrease the ZrF, and NaF contents to avoid crystallisation.
Increasing the barium content as the erbium content increases was also found to be
important, the effect being to produce a substantially different Zr/Ba ratio at the highest
Er’* doping levels. The composition and the Er’* concentration of the most stable
glasses are presented in Table 3.2 -1.

Slab samples were prepared from 6 gr batches melted in glassy carbon
crucibles at above 1000°C, held for 1 hour and than poured into a brass mould with a
rectangular shaped cavity (20x10x5 mm), followed by annealing for 2 hours. A brass
lid was placed over the mould to reduce the likelihood of crystallisation in the glasses
with higher erbium concentration. The mould temperature was maintained at

approximately 20°C below the glass transition temperature.
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ZrF, | BaF, | AIF; | NaF | LaF; | ErF; | Er’ [x10™]

53 20 3 20 4 0 0

53 20 3 20 3.8 0.2 0.37

53 20 3 20 3.6 0.4 0.74

53 20 3 20 3.2 0.8 1.48

53 20 3 20 24 1.6 2.98
B 20 3 20 | 08 32 5.96

53 20 3 20 4 7.46

51 23 4 16 6 11.0

51 21 4 16 8 14.7

48 22 4 16 10 18.6

45 25 4 14 12 22.5

46 23 3 14 14 26.1

44 24 3 13 16 29.6

43 23 3 13 18 334

Table 3.2 -1 Compositions of the ZB(L)AN glasses (in mol%) and Er’* concentrations (in cm'3)

The glass slabs were then polished on two surfaces. The final dimensions of the glass

samples were 20mm x 10mm x 1mm.

3.3. Absorption measurements

Two different measurements were performed in order to study the absorption
of the studied samples. The main absorption measurements in the UV-Vis-NIR region
were carried out with a Spectrophotometer. Additional absorption measurements were

made in the region of 800 nm using a CW laser diode source.

3.3.1. Spectrophotometer measurements

Spectrometer measurements were performed using a Cary 1750 with a

wavelength resolution of 1 nm and spectral slit width of 2 nm. One typical absorption
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spectrum is presented in Figure 3.3-1. From this spectrum, it can be seen that the
absorption line at 800nm is a relatively weak compared to most other absorption lines.
A closer investigation reveals that the absorption at 802 nm is approximately two times
smaller than the absorption at 403 nm, three times smaller than that at 975 nm, 7 times
smaller than that at 1.53 pm and 19 times smaller than the absorption at 520 nm.
However, the availability of powerful LD sources for CW and pulse excitation at about
800nm was considered a good justification for choosing this wavelength as the main

pumping wavelength for this study.

25—
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Figure3.3-1 A typical absorption spectrum (16 mol% Er**/ZB(L)AN)

The absorption spectra of the other samples were very similar to the spectrum
presented above. A summary of the wavelengths of the absorption peaks and the
energies of the corresponding levels is presented in Table 3.3-1 below. This table is
based mostly on our absorption measurements, however for completeness data from
Zhong et al. (1992) for higher energy levels (UV fluorescence below 300 nm) have also
been included. The level assignments used in Table 3.3 follow those of Zhong et al.
(1992). A close look at the energies of various levels reveals that many of the levels are
resonantly spaced. For instance, within the energy of the fundamental phonon, which in

ZBLAN glasses is ~500 cm™ (Zou X. and Izumitani T., 1993), the difference between
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the energies of the 4115/2, 4113/2, 419/2, 4S3/2, 2H9/2, (2P3/2+2D3/2+4F3/2) and even the 4D7/2
level are approximately the same (= 6500 cm’’, corresponding to A = 1.5um). The
levels “Tisp, “Liiz, “Frz and (PP3p+°Dsn+ Fa) are also approximately equally spaced
with an energy gap of about 10300 cm’ (corresponding to approximately 1 pm).
Similarly levels “I;s/, “Tosz, *Ho), and (“Hoa+*Gopy) are also approximately equally spaced
with energy difference of about 12500 cm’, corresponding to a transition with a
wavelength of about 800 nm - the same as the main pumping wavelength in the present
study. These resonant spacings between the levels has a significant effect on the
dynamics of their populations, giving rise to overlapping fluorescence lines, excited
state absorptions (ESA) and a complex set of cross-relaxation processes. The effects of

these resonant spacings will be discussed in detail in the next two chapters.

Wavenumber | Absorption A | Linewidth | Energy level Reference:
(x10°cm™) (nm) FWHM (nm)
0 “Tisz
6.55 1527 70 Tisn our work
10.30 975 16 Tun our work
12.56 796 20 Tora our work
15.39 650 13 *Fon our work
18.59 538 8 “San our work
19.23 520 8 “Hyp our work
20.70 483 8 *Fan our work
22.37 447 6 “Fs our work
22.78 439 6 *Fsn our work
24.81 403 5 “Hy/ our work
26.52 377 7 *Gun our work
27.62 362 4 “Goppt+Kis2 our work
28.33 353 6 ‘G our work
31.85 314 6 Pyt Din+ Fan our work
33.28 300 “Kian Zhong ez al.,1992
34.16 298 ’Dq) Zhong et al.,1992
34.94 286 Dspy Zhong ez al.,1992
36.67 273 Hop+ Goya Zhong et al.,1992
39.49 253 ‘D Zhong et al.,1992
Table 3.3-1 Peak absorption wavelengths and corresponding energies of some of the excited states

of the Er’* ions in ZB(L)AN.
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Spectrometer data was used to obtain the absorption coefficient at 802 nm for the
various glasses and this data is presented in Table 3.3-2. The absorption cross section at
this wavelength is obtained from the slope of the plot of absorption coefficient against

erbium concentration.

3.3.2. CW measurements with laser diode excitation

e Experimental arrangement

A study of the absorption coefficient of the glasses was then also carried out
with the pumping LD. This source was a Sony SLD304XT LD which could produce a
continuous wave (CW) output of up to 1 W at a wavelength which was temperature
tunable between about 802nm and 807nm. The output spectrum consisted of about 6
modes with a total spectral width of about 2 nm (FWHM). The normal operating power
of the laser diode at 802nm was 600 mW. The setup of the experiment, where the LD
was used to measure the absorption coefficient of the glasses is presented in

Figure 3.3-2.

LD
A=802nm

Si
Detector

Si
Detector

Figure 3.3-2 Absorption measurement setup using the LD source.

In the above setup a pair of convergent lenses was used to focus the divergent
beam from the LD. To avoid instabilities due to back reflections into the LD, optical
elements in Figure 3.3-2 were tilted slightly off-axis. To monitor the power of the LD a
very thin glass slide was used to reflect a small part of the beam (the reflection of both

surfaces was estimated at approximately 8% of the whole beam) towards a silicon

3.6



detector. A second silicon detector was used to measure the power of the remaining

unabsorbed pump beam after passing through the sample.

e Results

The results of both LD and spectrophotometer measurements of the absorption
coefficients of the glasses at 802nm are shown in Table 3.3-2 and Figure 3.3-3. The
two sets of data appear consistent within experimental error and follow a reasonable
straight line. It should be noted that at the lowest concentration, the absorption in a 1
mm thick sample is only about 1.5% and so the uncertainties in estimates of absorption
coefficient are greater at low doping concentration. This is the reason why only LD
data is presented for the lowest three concentrations. The major cause of the deviations
from linearity is believed to be thickness variations that could be as much as about 10%
across some samples. The data in Table 3.3-2 have been corrected for reflection losses
at the surfaces but not for a small amount of scattering loss at these surfaces (due to the

limited polishing facilities available) which was visually evident but difficult to

quantify.
Er’* (mol%) Absorption coefficient o (cm™)
LD Spectrophotometer
0.8 0.150
1.6 0.250
3.2 0.440
4 0.580 0.550
6 0.765 0.680
8 0.990 1.030
10 1.310 1.220
12 1.375 1.380
14 1.610 1.530
16 1.785 1.860
18 2.070 2.040

Table 3.3-2 Measured absorption coefficients at 802 nm in Er**/ZB(L)AN. The uncertainty is less
than 10% (see text).
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Figure 3.3-3 Plot of the absorption coefficients obtained for Er/ZB(L)AN glasses with both laser
diode and spectrophotometer as a function of the Er** concentration.

A linear regression fit to the data of Figure 3.3-3 (including the origin) gives a slope of
6.26 x 107 cm?® with a standard error of 0.09 x 1022 cm?. Thus the 95% confidence
limits on the erbium absorption cross section at 802 nm in our host glasses are
(6.08 - 6.44) x 102 cm?.

No detailed measurements of the peak absorption cross-sections were carried
out for the other pumping wavelengths used. Approximate values, estimated from the
ratio between the amplitude of the absorption peaks at these wavelengths and the one at

802 nm, were used instead (see Table 3.3-3).

Pumping A 1.53 um | 975 nm 802 nm 520nm | 403 nm Source:
4.7 2.0 0.63 11.5 1.4 This work
o (x10%'em’®) 300 2.15 0.644 Miniscalco, 1993

Table 3.3-3 Summary of the absorption cross-sections in Er/ZB(L)AN glasses for the different
pumping wavelengths used.

All cross sections used in later calculations are expected to be accurate to better
than 10%. These cross sections are considered sufficiently accurate for use in the
modeling calculations of later chapters in this thesis. For comparison, the cross sections
reported by Miniscalco (1993) for similar wavelengths in Er’":ZBLAN glass are also
included in Table 3.3-3. The two sets of values agree within 10%.
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3.4. Fluorescence measurements

3.4.1.

The experimental setup for the fluorescence measurements is presented in
Figure 3.4-1 below. The set of two lenses, which focuses the pumping beam onto the
glass sample, is identical with the set from the absorption measurement setup in
Figure 3.3-2. A second set of lenses was used to collect the fluorescence light from the
glass sample and focus it onto the entrance slit of a Jarrell-Ash 0.25 m monochromator.
Three gratings were used with this monochromator to cover the wavelength range of the
fluorescence measurements (see Table 3.4-1). For most of the measurements in the
visible and near infrared, 150 um slits were used giving a spectral resolution of up to

about 1 nm. In a few instances of weak fluorescence lines, slit width up to 500 pm were

used. Measurements of fluorescence at 2.7 pm also used 500 pm slits and hence the

spectral resolution for these measurements is about 7 nm.

Lock-in
Amplifier

Experimental arrangement

4

Computer
_______________ LD
Detector A=802nm
Si
Detector
Figure 3.4-1 Absorption (at 802nm) and fluorescence measurement setup
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Spacing Blazed for A : Spectral range : Reciprocal linear
(grooves/mm): dispersion (nm/mm):
1180 500 nm 350 nm - 1000 nm 3.3
590 1.0 um 700 nm - 1.8 um 6.6
295 2.1 um 1.3 um - 3.8 pm 13.2
Table 3.4-1 Gratings used with the 0.25 m Jarrel-Ash monochromator

In addition to the monochromator, optional filters were sometimes used to
remove unwanted spectral components such as higher orders of visible lines when
measuring in the IR or to provide additional rejection of nearby pump radiation.
Several detectors were used to cover the total fluorescence wavelength range. The main
characteristics of these detector/amplifier systems are presented in Table 3.4-2. A
Stanford SR530 lock-in amplifier was used to improve the signal-to-noise ratio of the
fluorescence signals. The signal from the lock-in amplifier then was sampled using a

12-bit A/D recording system and stored in a PC.

Detector : Wavelength range: | Response time
Photomultiplier 200nm - 900nm Depends on a load resistor
(Hamamatsu; R928, R632) 200 nm - 1100 nm (< 10 ns with 50 Q)
PbS (Graseby, PS1-0-01)+Amplifier l um-3 um 150 ps

InGaAs (Fermionics, FD300)+Amplifier 900 nm -1700 nm 10 us

InAs (EG&G, J12TE2-8B6-ROIM)+Amplifier | 1.5 um - 3.5 um 10 us

Table 3.4-2 Wavelength range and response time of the detector systems used.

Some of‘ the measured fluorescence curves, normalised for the absorbed pump
power at 802 nm are presented in Figures 3.4-2 and 3.4-3. These spectra have been
approximately corrected for re-absorption of the fluorescence within the sample by
assuming that the emitted light traverses half the sample thickness before exiting the
glass (using an absorption coefficient appropriate to the wavelength concerned). In fact
these corrections produce only a relatively small change in shape of the fluorescence
spectra. The spectra have also been corrected for the spectral response of any filters

used in these measurements. The difference in the spectral response of the gratings and
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the detectors used in the recording of these fluorescence curves was generally small
(within a few percent over the line-widths of the curves) and was ignored. One obvious
feature in all of the spectra is the substructure, caused by the presence of the Stark
splitting of the levels. These Stark levels, however are not very well resolved at room
temperature, where they tend to overlap, forming essentially a homogeneously-
broadened quasi-continuum (France at. el., 1991) which, as far as a narrow linewidth
pumping source is concerned, can be treated as a single level. Thus, for the purpose of
this study, the substructure of the energy levels has been ignored. In the case of the
green fluorescence, the two well pronounced peaks at 520-530 nm and 540-550 nm
represent two separate energy levels (level *Hy, and level “S3). The energy separation
of these levels is small (~ 700 cm™) and they are strongly coupled by phonons and
hence they are treated as a single leve] in the modeling of later chapters.

Also shown in Figures 3.4-2 and 3.4-3 is the variation of peak fluorescence
intensity with doping concentration for five of the main fluorescence lines. It will be
shown in later chapters that the levels responsible for these fluorescence lines include
the bulk of the excited state population. All of the fluorescence intensities peak
somewhere between 10 and 15 mol% Er’* doping concentration. Since the effect of
changes in pump absorption has already been removed, an overall increase or decrease
in fluorescence with doping level is indicative of the existence of non-optical pumping
mechanisms which increase or decrease the total number of excited ions. This implies
the existence of cross-relaxation processes involving the ground state. The existence of
a peak in the fluorescence variation with doping level suggests a balance between cross-
relaxation processes which both populate and de-populate the ground state. As will be
seen 1n the following chapters, the variation in energy level population with doping
concentration in these highly doped glasses is very complex and does require cross-

relaxation processes involving the ground state for an adequate explanation.
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Figure 3.4-2 Fluorescence spectra and peak fluorescence intensity vs Er'* concentration for the

indicated fluorescence lines. These intensities have been normalised by dividing by
absorbed pump power and the fluorescence spectra have been adjusted to compensate
for re-absorption within the sample. The curves on the right hand figures are only
guide to the eye.
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Figure 3.4-3 Fluorescence spectra and peak fluorescence intensity vs Er*" concentration for the

indicated fluorescence lines. These intensities have been normalised by dividing by
absorbed pump power and the fluorescence spectra have been adjusted to compensate

for re-absorption within the sample. The curves on the right hand figures are only guide
to the eye.

3.4.2. Dependence of the fluorescence intensity

on pump power

One way to obtain information about the processes affecting the population of a

particular level is to study the dependence of the intensity of the fluorescence lines from
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this level on the pump power. For this reason a study of the fluorescence intensity of
the main fluorescence lines as a function of pump power (at 802 nm) was carried out.
For a given fluorescence line, these studies were carried out for a representative range
of concentrations. Figure 3.4-4 summarises the data obtained for four of the
fluorescence lines. These log-log plots of the measured fluorescence intensity against
pump power for a given concentration gave excellent straight lines with a standard error
of the fitted slope of about 1%. These slopes represent the exponent in a power law
dependence of fluorescence intensity on pump power. The vanations of the slopes of
these lines as a function of erbium concentration are presented in Figure 3.4-5. The data
of figure 3.4-5 include at least one fluorescence line from each of the five lowest energy
excited states except for the “Iy, level. This latter level is not included as it does not
fluoresce strongly due to rapid phonon depopulation. It is also difficult to study the
strongest 800 nm fluorescence from this level experimentally due to the closeness of its
wavelength to that of the pump. Many of the higher energy excited state fluorescences
were also not studied simply because their fluorescence intensities were very weak,
either due to insufficient population or because of strong multi-phonon depopulation
processes.

As can be seen from Figure 3.4-5, the slopes of the fluorescence lines exhibited
a relatively weak dependence on concentration. A slope of two in the above figure
indicates that the corresponding level is populated by a process which depends on
power squared. Examples include an excited state absorption or a cross-relaxation
process such as W(11,30) and W(22,50) (see foldout energy level diagram) which
require two pump photons for the excitation of a single ion. A slope of one in
Figure 3.4-5 is produced if each excited ion is a result of absorption of a single photon.
A slope of less than one results if, on average, more than one excited state is produced
for a given pump photon, indicating that additional pumping mechanisms, which are not

dependent on the initial absorption, are also active.
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From the results above it is evident that a single step pumping processes, such
as radiative and non-radiative decay from the *Is/, pump level, dominate the populations
of the *I;12 (2.7 pm) and “I;3 (1.5 um) levels at all doping concentrations. Cross-
relaxation process like T(300,011) (see foldout energy level diagram), followed by
W(11,30), which contribute ions from the ground state via process other than direct
absorption, could explain the less then one slope in the higher concentrations for both
levels. The approximate square-law dependence of the 540nm and 655 nm
fluorescence on the 800 nm excitation power shows that populations of the 4S5, level
and *Foy, level are basically produced by a cross-relaxation process such as W(22,50) or
excited state absorption of the pump from the 11 level to which the pumped “Ig; level
quickly relaxes.

The slight decrease in the slope of the 655 nm fluorescence at higher
concentrations indicates the presence of a contribution from additional pumping
mechanism involving a level populated by single photon processes. A slope higher than
two, exhibited by the weak 407 nm fluorescence, showed that while the bulk of the

population of the ’Hy), level was coming from ESA of the pump from the “Ioy, level,
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there was also a contribution involving a three-stage ESA or three-ion cross-relaxation
process such as T(333,008) (see foldout energy level diagram).

The origin of the non-integer slopes at lowest doping concentrations is not at
present clear. As has already been mentioned, the population dynamics of this system is
very complex and the combined effect of the various cross-relaxation processes is very
difficult to predict without a very detailed model. The processes responsible for the

populations of each individual energy level will be discussed in more detail in Chapter 5

when such a model is developed.

3.4.3.  Fluorescence decay waveforms

Probably the most important measurements for an understanding of the energy
level processes in these materials involved a study of the temporal behaviour of the

excited state fluorescence after pumping with a very short pulse. The experimental

()
| CRO —— = |

Computer

arrangement for this study is shown in Figure 3.4-6.

Detector
| [

Monochromator

R () Filter

Lenses

- |
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Glass Sample r U U i U

Lenses Aperture

Figure 3.4-6 Experimental setup for fluorescence waveform measurements
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The excitation source was a narrow linewdith (~ 0.2 cm™ in the visible) Spectra
Physics optical parametrical oscillator (MOPO) of pulse length about 10 ns, repetition
rate of 10 Hz, output energy of up to 100mJ and a wavelength tunable between 220 nm
and 1.8 um. The idler beam at 802 nm from this system had a transverse mode structure
which could often be quite complicated. In some of the early measurements this beam
was simply focused onto the target sample. In later experiments an optical system,
consisting of a diverging lens, an aperture and two focusing lenses as shown in the
figure, was used to obtain more uniform pumping.

The pumping spot was typically 1 - 4 mm in diameter and was carefully placed
very close to the edge of the sample to minimize the distance traveled by the
fluorescence light within the sample and help avoid fluorescence trapping. The
fluorescence was collected from the side of the sample (at 90° to the pump beam) to
reduce the amount of pump light entering the monochromator. For the pulsed
measurements, the monochromator used was a 275 mm focal length Jarrell-Ash
MonoSpec 27. This system used the same filters and detectors as were previously used
for the CW fluorescence measurements. A Tektronix TDS 320C digital storage
oscilloscope was used to average and record the fluorescence waveforms. Typically,
recorded fluorescence signals used an average of 256 waveforms.

A very large number of fluorescence rise and decay waveforms were recorded.
These waveforms were recorded for all the main fluorescing levels for all
concentrations and for 5 different excitation wavelengths; 1.5 um, 975 nm, 800nm,
520nm and 403nm. Once recorded, the fluorescence waveforms were analysed by
fitting appropriate mathematical functions and extracting the values of coefficients
together with standard errors of these coefficients. In some cases the waveforms, or
sections of them, were fitted with functions representing a simple single exponential rise
or decay. In maﬁy cases, however, more complicated functions were found necessary.
For example, when the rise and decay time constants are comparable in magnitude, the
data cannot be sectioned to separate the rise and decay portions and it is necessary to fit
a single function involving both rise and decay components to the whole waveform. In
other cases decays needed to be fitted by multiple exponential functions involving

multiple decay time constants representing different decay processes. A detailed
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discussion of the fitting functions, the values of parameters obtained from the fitting and

their interpretation will be presented in Chapter 4 and Chapter 5.

3.5. Conclusion

This chapter has presented all the experimental arrangements used for data
collection in sufficient detail to allow the reader to appreciate the main features and
limitations of that data. The compositions of the Er’*-doped glasses have been
presented as have their absorption spectra. The absorption spectra were used to
calculate an energy level diagram and obtain values of absorption cross sections at the
various pump wavelengths used in the measurements.

CW fluorescence measurements have been made to study the fluorescence
spectra under 802 nm excitation and to obtain information about pumping and energy
exchange processes in the glasses from the pump power dependence of the fluorescence
intensity. These measurements indicate that both ESA and cross-relaxation processes
are significant at the doping levels used in these glass materials.

The experimental arrangement for making fluorescence waveform
measurements using very short pulses with high energy density has been described.
The data obtained from these measurements, its interpretation and its use in developing
a rate equation model of the energy level processes is the subject of the next two

chapters.
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Chapter 4

Modelling of the population dynamics

of the three lowest excited energy levels

4.1 Introduction

In this chapter we discuss the development of a model of the population
dynamics of the three lower energy levels of our Er’*-doped ZB(L)AN glasses. This
model is developed and refined by comparing model outputs with measured
fluorescence waveforms. The model outputs gave the predicted temporal behaviour of
the population of the levels and the measured fluorescence intensities were presumed to
be proportional to the populations of the levels from which the fluorescence originated.
Various processes were included in or excluded from the model and the cross-relaxation
rate constants, characterising these processes, were varied until good agreement was

obtained with the set of measured waveforms.
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The current work has been concentrated mainly on the use of 800 nm pumping and the
modelling, presented in this chapter, concentrates mainly on this pumping wavelength.
Measurements with other pumping wavelengths, however, have been also considered in
order to help elucidate some of the processes in the modelling. When a pumping
wavelength was chosen so that an energy level was directly excited by the pump, the
term "direct pumping" is used in association with the data for this level. The Er**energy
level diagram in Figure 4.1-1 shows that a pump with wavelength of about 800 nm will
initially put the majority of the excited ions in Level 3 (*Ig). In addition, there will also
be a small number of ions initially excited to higher levels due to possible excited state
absorption from the “Io level or from the “I;,, level into which the “Io; level rapidly

decays. However, the number of ions excited to these upper levels
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Figure 4.1-1 Energy level diagram for Er’*, fluorescence and multiphonon transitions and cross-

relaxation processes in Er/ZB(L)AN glasses. For designation of the cross-relaxation
processes-see text of Chapter 2.

under our pumping conditions represents a small fraction of the total excited state
population. Thus, to a first approximation, it can be assumed that with an 800 nm pump
the bulk of the excited ions are in the three lowest excited energy levels (419/2, ‘s,

4113/2). Hence it was considered useful to start with a model which considered only
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these levels. As pointed out in Chapter 2, such a model has proved suitable for use in
glasses with higher phonon energies.

The levels considered in this modelling are designated as: 0(*L;sy), 1C°L131),
2(*i1zp) and 3(*lop). The *S3,+°Hji2 and *Fyy levels are included in Figure 4.1-1 only
for completeness in that some of the processes, which affect Levels 0 — 3 and which are
considered in the model, involve these levels also. The radiative transitions under
consideration are shown together with the important multiphonon decays from the *Io/,
*F,, and 2H11/2 levels. As previously described in Chapter 2, the cross-relaxation
processes presented are designated as either two-ion (W) or three-ion (T), followed by

up to six numbers indicating starting levels and finishing levels.
4.2 Experimental results

As was mentioned in Chapter 3, the recorded rise and decay waveforms of most
of the fluorescence lines were fitted with exponential functions, representing filling and
emptying of the levels. A summary of the results for the three lowest energy excited
states (Level 3 (419/2), Level 2 (41”/2), Level 1 (4113/2)) 1s presented in Table 4.2-1, where
the appropriate time-constants are given. This table is rather complicated in that it
contains several series of numbers which are calculated in different ways and which in
general should not be compared with each other as they have different physical
meanings. They are presented in one table as they represent different ways of
comparing trends in the same set of data and in the long run presentation in a single
table helps one obtain an overview of the trends. Each of the sets of data, which are
differentiated by colour, will be described in the following pages. Before presenting a
discussion of the various trends in the fluorescence waveforms it is worth reiterating
and expanding a'comment which has been made earlier. In a situation where one is
dealing with a complex set of non-linear processes, there is nothing fundamental in a
particular fluorescence waveform or a rise and decay constant for a particular level.
These waveforms and time constants are function of the pumping energy density
(number of excited ions) and wavelength (pump level) and quite different waveforms
can be obtained as these parameters are varied. If the measurements are to be useful

they must be reduced to a model which can be used to predict the response of the doped
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glass under any form of excitation. Hence the real output of the work of this thesis is
the model which is progressively developed and presented in its final form in Chapter 5.
The waveforms obtained under particular excitation conditions are merely the basic data
which is used in the development of the model. The various time constants which are
listed in the table of this chapter (and also in Chapter 5) are one step further removed
from being fundamental material data, in that they have been introduced as a way of
presenting a summary of trends in a much more compact and easy to comprehend way
than would be provided by just attaching a large set of measured waveforms. It has to
be appreciated in considering the data contained in the tables that there is not, for
example, only one decay time for Level 1 but as many decay times as there are pumping
conditions.

To reinforce the points made above, Table 4.2-2 below presents comparable sets
of time constants to those displayed in Table 4.2-1 but for different excitation
conditions. Table 4.2-1 was produced using the focused idler output from the MOPO
without spatial filtering and the energy and spot size in the beam were approximately 24
mJ and 8 mm’ respectively. These parameters can be used to calculate an average
energy density for the excitation but it was clear that there were spatial hot spots in the
unfocused beam due to its unavoidable complex mode structure which vaned
considerably from day to day. There was a concern that even though hot spots were not
visually evident in the predominantly green visible fluorescence from the focused beam
that they might still be present. The burn pattern on a polaroid film placed at the
position of the target material looked reasonably uniform but was not completely
circular. Hence a second set of fluorescence waveforms were measured for which an
aperture was used to select a fairly uniform part of the idler beam and this was focused
onto the sample with a similar average power density to that used in the previous
measurements. For this second set of measurements the energy of the focused beam
was about 5 mJ and the spot size was about 2.5 mm’. These excitation conditions were
as uniform as was possible to obtain with the MOPO and polaroid film burns were both
uniform and circular. The two sets of measurements represented by data summarised in
Tables 4.2-1 and 4.2-2 are both valid and both used in the discussions which follow.
Since the excitation used in the second set of measurements was considered more

uniform and better characterised by the average energy density, this set of waveforms

44



was generally used to compare measured and modelled data. The model has been
applied to both excitation conditions and the measured waveforms have been compared
with model outputs for both sets of data. The agreement between model and
measurement is very similar for the two data sets. However, the examples presented in
the thesis were mostly from the second data set.

For completeness, two other differences between the two sets of data should be
mentioned. The faster components of the 1.5 um waveforms are more faithfully
recorded in the second set of data as an InGaAs detector system with a 10 us response
time was used for this set and a PbS detector system with a response time of 150 us was
used with the initial set. The second obvious difference is that the first data set covered
a slightly larger range of measured concentrations than was the case with the second.
The second set tended to focus on a more detailed study of the 1.5 um fluorescence with
the faster detector.

Another consequence of the more uniform spatial distribution of the focused
pump spot in the second set of data is that the shot-to-shot variability of the waveforms
would be expected to be a little less. The recorded fluorescence waveforms are
averages of (usually) 256 individual waveforms produced at the 10 Hz pulse repetition
rate of the MOPO. There is obvious fluctuation in the waveform from pulse to pulse
which is partly due to variation in excitation produced by variations in the pump beam.
While it is difficult to make comparisons under different excitation conditions and on
different days due to the presence of various other noise sources in the detector outputs,
we have tended to prefer the second set of data in the belief that it would have a lower
total "noise" in the recorded waveform. Repeated measurements of fluorescence
waveforms under the more uniform excitation conditions indicated an improved overall

repeatability of the fitted time constants in Table 4.2-2 of about 20%.
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800 nm pump 975 nm pump 1.5 pm pump
Fluor. A Er Rise Decay Rise Decay Rise Decay

(Level) | (mol%) | (us) (ms) (ms) (ms) (ms) (ms) (ms)

0.4 7.9 us

1.6 9.0 ps
820 nm 4 7.6 us
L;\I/:; 10 Inst. 6.9 115

14 6.2 us

18 6.0 us

0.4 7.7 7.7

0.8 7.8
980 nm 1.6 7.8 8.0 59 9.7
Level 2 4 7.5 8.3 8.2 5.1 11.9
(Lun) 8 6.9 NE(2.4+7.9) Inst.

10 6.9 NE(2.5+9.9) NE(1.5+8.4) 1.6 12.1

14 6.2 NE(1.7+9.5)

18 5.8 NE(1.5+7.7) NE(0.5+5.8) | 0.4 74

0.8 25%(+28) | 9.3*(x2) | 54*(117) | 9.1%(x1.6) 10.9

(8.0) 8.1) (8.0) (8.7)

1.6 21%(+ 8) | 10.0%20.8)
1.5 um (8.0) 8.7
Level 1 4 8.6 12.9 7.4 15.4 Inst. "NE(1.0+9.5)
(Ti3n) (8.0) (8.6) (8.0) 9.3)

8 Fast + 3.7 12.3

10 Fast + 0.8 14 2.2 16.6 NE(0.8+6.6)

14 Fast + 0.5 14.1

16 Fast Only 10.2

18 Fast Only 7.3 0.5 7.8 NE(0.5+5.7)

Table 4.2-1 Data set 1(1.5 um PbS detector): Measured fluorescence rise and decay time constants

for the indicated levels and for the pump wavelengths as shown. Inst.- faster than the
NE ~ non-exponential, Fast — Fast component (see text),
Black numbers - obtained from fits with a single (or double) exponential function (see
text), Blue numbers — obtained from fits with combined exponential rise and decay
function (see text). Red Numbers —decay time constants of fluorescing and "filling"
levels calculated using an analytical fitting function obtained from a simple 2-level rate-
equation model (see text), * - large uncertainties (+ standard error). Approximate pump
conditions: ~24 mJ, ~ 8§ mm?® spot area, A = 802 nm.

response of the detector.
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800nm pump 1.Spm pump
Fluor.A Er Rise Decay Rise Decay
(Level) (mol%) (us) (ms) (ms) (ms) (ms)
980nm 1.6 7.0 8.4 6.3 12.9
Level 2 18 4.8 NE(1.5+7.2) 0.85 8.9
Chup)
0.4 21.6%(+ 3.4) 10.6 9.5
8.0) 3.7
0.8 17.6(8.0) 10.6 (9.1) 10.0
1.5um 1.6 148(8.0) | 12.1 (10.4) Inst. 10.3
Level 1 4 10.9 (8.0) 13.5 (10.6) 9.0
(Ii3n) 8 Fast + 4.9 12.4
10 Fast + 3.7 15.7 NE(1.8+13.2)
14 Fast + 1.2 15.0 NE(1.2+9.9)
18 Fast Only 6.6 NE(0.8+7.4)
Table 4.2-2 Data set 2 (1.5 um InGaAs detector) - Measured fluorescence rise and decay time

constants for the indicated levels and for tthe pump wavelengths as shown. Inst.- faster
than the response of the detector. NE — non-exponential, Fast — Fast component (see
text), Black numbers - obtained from fits with a single (or double) exponential
function (see text), Blue numbers - obtained from fits with combined exponential rise
and decay function (see text). Red Numbers —decay time constants of fluorescing and
“filling" levels calculated using an analytical fitting function obtained from a simple 2-
level rate-equation model (see text), * - large uncertainty (= standard error).
Approximate pump conditions: 5 mJ, 2.5 mm?® spot area, A = 802 nm.

We now return to a discussion of the data contained in Tables 4.2-1 and 4.2-2. For a

proper understanding of these tables, there are a number of issues, related to the way

these time constants have been obtained and the way they should be interpreted, that

need to be discussed in more detail.

4.7



4.2.1 Exponential fits

o Fitting of independent exponential rise and decay functions to sections of a

waveform (black numbers in Table 4.2-1 and Table 4.2-2)

A meaningful fit to an experimental waveform is relatively easily obtained for
the case of a fast rise, followed by a much slower decay (for an example of such a
waveform see 980 nm fluorescence of Figure 4.3-1). This is the case with
Level 1 (*I;3) and Level 2 (“I;1,2) under direct pumping (with a 10 ns MOPO pump
pulse, the rise of population of directly-pumped levels can be treated as effectively
instantaneous in comparison to the timescales of other processes). A similar situation
applies with Level 2 (4111/2) under 800 nm pumping where the multi-phonon decay from
Level 3 (419/2) populates Leve] 2 (4111/2) with a time constant of about 8 us. The decay
times of both Level 1 (4113/2) and Level 2 (4111/2) are about 10 ms so the rise and the

decay in these cases do not significantly affect each other and the simple exponential
functions (1-Ae™™) and Ae"™™ were fitted to the measured rise and the decay

waveforms respectively. The values obtained from such fits represent the actual time
constants for increase or decrease of population of the corresponding level and are
written in normal black type in the tables above. Although each fit had a standard error
of the fitted decay time of less than 5% (often less than 1%), the overall repeatability of
the rise and decay times, obtained from the fits, was significantly worse. One factor
affecting the repeatability was the selection of the part of the waveform which was to be
actually fitted. Even in the case of waveforms that very closely followed a single
exponential decay, this choice, in the presence of noise, was observed to affect the fitted
decay by up to 5%. However, the major reason for variability in the decay times was the
effect of pumping variations discussed above which, even under the best conditions,
resulted in the time constants only being reproducible to about 20%. For this reason,

the standard errors obtained for the fitted parameters are not quoted in the tables.
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Fitting of multiple exponential functions to a non-exponential decay (NE
followed by black numbers in Table 4.2-1 and Table 4.2-2)

When discussing the fitting procedures another very important case is the one of
non-exponential decays (designated as NE in Table 4.2-1 and Table 4.2-2), such as the
decays of the 112 and I3 levels under direct pumping at high Er** concentrations (see
Figure 4.2-1).

: 1.5, m pump
1.5 m fluor.line, 18 mol% Er3+, Decay

Sos
=
§-0_6 | ' ¢ Experimental |
: : — Pure exponential lme | :
% 0.4
5
02+

0 -

0 10 20 30 40
Time (ms)

Figure 4.2-1 An example of a non-exponential fluorescence decay. A decay with a single

exponential time constant is presented for comparison

These decays were characterised by fitting with a function, containing two-

exponentials:

AetVV4BeM™ - @.2.1)

An examination of either the 980 nm or 1.5 pm fluorescence waveforms under
direct pumping shows that the instantaneous decay rates could vary up to a factor of 10
during the time of the decay. The fits of double exponential decays to the measured
waveforms were generally very good with a standard error of the fitted decay times for
a particular waveform of up to a few percent. The overall repeatability was again
around 20%. The fitted values, obtained in this way, do not represent the time constants
of any particular process, but are rather associated with a number of processes that

together cause the particular non-exponential behaviour of the population of the level.
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These non-exponential decays will be shown later to provide a very good indication of
the nature of the processes which are important in determining the population and de-

population of the level concerned.

o Fitting of combined rise and decay function to a waveform (blue numbers in
Table 4.2-1 and Table 4.2-2)

Another important case to be considered is that of a non-instantaneous rise
followed by a decay. This was observed with the fluorescence waveforms of Level 1
(*I1312) under 800 nm or 975 nm pumping (see 1.5 um fluorescence of Figure 4.3-1). In
this case the source of population for Level 1 (4113/2) 1s Level 2 (4111/2), which has a
decay time constant of similar magnitude to that of Level 1 (‘“I;35). Under these

circumstances, the following function was initially fitted to the fluorescence waveforms:

A(1-e"V™)el VT (4.2.2)
This function consists of two time-dependant parts: The first, (1-eV™),

represents an exponential rise of the fluorescence (with time constant T;) and the

(-t'tq)

second, € , corresponds to an exponential decay (with time constant tgq). It is

important to realise that the time constants obtained from these fits are just the time
constants associated with the waveform being characterised and not necessarily the time
constants of any physical process responsible for populating or de-populating the level.
If T, << 14 then the values of T, and 14 obtained from fitting the expression above will be
very similar to the time constants of the "filling" and "emptying" of the corresponding
level. In this case T; and 14 will also be very close estimates of the apparent rise time (0
- 63%) and decay time constants (100% - 36%) of the measured waveforms. However,
T, and 14 will more accurately characterise the rise and decay than the apparent time
constant to the extent that the rise and decay are occurring simultaneously and this
interaction is taken into account. When 1; is not very much less than 14, however, a
careful distinction should be made between the apparent time constants of the waveform
(0 - 63% etc.), the time constants obtained from expression 4.2.2 and the "emptying"
and "filling" time constants of the fluorescing level since these can be very different.

The reason is that in this case the "filling" and "emptying" time constants of a level
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strongly interact in determining the rise and decay time constants of the waveform.
This problem is particularly evident when the "filling" and "emptying" time constants
are very similar or when the time constant of the "filling" process is longer than that of
the "emptying” process. In these cases the time constants obtained from expression
4.2.2 represent neither the filling and emptying processes, nor the traditional definition
of rise and the decay constants of the fluorescence waveform. In this case the physical
interpretation of the decay times obtained from fitting expression 4.2.2 is rather
complex but nevertheless these time constants are useful in demonstrating trends in the
fluorescence waveforms.

For Er’* doping levels higher than 1.6 mol% very good fits of expression 4.2.2 to
the measured waveform (R2>O.999) and small standard errors for the time constants
(~ few %) were obtained. For Er’* doping levels below 1.6 mol%, the fits of expression
4.2.2 to the fluorescent waveforms still appeared reasonable (R*>0.99). However, the
fitted parameters were characterised by larger standard errors. These time constants are
indicated in Tables 4.2-1 and 4.2-2 by the inclusion of an asterisk and also by adding
the standard error of the fitted parameter. These relatively large uncertainties arise from
the fitting process because the partial derivatives of the function with respect to the
variable parameters become very small when the 7, of expression 4.2.2 becomes large.
This problem is worst for the A and 1, parameters and so under these conditions A and
T, have a much larger range of possible fitted values than does 14. Physically what this
means is that when 1, i1s large (this happens when the filling and emptying time
constants are nearly equal) one can balance the effect of amplitude A and rise time T,.
That is, one can fit a given waveform quite well with either a small A and small 1; or
with a large A and large 1,. Thus the values in the table which include an asterisk are
considered very unreliable and are included only for completeness. Under the
conditions being discussed here, the value of time constant of the decay is generally
much better defined than that of the rise. These values have still been included in the
tables with an asterisk if they are dependent on unreliable values of 1,. In summary, the
problems with fitting an expression such as 4.2.2 to the waveforms is that the constants
obtained do not, in general, have any physical meaning and also do not always

characterise the rise and decay time constants determined by just considering the rising
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and decaying sections of the measured waveforms. This is the reason for considering an

alternative form of fitting function in the next section.

4.2.2 Fitting functions, derived from simple rate-equation
modelling in low Er’* concentrations (red numbers in

Table 4.2-1 and Table 4.2-2)

In this section we consider a form of exponential fitting function for which, at
least in low doping concentrations, the decay time constants obtained have physical
significance for a particular level. We first derive this function by considering a general
case in which a level with some initial population decays into another level which is
also decaying with a different time constant. This situation applies for the case of
Level 2 (*I11) and Level 1 (*Lizp) with 975 nm pumping. It also applies to these levels
under 800 nm pumping since the directly pumped Level 3 (*Io) decays very rapidly
into Level 2 (discussed later in this chapter) and therefore in both cases Level 2 (41”/2)
could be considered of having effectively an instantaneous rise, compared to its rate of
decay. This situation is shown schematically below:

Level 2 (*j1)

gw)
Level 1 (‘I;3n)

Level O (41 15/2)

If now only low Er’* concentrations are considered the effect of the cross-
relaxation processes would be negligible and the simplified system of rate-equations for

Level 2 (4111/2) and Level 1 (4113/2) in this case would be:

dn.z () = —(A2 + W2)n2 (1) and (4.2.3)
dt
Edndl#= —Alnx(l)+ (bZlAZ + a)z)nz(t),

where n; is the population of Level i, normalised with respect to the Er’*concentration.
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A and o are the radiative and multiphonon decay rates of Level 1 (*I132) or Level 2
(411 112) respectively and by is the branching ratio for fluorescence from Level 2 (411 12) to
Level 1 (*I;3).

It should be noted that the measured fluorescence waveforms involve a detector
voltage rather than a normalised population. The above equations, however, contain
only linear terms and, in the absence of detector non-linearity, the measured voltage will
be directly proportional to the population of the levels. Equations 4.2.3 can be solved

analytically and the solution for n; is readily shown to be:

(CUZ +ba A )I’lzo (e(_A”) _ e(—(A2+a)z)z))

ni(t) = 4.2.4)
(A2 +w2 )— A))
Written in terms of decay-times this becomes:
7172 (e(— IV e(—:/rz))
n ()y=C 4.2.5)

(c,-7,)

2
In this equation, T1=1/A; and T,=1/(A,+0,), where T; , are the fluorescence decay times
of levels 1 and 2 respectively. C=njo(w,+b;1A;), where nyp is the initial normalised
population of Level 2 (*I;12). Although equation 4.2.5 has been derived for the specific
case of Levels 1 and 2, the only requirement is for constant 1; and T, and hence the
equation is likely to be applicable to any similar situation where ion-ion cross-relaxation
processes are not too significant and the decay times of the levels can be approximated
by a single effective constant for each level.

If an equation of the form of 4.2.5 is fitted to the measured fluorescence
waveforms for an applicable pair of levels, then the constants obtained can be
interpreted in terms of decay time constants associated with the "filling" and "emptying"

levels. In fact the above equation can be readily written in the form of equation 4.2.2 as

—t
131

(1—e™™ )" '™ . (4.2.6)

7,7

n()=C
LT,
Comparing equations 4.2.2 and 4.2.6 one can see that they have identical form and that
A=C (ZX3' T = 7,7,
T,-7, T

and T, =T,. 4.2.7)
17,
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An inspection of equations 4.2.7 makes it clear why problems were encountered in
fitting equation 4.2.2 to the measured fluorescence waveforms for the low doping level
glasses where T; ~ T,. Under these circumstances, both T, and A vary rapidly for small
changes in (7;+12). This is the reason why the uncertainty in the fitted values of T, were
much higher than those of 14 (see page 4-11 and Tables 4.2-1 and 4.2-2).

The problems encountered in fitting equation 4.2.2 to the fluorescence
waveforms will still apply when trying to fit equation 4.2.5. The problem of large
uncertainties only exists when T; ~ T, and for situations in which this applies, the
problems can be alleviated by fixing one of the decay times. Such an action may seem
somewhat arbitrary but it can be reasonable in some situations and it does allow one to
characterise the trends in the fluorescence waveforms under these circumstances. As
can be seen from Table 4.2-1, the measured fluorescence decay time of Level 2 (*I;1,2)
in several low Er* concentrations, where the effects of possible cross-relaxation
processes are minimised, was consistently around & ms. To limit the number of fitting
parameters when fitting equation 4.2.5 to the fluorescence waveforms at low doping
levels, T, was fixed at 8.0 ms. Under this approximation, good fits of the equation to the
measured fluorescence waveform were obtained for the low Er'* concentrations (the
high Er’* concentrations will be discussed later in this chapter) and the decay time
constants from these fits are represented in red in Table 4.2-1 and Table 4.2-2.

Before going on to discuss the meaning of the trends characterised by the time
constants of Figures 4.2-1 and 4.2-2, it is worth considering one more point about the
fitted time constants which will be useful in later discussions of the data. This concerns
a somewhat surprising effect on the measured waveforms of a situation in which 1, is
larger than T;. An appreciation of this situation will assist later (Chapter 5) in an
understanding of the fluorescence behaviour of level 4 (*Fop). Equation 4.2.5 is
symmetrical with respect to interchange of T, and 7. This means that the only effect of
a change in sign of (T; - 72) is to swap the positions of 7, and T, in the equation. We
have already seen that for 1; > 15, the rise of the n; waveform is determined by 1, and
the decay by 1;. When T; < 12, this situation is reversed and we get the surprising
situation that the rise of the n; waveform is determined by the decay time constant of n;

and the decay of the waveform is determined by the decay time constant of Level 2

which is responsible for the "filling" of Level 1.
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4.2.3 Discussion

Now that the main issues associated with the fitting of the fluorescence waveforms and
interpretation of fitted time constants have been discussed, we proceed to consider the

interpretation of the data summarised in Tables 4.2-1 and 4.2-2.

e General observations

The first observation concerns the data for the fluorescence at approximately
800 nm from Level 3 (419/2). In our fluorescence waveform measurements the
fluorescence at about 800 nm from the 419/2 level was weak and could be detected only
with direct pumping into this level. To avoid interference with the scattered pump
radiation, the fluorescence was measured at a slightly longer wavelength (820 nm). In
addition to the “Io; to *I;s/, transition which gives fluorescence at wavelengths in the
800 nm region, there are 4 other higher levels which may fluoresce at similar
wavelengths via transitions to levels above the ground state (see Chapter 5, Figure 5.1-
2). To avoid any problems in interpreting the current fluorescence waveforms, the
measurements were made using very weak pumping so that excited state populations
were small. These measured fluorescence waveforms exhibited single exponential
decays with decay-times varying between 9 us and 6 us over the concentration range (a
PMT with a rise time of less than 0.5 us was used for this measurement). As
multiphonon processes dominate the *lo, decay (Shinn er al., 1983; Zou et al., 1993) it
would be expected that the rise times of the ‘I level at the different Er’*
concentrations would correspond to these decay times. The data for the rise of the
population of Level 2 (*Io) in Table 4.2-1 and Table 4.2-2 are consistent with this
expectation.

Another feature of the data in the tables is the substantial variations in rise and
decay times as well as a trend to non-exponential behaviour of Level 1 (411 32) and Level
2 () in higher Er’* concentration, especially under direct pumping. These variations

are a good indication of the existence of ion-ion interaction processes.
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® Level 2 (4111/2)

The behaviour of Level 2 (*I;1,) under direct (975 nm) or 800 nm pumping
reveals the features one might expect after the discussions of the previous pages. The
rise is virtually instantaneous under direct pumping and very fast (of order of 8 us) in
the case of 800 nm pumping. The decay-rates in both cases were as expected in low
Er’* concentration (see expected values of A; and , in Table 4.3-4). In high Er*
concentration non-exponential behaviour was observed, most probably due to presence
of cross-relaxation processes such as W(22,50) (see Figure 4.1-1). The effect of
W(22,50) would be expected to be greatest during the initial part of the decay when the
number of excited ions is greatest. This is consistent with the observed decay constants
for this level in higher doping levels.

The temporal behaviour of the population of the 4111/2 level under 1.5 pm
pumping was also as expected. The long rise time constant of the 980 nm fluorescence
in low Er’* concentrations, and its decrease at higher Er’* doping concentrations, was a
good indication that the population of Level 2 (*I;1;) in this case originates from
Level 1 (4113/2), possibly via the cross-relaxation process W(11,30). This cross-
relaxation process shifts some of the initial population from Level 1 (4113/2) to
Level 3 (419/2), from which the 1ons rapidly decay into Level 2 (4111/2) via a multiphonon
process. As 1s the case with time constants at high doping concentrations under 800 nm
pumping, the time constants describing the decay of Level 2 (411,/2) at these higher
doping levels under 975 nm pumping were somewhat longer than those expected in the
absence of cross relaxation processes (see typical parameters in Table 4.3-3). However,
although cross relaxation processes are likely to be responsible for the increased time
constants, it is difficult to make any quantitative conclusions from this difference. As
was pointed out in an earlier discussion, the time constants listed in Tables 4.2-1 and
4.2-2 are only fits of exponential functions to the available fluorescence data. In general
they have no direct connection with the actual physical processes (radiative or non-
radiative) behind this data and, hence, are of limited value in obtaining quantitative
information on the processes occurring in the glasses. A quantitative discussion

requires a model to describe the redistribution of the population which should take into
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account the presence of variety of cross-relaxation processes. This leads to a system of

rate-equations that are too complex to solve analytically.

® Level 1 (4113/2)

Level 1 (4113/2) also exhibited some interesting features. One of these was the
observation of a fast component in the rise of its population with 800 nm pumping.
Although the measurement of this fast component (“Fast” in Table 4.2-1 and
Table 4.2-2) was detector limited (~10 ps), the most noticeable feature was its
contribution to the overall rise of the level population. Whilst this fast contribution was
virtually absent at low Er’*concentration, it completely dominated the rise-waveform at
the highest Er’* concentration used.

The temporal behaviour of the population of Level 1 (4113/2) under direct
pumping was as expected. In low Er’* concentration the fluorescence could be
described with exponential decays with rates close to those expected in the absence of
cross relaxation processes (see Table 4.3-3). The non-exponential behaviour at high
Er’* concentration indicated the presence of cross-relaxation process originating from
this level, such as W(11,30).

The temporal behavior of the population of Level 1 (*I;32) with 975 nm pumping
in low Er’*concentrations has been discussed previously. The long fitted rise-times and
large uncertainties (blue values) are a consequence of the fact that 1, = 7). The decay
time constants (red or blue values) are reasonably matched to those which would be
expected in the absence of cross relaxation processes.

When the decays of Level 1 (4113/2) are considered under either 800 nm or
975 nm pumping in higher Er’* concentrations (>4 mol%), the non-exponential decay of
Level 2 (4111/2) mékes equation (4.2.5) not applicable. This is why no red values for fits
of this equation to the measured fluorescence waveforms are included in Tables 4.2-1
and 4.2-2 for Er’* concentrations higher than 4 mol%. The exponential fits have still
been presented, despite the fact that they do not represent physical processes. The fact
that the fitted decay time constants for Level 1 (*I;3) increased slightly with Er’*
concentrations is consistent with the presence of cross-relaxation processes. The

increase in decay time constant of Level 1 at higher concentrations is consistent with the
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action of a process such as W(11,30) which can initiate a re-cycling of the population
from Level 1 to Level 3 and back again to Level 1 via Level 2. This slows down the
eventual decay of Level 1 to the ground state. Finding a proper fitting function that
includes such processes is difficult because the differential equations which describe the
level populations are non-linear and do not have an analytical solution. The general
situation, in which non-linear processes are significant, will be treated numerically and

discussed later in this chapter as well as in Chapter 5.

4.3 Rate equation modelling including non-linear

ion-ion exchange terms

4.3.1 Direct pumping

As can be seen from Figure 4.1-1 there is a variety of competing ion-ion
interaction processes which could possibly affect the populations of the three lowest
excited energy levels. In order to try to simplify matters, the modelling below initially
concentrates on examining the behaviour of the population of Level 1 (*Ii32) and Level
2 (4111/2) under direct pumping where the processes W(22,50) and W(11,30) are
expected to play a dominant role. By using direct pumping the effects of processes that
mvolve significant populations of other levels are minimised. Both W(22,50) and
W(11,30) processes are well known (see Chapter 2, Table 2.3-1); however, to our
knowledge, no estimates of the cross-relaxation coefficients in fluoride glasses have
been previously published.

The behaviour of the population of each of the 132 and *I;1,, levels under direct
pump was first modelled by an equation, which assumed the dominance of a single two-

1on cross-relaxation process:

dn(t) _ nit) _2KCn* (1) (4.3.1)

dt
where T represents the reciprocal of the combined radiative and multiphonon decay

rates (it is the measured decay time in low Er’* concentration, where the cross-
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relaxation processes have negligible effect on the population dynamics) and K is the
cross-relaxation coefficient corresponding to either W(22,50) or W(11,30). The level
populations in the rate-equations are again normalised with respect to the total
Er**concentration: n; = N;/ C, where C is the Er** concentration. The initial normalised

population ngy of each pumped level was determined from:

ng=cE/hvS, 4.3.2)
where G is the appropriate absorption cross-section for the level, E is the energy of the

pump pulse, hv is the pump photon energy and S is the pumped area of the sample. In
this calculation of the initial populations of the directly pumped levels, the possible
presence of excited state absorption (ESA) is ignored. This is justified since the
population of the levels from which the ESA originates is very much smaller than that
of the ground state. Thus the populations produced by ESA is very much smaller than
that of the levels which are directly pumped from the ground state.

The calculated initial populations for the various pump wavelengths were:

n(0)=+1)x10°  (for 0 5um=4.7x10"*Y cm?, E; 5m =6mJ, S=10+5mm?),
n2(0)=(1+0.5)x10"  (for Gegam=2.0x10>" cm?, Bogonm =14mJ, S=13+7mm?),
n3(0)=(5+2.5)x10™*  (for G500am=6.3x10"*?’ cm?, Egoonm =5SmJ, $=2.5+1mm?).
The absorption cross-sections were determined from appropriate absorption
measurements (see Chapter 3, Table 3.3-3). The main source of uncertainties in the
calculation of the above initial population was the uncertainty in the area of the pumped
spot S, caused by the non-uniform spatial distribution of the pump energy within the
spot. The estimate of the area of the pumped spot was further complicated by the non-
linear nature of the visualisation of the spot via polaroid film burns or IR cards.

From the values of the initial populations of the various levels under direct
pumping it becomes obvious that in all the cases the ground state population was not
significantly perturbed by the pump energy density used. At the same time, however, as
it will be seen later in the chapter, these initial populations are quite sufficient to give
rise to significant non-linear effects due to cross-relaxation processes.

Having calculated the initial population, the decays of both Level 1 (*I132) and
Level 2 (4111/2) could be modelled with the explicit solution of (4.3.1). As was pointed

out earlier, the actual experimental curves to be fitted did not represent normalised
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population, but a voltage proportional to fluorescence intensity (which is proportional to
the instantaneous population of the level). The ratio between the measured voltage and
the normalised population could be estimated from the initial point and thus the
experimentally measured curves were scaled appropriately so that they represent
normalised population.

The solution of equation (4.3.1) is:

n(t)=- 1
1+ 2n TKC) : 4.3.3)
2KCt - - exp(t/71)
no
or after some simplification:
) == T 4.3.4
K't—(-+K'T)exp(1/1) @.3.4)

0
where K’=(2KC). This function was fitted to the approprately-scaled experimental
fluorescence waveforms from the 4113,2 and “I;,,, levels and estimates of the appropriate
cross-relaxation parameters (K = W(11,30) or K = W(22,50)) were obtained. The
values obtained in this way, for a range of doping concentrations, are sumrnarised in
Table 4.3-1 below. We have at this stage assigned the K values to W(11,30) and
W(22,50) on the presumption that these processes are dominant. This assignment will

be further discussed later.

Er ( mol% ) 0.8 4 10 14 18

W(11,30)(x 10" em’s™) 1.040.5 | 2.3+1.2 | 4.0+2 | 43+2.2

W(22,50) (x10° "em’s™) | 1.7+0.9 3.0+1.5 7.1+3.6
Table 4.3-1 Estimate of cross-relaxation coefficients in Er/ZB(L)AN glasses obtained from direct

pumping measurements under the assumption that a single two-ion cross-relaxation
process dominates all others in its contribution to the non-linear terms. The
uncertainties arise mainly from the estimate of the initial population produced by the
non-uniform pump beam.

Although the values in this table are subject to uncertainties mainly due to the

uncertainties of about 50% in the estimate of the initial populations used in the fitting,
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there is an obvious trend to increased values at higher Er’* concentrations (Figure

4.3.1).
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Figure 4.3- 1 Fitted values and their uncertainties for the cross-relaxation parameters W(11,30) and
W(22,50) for different doping concentrations of Er**

The most probable reason for this trend was the presence of additional cross-
relaxation processes, such as T(110,003) and T(220,005) (Figure 4.1-1). Although three
ions are needed for these interactions, their probability could be appreciable since only
the ground level and relatively highly populated excited levels are involved in the case
of direct pumping. The populations of the levels, in the case where these particular
three ion processes are included, can be described by the equation:
dn(t) n(t)

= _oWCn? (1) - 2TC*n* ()no (1) 4.3.5)
dt T

For the present case where the ground state is not significantly perturbed (n, ~ 1), the
solution is similar to Equation (4.3.4), however K in this case can be expressed as

=W+CT. Here W and T are cross-relaxation coefficients, corresponding to the two
and three-ion processes described above.

A plot of the K values from Table 4.3-1 against the Er’* concentration (similar
to Figure 4.3-1) was fitted with a straight line and so values for W(11,30) and
T(110,003) (for 1.5 wm pumping) and for W(22,50) and T(220,005) (for 975 nm
pumping) were obtained. The limited data set, however, resulted in fairly large

uncertainties in the fitted parameters, as shown on Table 4.3-2:
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W(22,50) T(220,005) W(11,30) T(110,003)

(14+1)x 107 (12 +1)x 1078 006+ 1)x 10" | (1.4+0.8)x 107"

Table 4.3-2 Preliminary estimate of the cross-relaxation parameters and their uncertainties for
Level 1(*I;3p) and Level 2 (°I;;;) under direct pumping with three-ion processes
included

Whilst a more detailed analysis of these processes was needed to confirm the
presence of the processes T(110,003) and T(220,005) and to obtain more reliable values
for all cross-relaxation parameters. The values presented in Table 4.3-1 and Table 4.3-2

were useful as a starting point for the modelling of 4113/2 and *I1; levels with 800 nm

pumping.

4.3.2 800 nm pumping
e Rate equation modelling

For the 800 nm pump ( the exact wavelength was 801 nm), the decays of the
4113/2 and “I;1, levels are less concentration dependent than with a direct pump (see
Table 4.2-1 and Table 4.2-2). This could be due to the reduced importance of the three-
ion processes T(110,003) and T(220,005) resulting from the relatively smaller initial
populations of these levels (see n;(0), n2(0), n3(0) above). However, since the aim was
the design of a general model it was decided that all the cross-relaxation processes in
Figure 4.1-1 should be included. With all of the four lowest energy levels populated,
the system of four coupled non-linear differential rate equations, describing the

behaviour of the system with 800 nm pump are as follows:

dn1 (t)

i =—(A1 +c01)nl(t)+(b21A2 +c02)n2(t)+b3lA3n3(t)+2W(30,11)Cn0(t)n3(t)

+2T(300,011)C*n 3 (t)n02 (1)—2 W (11,30)Cn 12 0-2T1 10,003)(:21112 CENG
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dn , ()

=—(A_+o )n O+0b_A, +0)3)n3(t)—2W(22,50)Cnzz(t)—

dt
~2T(220,005 )C*n i 2(Hn NG
dn (t) ,
= —(A,+o )n_(1)+W(11,30) Cn “(t)-W@30,11) Cn (®n () -
dt 3773 1 3 0
- T(300,011) C?n L® noz(t) +T(110,003) C2n lz(t) n ()
n,(t)+n;(t)+n,(t)+n,;(t) =1 4.3.6)

In the last equation, the population excited to levels higher than Level 3 (e.g. by
T(220,005)) has been ignored. In the above equations nj(t), np(t), ns(t) are the
normalised populations of the 4113/2, 4111/2 and 419/2 levels; A; and w, are the radiative and
multiphonon decay rates of the i-th level; by is the branching ratio from i-th to j-th level;
C is the Er’* concentration of the sample and W(30,11), W(11,30), W(22,50),
T(300,011), T(110,003) and T(220,005) are the cross-relaxation rate constants for the

ion-ion interaction processes shown in Figure 4.1-1. The values of the radiative and

multiphonon parameters used are given in Table 4.3-3 below.

Parameter: | Value: Source:
A, 1005 Our work [c.f. Shinn er al., (1983);
Zou and Izumitani (1993); Wetenkamp et al., 1992]
A, 118 s Our work [c.f. Zou and Izumitani (1993); Shinn et al., (1983)]
A, 1405 Our work [c.f. Zou and Izumitani (1993)]
o 0s” Our work [c.f. Shinn et al., (1983); Zou and Izumitam (1993)]
w, 95" Our work [c.f. Shinn ez al., (1983);
Zou and Izumitani (1993); Wetenkamp et al., (1992)]
w; 125000 s™ Our work [c.f. Zou and Izumitani., (1993)]
by 0.88 Zou and Izumitani (1993); Wetenkamp ez al., (1992)
b, 0.12 Zou and Izumitani (1993); Wetenkamp ez al., (1992)
b3y 0.77 Zou and Izumitani (1993); Wetenkamp ez al., (1992)
bs, 0.22 Zou and Izumitani (1993); Wetenkamp er al., (1992)
bss 0.01 Zou and Izumitani (1993); Wetenkamp ez al., (1992)
Table 4.3-3 Values of the parameters used in the rate-equation models
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The above values have been obtained from a combination of our measurements
and reported radiative rates of the levels in very similar glasses (see Shinn et al., 1983;
Wetenkamp et al., 1992; Zou et al., 1993) in the following manner:

o Jevell (4113/2):

The consistent values of about 100 s, measured for the decay rate in low Er*
concentrations (0.4 - 1.6 mol%) under direct pumping with 1.5 pum excitation
(Table 4.2-2), were an indication that ion -ion exchange processes were not significant
in those Er’* concentrations. Therefore (Equation 2.2-3) this decay rate represents only
the sum of the radiative and multiphonon-assisted decay rates. All of the reported
radiative rates for this level were equal or higher than the measured one (109 s™' -Shinn
et al., 1983; 100 s! -Wetenkamp et al., 1992; 142 st Zouetal., 1993). For this reason
it was assumed that the measured rate 1s actually the radiative one and the multiphonon-
assisted decay rate for Level 1 (411 3/2) 1S Zero.

o level2 (4111/2):

An average decay rate of 128 s was measured in several measurements in low
Er’* concentration (0.8 mol%, Table 4.2-1)). The reported rates (Shinn et al., 1983;
Wetenkamp e al., 1992; Zou et al., 1993) were similar with an average of 118.5 s™.
Since no cross-relaxation processes were evident in this low Er** concentration, a
multiphonon-assisted decay rate of 9 s was calculated be subtracting the reported
radiative rate from the measured decay rate. Reported branching ratios were all very
similar (Shinn ez al., 1983; Wetenkamp et al., 1992; Zou et al., 1993) and typical values
of by=0.88 and b,;=0.12, were assumed.

o Jevel3 (419/2):

The average radiative decay reported by Shinn et al. (1983) and Zou et
al. (1993) was 140 s™. Since, however, our measured decay rate of the population of
Level 3 in low Er3+ concentration (0.4 mol%) was consistently around 125000 s
(Table 4.2-1) it is clear that the observed decay of Level 3 was governed almost entirely
by the multiphonon-assisted decay to Level 2 (*I;12). This was consistent with the fact
that fluorescence from Level 3 could only be detected under direct pumping. Branching
ratios typical of those quoted by Wetenkamp et al. (1992) and Zou et al. (1993) were

assumed.
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The system of differential equations (4.3.7) was solved using fourth-fifth order
Runge-Kutta routines (Maple software). The solutions obtained provided waveforms
which could be compared to the measured fluorescence waveforms recorded using
MOPO excitation at 800 nm. This comparison was done after first normalising the two
waveforms to the same peak amplitude. The methodology adopted was to vary the rate
constants of the various cross relaxation processes and compare the resulting numerical
solution waveforms to the measured ones. In this way it was possible to determine
which processes needed to be included for acceptable fits and also the optimum values
of these necessary constants. It was also possible to vary the constants around their
optimum values and obtain estimates of their uncertainty by investigating the sensitivity
of the fit to changes in the rate constants. This latter process gives only approximate
estimates of the uncertainties as the parameters can only be varied one at a time. A full
study with simultaneous random variations was impractical because of the numerical
calculations involved. Studies of uncertainty are mostly relevant to Chapter 5 where
more complete models are involved. We now proceed to discuss how the various
processes affect the waveforms and why it is necessary to include certain processes if
one is to obtain reasonable fits to the measured data.

The most challenging task for the modelling was to explain the fast rise of the
population of Level 1(*I;352). This fast rise, dominant at high Er’* concentrations (see
Table 4.2-1 and Table 4.2-2), would suggest a cross-relaxation process originating from
the 419/2 level, as this is the only level with both a fast time dependence and a substantial
population during the initial 10 - 20 microseconds. Two cross-relaxation processes
were prime candidates for causing this rise - W(30,11) and T(300,011). These
processes involve the same two levels, however T(300,011) is a three-ion process and
therefore its rate should have a stronger dependence on the Er’* concentration. Being a
three-ion process; T(300,011) would be expected to have somewhat smaller probability
than the two-ion process W(30,11). However, considering the high Er’* concentrations
used and also the fact that the process originates from the highly populated (compared
to all other excited levels) Level 3, the effect of T(300,011) on the system could still be
appreciable. Here it should be mentioned that the effect of another three-ion process,
T(330,113), was also considered. Both processes were almost identical with respect to

their net effect on the populations of the levels being considered. They both have
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similar concentration dependence and also the effective result from both of them was
that two ions, one from both the ground level and one from Level 3, were delivered to
Level 1. However, T(330,113) required two ions from Level 3 and only one from the
ground level, while, T(300,011) involved two ions from the heavily populated ground
level and only one from the much less populated Level 3. Thus, it was likely that
T(330,113) would have lower probability than T(300,011) and hence the former has
been excluded from any further consideration.

Despite these considerations, only the previously reported (see Chapter 2, Table
2.3-1) two-ion process W(30,11) (see Figure 4.1-1) was initially included in the model
as a possible source of the fast rise of the population of Level 1(*I;35). The inclusion of
this two-ion process W(30,11) alone (without the three-ion process T(300,011) ) gave
reasonable fits to the decay of the *I,3,2 fluorescence for the 1.6 mol% and 18 mol% Er*
concentrations, but not for the intermediate range of Er’*" concentrations (10 mol%).
Another problem with the inclusion of only W(30,11) was that reasonable fits at
18 mol% also required a value for the rate constant of the reverse process W(11,30)
which was ten times greater than the value determined from direct pumping
measurements at 1.5 um ( see Table 4.3-2). The reason for the need to include this
large value was the following: the absence of a fast component of the rise of Level 1
(*I13») in low Er’* concentration (see Table 4.2-1 and Table 4.2-2) required a relatively
low value of W(30,11). This value, however, appeared to be too small in high
Er’*concentrations where it resulted in a rise of Level 1 which was substantially slower
than the experimentally observed one. A sufficiently large value of W(11,30) could
"compensate” for that. Such a large value of W(11,30) results in a decay rate of the
population of Level 1 which completely dominates the population waveform of the
level after the initial 10-20 microseconds. The overall effect is that a waveform similar
to the observed .one is produced. Thus a large value for W(11,30) could be used
together with the value for W(30,11), which satisfies the low Er’* concentration, to
produce an acceptable waveform also in the high Er’* concentrations. This large value,
however, in addition to being inconsistent with the direct pumping measurements, also
resulted in a high population of the *I;;/, level and too fast a decay rate of that level via
the process W(22,50). Higher energy levels in the system were also affected. In reality,

with the inclusion of the two-ion process W(30,11) and the exclusion of the three-ion
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process T(300,011) we were unable to obtain a set of parameters which can give a self-
consistent fit to the fluorescence data of all the levels.

The inclusion of T(300,011) and the exclusion of W(30,11), on the other hand,
gave both good agreement to the waveforms at both high and low Er’* concentrations
when used in conjunction with a value of W(11,30) which was consistent with that
determined from direct pumping. There were no problems with the *I112 and higher
levels but the agreement with the waveforms for the 4113/2 level at intermediate Er’*
concentrations was still poor. We return to a discussion of this latter point later but it
was clear from the modeling of the fluorescence waveforms that no agreement was
possible without the inclusion of the T(300,011) process. The necessity of including the
three-ion process is a significant. result of the modelling. The fact that we have fitted
the data without inclusion of the two-ion process W(30,11) does not necessarily mean
that it is not present. However it does indicate that the three-ion process T(300,011) is
dominant over the range of Er’* concentrations used.

Aside from the comments mentioned above, no particular problems were
encountered with the modelling of the population of Level 2. Reasonable fits to the
measured waveforms could be obtained with the inclusion of W(22,50) (using a value
consistent with that obtained from direct pumping) or with the inclusion of both
W(22,50) and T(220,005). With the data from just these lowest excited levels, it is not
possible to distinguish between these cases. The only indication that there may be some
influence of a process like T(220,005) is the increase in the constant (assumed to be
W(22,50)) obtained with fitting the direct pumping measurements at 980 nm (see Table
4.3-1).

Solving numerically the equations (4.3.6) for different values of the cross-
relaxation coefficients allowed values to be obtained that produced the best fits to the
experimental waveforms (see Table 4.3-4). Two sets of parameters were found which
produced satisfactory fits to the experimental fluorescence waveforms from Level 1
(4113/2) and Level 2 (41”/2) at both high and low concentrations. The first (Model 1)
corresponds to the presumption that under 800 nm pumping the contribution of the
three-ion processes T(110,003) and T(220,005) is negligible. The second (Model 2), on

the other hand, includes these two processes and thus represents an attempt to develop a
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more comprehensive model of our three-level system. Following the above discussions,

both sets of parameters included T(300,011) and excluded W(30,11).

Parameter: | W(22,50) W(11,30) T(300,011) | T(220,005) | T(110,003)
(cm’/s) (cm’/s) (em®/s) (cm¥s) (cm®¥s)
Model 1 5x107 4x10%1" 0.4x10°°% 0 0
Model 2 1x10¢"7 1x10¢"" 1x10°°® 2.5x10°% | 0.6x10°%
Table 4.3-4 Cross-relaxation coefficients for Er/ZB(L)AN glasses, determined from numerical

modelling of fluorescence waveforms for Levels 1 and 2 only. W(30,11) excluded
from the model. The accuracy of parameters is to within a factor of about two (see text
below)

e Agreement between the model and the experimental data

Some of the measured waveforms (corresponding to Set 2 - the data in
Table 4.2-2) together with the model predictions for 1.6 mol% and 18 mol% are
presented in Figure 4.3-2. Only the predictions of Mode] 2 have been plotted, since the
predictions of Model 1 are very close and, within the resolution possible with visual
inspection of the fits, indistinguishable from the ones of Model 2. This figure shows
that both models predicted well the behaviour of Level 2 (4111/2) and Level] 1 (4113/2) n
both Er’* concentrations. The predicted decays of Level 2 (4111/2) for both Er*
concentrations as well as of Level 1 (*I;3) for 1.6 mol% were in very good agreement
with the experimental waveforms. The predicted rate of the decay of Level 1 (4113/2) for
18 mol% was slightly lower than the experimental one. The rising portions of the
waveforms for both levels and both concentrations were also modelled reasonably well.
This is quite obvious for the experimental rise of Level 2 (“I11/2) on Figure 4.3-2, which
despite of being élightly noisy, has been fitted quite satisfactorily. The predicted rise of
Level 1 (4113/2) was faster than the experimental one. It should, however, be noted that
the experimental rise has been measured with an InGaAs detector system and 1s affected
by the detector response time of about 10 us. Thus the actual rate of rise may well be
faster than shown by the experimental data in the figure and could well agree with the

prediction of the model.
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Figure 4.3-1 Calculated populations (Model 2) and experimental fluorescence waveforms for Level 1

(“I;3p, 1.5 pm fluorescence) and Level2 (*I,12, 980 nm fluorescence) levels for

Er "concentrations of 1.6 mol% and 18 mol%.

Model 2 (see text)

4.29

Predictions of Model 1 identical with



980nm, 10 mol% Er3*, Rise || 980nm, 10 mol% Er**, Decay

|
| 5.00E-04 - I 5.00E-04 -
I | "
| | ]
4.00E-04 ! 4,00E-04 'F'
& ' ¢ Calculated ' | = w_t'-. | m Calculated
.2 ; | .2 1 .
g ‘ B Experimental | | ‘ B 3 Experimental
2 3.00E-04 - ‘ ‘ 2 3.00E04 |
5 2 |
o | a
3 || 3 |
S 2.00E-04 | B spiiae
: } : |
5 | ) |
z | 2.
‘ 1.00E-04 | 1 00E-04 |
| | |
0.00E+00 : — ‘ 0.00E+00 B— ‘ 1
0 10 20 30 40 50 0 10 20 30 40
Time (us) ‘ \ Time (ms)
Figure 4.3-3 Calculated populations and experimental 980 nm fluorescence waveforms for Level 2
4 !
(") for Er’* concentration of 10 mol%
[ [ —
1.5ym, 10 mol% Er**, Decay | 1.5ym, 10 mol% Er**, Deca
pum . pm ]
‘ 1.20E-04 ] | ' 8.00E-05 - i
| | R |
| & 9:00B-05 # Calculated ‘ ‘ | g 600E-0S T ® Calculated ‘
(=] (=]
l g B Experimental | '_é , | Experiment_al _ |
a |2 | |
£ 2
~ 6.00E-05 _ ‘ 5 4.00E-05 -
1 8“ | .2 |
E K
| 2 -
3.00E-05 - ‘ 2.00E-05 -
| " | | |
0.00E+00 & : . - : | 0.00E+00 - — — ‘
| 0 10 20 30 40 50 | 5 15 25 35 45

Time (ms) Time (ms)

Figure 4.3-4 Calculated populations and experimental 1.5 um fluorescence waveforms for Level 1
(*Ii3) for Er’* concentration of 10 mol%

The predicted and the experimental waveforms were compared also for the
intermediate Er** concentration of 10 mol%. In order to check the applicability of the
models for predicting the temporal behaviour of the population of Level 2 (*Li1z2) for

this intermediate Er'* concentration, the data from the Set 1 measurements
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(Table 4.2-1), was used. Figure 4.3-3 shows that good fits were obtained for the rise
and the decay of the population of this level.

Neither Model 1 nor Model 2, however, was able to satisfactorily model the
balance between the fast and the slow rise components in the population of Level 1 for
the intermediate Er’* concentration. This is illustrated in Figure 4.3-4 for the 10 mol%
Er’* concentration data from Set2 (Table 4.2-2). The lack of good agreement for the
rise, but the satisfactory fit for the decay was an indication that other processes, possibly
involving the population of higher energy levels, play an important role during the rise
of this level.

Figure 4.3-2, Figure 4.3-3 and Figure 4.3-4 indicate that overall, the agreement
of the model predictions with the experimental waveforms is quite reasonable. This
shows that despite the complexity of the modelled system and the limitations of
including only three-levels in the models, they predicted the essential features of the
dynamics of the level populations. The biggest problem with this modelling to date is
that the results are not unique and in particular it is not possible to clearly distinguish
the contributions of several of the processes. Problems with Level 1 (4113/2) at
intermediate Er’* concentrations indicate that other processes, possibly involving higher

energy levels, also affect the temporal behaviour of the three levels modelled.

e Relative importance of the processes modelled

Merely stating which processes need to be included in a model does not give
any indication of the relative importance of these processes. This relative importance
was examined by integrating the different terms in the rate-equations (4.3.6) to obtain
the total number of ions contributed to a level by a particular process. This also allowed
the two models from Table 4.3-4 to be further compared. The integrated normalised
populations of Level 1 (*I;32) and Level 2 (*I;,12), contributed by each term of equations
(4.3.6), were plotted. These plots are shown for Er’* concentrations of 1.6 mol% and 18
mol% in Figure 4.3-5 and Figure 4.3-6. The columns in the figures represent the
magnitude and sign of the contributions of the terms indicated by the annotations, to the

population of the particular level for both models 1 and 2. Some smaller contributions
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are not obvious in the figures and arrows have been used to indicate the position where
they are plotted.

Some general observations regarding Level 1 (4113/2) and Level 2 (4111/2) under 800
nm pumping can be made by examining Figure 4.3-5 and Figure 4.3-6:
e The contributions of the terms wn; and bs,Asn; are very small and have not been
plotted on the diagrams.

e The observed negligible difference between the two models in low Er*’
concentration is understandable since in this Er’* concentration the additional three-ion
processes, considered by Model 2 (T(110,003) for Level 1(4113/2) and T(220,005) for
Level 2 (4111/2) - see Table 4.3-4) make a very small contribution to the overall
population.
e Whilst the overall population of ions going into Level 2 (*I;1,) drops slightly in high
Er’* concentration, the population of ions going into Level 1 (*I;3,) dramatically
increases, due to the effect of process T(300,011). This three-ion process bypasses
Level 2 (4111/2), populating Level 1 (4113/2) directly, and at the same time excites a
substantial amount of previously unexcited ions from the ground level.

Some specific observation can also be made for Level 1 (*I;3,) under 800 nm

pumping:
e As expected in low Er’* concentration, the population of Level 1 (*I;32) is mainly
due to radiative and multiphonon decay from Level 2 (*Ii1z2). Even though the radiative
rate dominates the depopulation of Level 2, the value of the branching ratio for the
transition to Level 1 makes the contribution of this radiative decay comparable with that
of the multiphonon decay. The contribution of the radiative decay from Level 3 to
Level 1 (4113/2) is negligible.
¢ In high Er* concentration the population of this level comes mainly from the three-
ion cross-relaxation process T (300,011). In both Er’* concentrations (1.6 mol% and 18
mol%) the depopulation of Level 1 (4113/2) is mainly via radiative decay(-An;) to Level
0 (Lisra).
e The inclusion of the three-ion process T(110,003) in Model 2 does not mean the
effect of the two-ion process W(11,30) is negligible. ~Even in the highest
Er’*concentration used, the contributions of both processes to the depopulation of

Level 1 (4113/2) are comparable.
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Figure 4.3-5 Integrated contribution of the different terms in equations (4.3.6) to the normalised
population of Level 1 (*1;37) at 1.6 mol% and 18 mol%, 800 nm pumping.
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An examination of Figure 4.3-6 reveals the following trends for Level 2 (*I;i5)
under 800 nm pumping:
e As expected in both Er’* concentrations the majority of the ions come from Level 3
(419,2) via multiphonon decay (+wsnz). As mentioned above, the overall normalised
population of Level 2 (*I 1) in high Er’* concentration is smallef for Model 2 than for
Model 1 due to the increased importance of T(300,011). Whilst in both Er’*
concentrations the depopulation of this level is mainly due to the radiative decay to
Level 1 (-Asny), in high Er’* concentration the contribution of processes W(22,50)
(Model 1) and T(220,005) (Model 2) is also substantial.
e Even though process W(22,50) is included in Model 2, it does not seem to be very

important for the decay of Level 2 (41”,2). The three ion process T(220,005) plays a

significant role in high concentrations.

e Accuracy of the parameters obtained from numerical fits

Up to now values of the various parameters obtained from the rate equation
modelling have been presented (Table 4.3-4) without any discussion of the likely
uncertainties in these quantities. Because of the use of numerical techniques for solving
the set of coupled rate equations, it is difficult to give a reliable estimate of these
uncertainties. This is particularly the case when one considers that fitting a given set of
parameters may not provide a unique solution to the problem of matching a limited
number of experimental and model waveforms. However a study of the sensitivity of
the fits to changes in the values of the various parameters in a particular set is réadily
carried out and this can give an approximate estimate of the accuracy of the quoted
cross relaxation rate constants. In this context, "accuracy” simply means the extent to
which the value of a parameter can be determined from the modelling, i.e. different
values of the parameters can be distinguished in the quality of the final fits.

Since this type of treatment is only approximate and involves significant
calculation, these calculations have been carried out only for Model 2 and for a doping
concentration of 18 mol%. The results are expected to be very similar for both models
and the effects of the cross relaxation processes are expected to be most significant at

the highest available doping concentration. In this study every parameter was
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independently varied by factor of 0.5, 0.75, 1.5, 2 and in some cases 3. For every value
of the particular parameter, the predicted fluorescence waveforms for both Level 1
(“I;3) and Level 2 (*1,1,) were calculated. These predicted waveforms were then
normalised to unity and compared to the similarly-normalised experimental curves. The
sum of the square of the differences (SSD) was then calculated and divided by the
number of points involved. This provided a quantitative measure of the quality of the
corresponding fit. The data obtained in this way is shown schematically in the plots of
Figure 4.3-7.

In Figure 4.3-7 the "chosen" value for a particular cross-relaxation rate
constant is the one considered to give the best fits of the modelled to the experimental
curves. These are the values which are used in the final version of the models
(Table 4.3-4). These values, however, are not necessarily the ones which gave the
smallest SSD for a particular Level in a particular Er’* concentration. For example, the
column charts for all three-ion parameters in the figure for Level 1 (4113/2) would suggest
that the values needed for a good fit of Level 1 (*I;3,) are larger than the chosen ones.
It needs, however, to be remembered that the best value of a parameter should provide
self-consistent fits for both levels. Therefore larger values of the three ion-parameters
should not be used since they would produce a greater error in the fit for Level 2 Clip)
(see the charts for Level 2 (4111 ) in Figure 4.3-7).

A lack of sensitivity of the SSD to the value of a particular cross-relaxation
parameter generally means that the comesponding cross-relaxation process is not
important for that particular level. This is the case, for example, with the parameter
W(22,50) if only Level 1 (“I;3) is considered. However, once Level 2 (*1;/,) has also
been considered it becomes obvious that process W(22,50) is of significant importance
for Level 2 (“I;1/2) and therefore for the whole system. Even though it is not so obvious
in Figure 4.3-7 because of the overall scale of the graph, a change of factor of 2 in the

W(22,50) rate constant more than doubles the SSD for Level 2 (411 12)-
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Figure 4.3-7 Sensitivity of the fits of Model 2 to changes in the cross-relaxation parameters
(calculated for 18 mol%)

The overall conclusion from Figure 4.3-7 is that the estimates of the values for
the cross-relaxation parameters obtained from the numerical modelling are close to the
optimum values of these parameters. Whilst being by no means a measure of the
absolute uncertainties in the values of these cross-relaxation parameters, this approach
gives a good indication of the sensitivity of the model to changes in these values and
thus could be used as a qualitative estimate of the uncertainties involved. A change in

values of the parameters by a factor of two certainly produces a noticeable change in the
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closeness with which the calculated curves match the experimental ones and this
sensitivity is supported by variations in the SSD above. We thus use this as a guide to
the approximate accuracy with which one can determine the value of any particular
parameter from a given set by the fitting process employed. If the fitting process
involves only a limited number of fluorescence waveforms and thus there is more than
one possible set of parameters which can provide adequate matching of measured and

calculated waveforms, then larger uncertainties will apply (see Table 4.3-4).

4.4 Conclusion

A model of the population dynamics in highly doped Er/ZB(L)AN, involving
only the three lowest excited energy levels was developed. Model parameters were
obtained by fitting model predictions to experimental fluorescence waveforms for the
iy level (Level 2) and the 1,37, level (Level 1). The main results were as follows:

- Fluorescence waveforms for the three lowest energy excited levels in Er/ZB(LL)AN
under 800 nm, 975 nm and 1.5 um pumping have been recorded and analysed.

- Analytical solutions of simplified single rate equations representing a level under
direct pumping were used to obtain initial estimates for the values of the rate constants
for the cross-relaxation processes W(11,30) and W(22,50). These processes were
expected to dominate the population of Level 1 (4113/2) and Level 2 (4111,2) under direct
pumping conditions. The estimated rate constants exhibited a monotonic increase with
Er’* concentration. This is interpreted as a strong indication of the existence of the
previously unreported three ion processes T(110,003) and T(220,005). The three-ion
and the two-ion processes, however, affect the same levels in similar ways and could
not be clearly distinguished within the limited models under consideration.

- A rate-equation model of the complete system, including all four lowest energy
levels (the ground level and the three lowest excited energy levels) was presented. The
number of cross-relaxation processes, most of which were nonlinear, made analytical
solution of this model impossible and numerical routines were used.

- The use of only previously-reported two-ion cross relaxation processes (see

W(22,50), W(11,30) and W(30,11) in Figure 4.1-1 and Chapter 2, Table 2.3-1) was not
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sufficient for satisfactory explanation of the observed population behaviour of Level 1
(*I132). The numerical modelling showed that with an 800 nm pump another three ion
process, T(300,011), dominates the rise of the population of the *I;3, level in high
Er’*concentrations. This process, to our knowledge, has not previously been reported.

- Rate constants for the cross-relaxation processes W(22,50), W(11,30), T(300,011),
T(220,005) and T(110,003) have been determined for the system Er/ZB(L)AN.

- The sensitivity of the model fits to changes in the values of the above cross-
relaxation parameters, as well as the relative contribution of these processes to the
population of the “Liarz and *I; 12 levels have been studied.

- The numerical model developed generally predicted well the decay waveforms of
the 4113/2 and 4111/2 levels in both 1.6 mol% and 18 mol% Er’* concentration. However,
this model was unable to satisfactorily predict the fine balance between fast and slow
rise in the population of the 4113/2 level in the intermediate Er’* concentrations of 10
mol%. This fact together with the observation of very strong green fluorescence in
intermediate and high Er’* concentrations was an indication of the presence of
appreciable populations in some of the higher energy levels which were unaccounted for
in the model developed in this chapter.

In summary, the dynamics of the Er’*/ZB(L)AN system in high Er’* concentrations
is very complex with many competing cross-relaxation processes taking place. The
limited model presented above has attempted to identify and quantify only the processes
that dominate the population dynamics of the three lowest excited energy levels for 800
nm pumping. While predicting quite well the main features of the measured
fluorescence waveforms over the whole range of Er’* concentrations, this model was
unable to predict the observed behavior in intermediate Er’* concentrations. It also
failed to clearly identify the contributions of the two and the three-ion cross-relaxation
processes in the system. The model needs to be refined by inclusion of higher energy
levels and the processes necessary to explain the measured fluorescence waveforms for
these levels. The inclusion of higher levels will impose much tighter restrictions on a
possible self-consistent set of rate constants and should improve the reliability of the
parameters obtained from the model. It would be expected that inclusion of higher
energy levels with relatively small populations could provide sensitive indicators of the

extent of processes coupling these and lower levels.
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Chapter 5

Extended model of the population
dynamics of erbium excited energy

levels with 800nm pump

5.1. Introduction

In the pre?ious chapter we introduced a rate equation model involving the three
lowest excited energy levels in Er*/ZB(L)AN glasses. This mode] was able to
successfully predict the general population behaviour of these levels. This model also
confirmed the complexity of the system in the high Er’* concentrations used. A number
of cross-relaxation processes were identified and the model was able to provide
approximate values for the corresponding rate constants. There was also a strong

indication that the high doping concentrations give rise to previously unidentified
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energy exchange processes, which have a significant effect on the population of the two
lowest excited levels. Some of these processes affect particular levels in similar ways
and so it was difficult to distinguish them from each other and to study their
contribution with the limited model under consideration. There also was some evidence
that these processes excite an appreciable amount of population to the higher excited
energy levels. This relatively small, compared to the lower levels, population is
expected to be very sensitive to the doping concentration and the relevant cross-
relaxation processes involving the particular levels. In other words, the study of the
fluorescence from the upper levels could provide a sensitive means of distinguishing
and studying the individual contribution of two or more competing processes
originating from the lower levels.

The understanding from the previous chapter was that with the 800nm pumping
used, most of the excited population is in the first three excited levels and that the
processes discussed in the last chapter were the ones which dominate the population
dynamics. The introduction of more levels and other cross-relaxation processes will
simply allow refinement of the previous model. This should improve the accuracy of
prediction for all levels and over the full range of concentrations. The use of other
MOPO wavelengths to directly pump higher excited levels may also highlight
additional processes which are important under these excitation conditions and also lead
to a better overall understanding of the population behaviour of the Er’* system.

To aid the discussions of energy levels and processes in this chapter an extended
Er’*energy level diagram is presented in Figure 5.1-1. For easier reference while
reading this chapter, this diagram has also been reproduced as a foldout diagram at the
back of the thesis. While many other processes are discussed in this chapter, this
diagram includes all the processes which are found to be important in modelling the

observed fluorescence behaviour.
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Figure 5.1-1 Energy level diagram, multiphonon (V% ) and cross-relaxation processes in Er/ZBAN
glasses (In order to allow the use of this diagram as an easily accessible reference it has
been attached as a foldout diagram at the end of the Thesis)

Table 3.3-1 (Chapter 3) shows the energy, ground state absorption wavelength
and assignment of each of the energy levels included in Figure 5.1-1. This table is
important for the process of modelling as it allows estimation of energy mismatch
involved in cross-relaxation processes. It also allows one to anticipate which transitions
will give rise to overlapping fluorescence lines. Table 5.1-1 presents the possible
transition assignments for the fluorescence lines observed under various pumping
conditions. The bold numbers correspond to transitions which have been identified with
a reasonable degree of certainty. The plain numbers represent possible, but not clearly
identified transitions.

Before proceeding further with the material of this chapter it may help the reader
to understand a little more of its structure. The basic approach taken is to first present

results of waveform characterisation using time constants derived from various types of
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Fluorescence Line (nm): | ~2.7um | ~1.5 ym | -980(830-850| 801-820 | ~698

Source Level: Terminating Level:

4
Lisp

4 4
| FEYS | )

4 4 4
Lz Lisn Lisp

4 4
| OY7) Iisp

4
Fop

4 2 4 4 4 4
S32+ Hiz Lon Ion Lisn Lisn

4 4 4
Fin Iiun Lisn

4 4 4 2 4 4 4
Fsn+ F3 S3n+ Hir For Lo L

2 4 4 2 4 4
Ho/> Fin S3n+ Hin Ion L

4 4 2 4 4 4 4 4 4
Gurn+ Gont+ Kispn+ Gz Fsn+ Fan Fin Fon Ior

2 2 4 4 2 4 4 2
P32+ D3pn+ Fin Giin+e. Hsn Fon Sin+ Hiip

Fluorescence Line (nm): |~655|540-555 |520-530 |~488 |~468 |~454 |400-410 |~383

Source Level: Terminating Level:

4
Lisn

4
Li3n

4
Ii12

4
Tos2

4 4
For Lisn

4 2 4 4
S32+ Hiiz Lisn Lisn

4 4 4
| %) Lisn | Lisn

4 4 4 4

Fs2+ Fap Lisn Lisn
2 . 4 4

Ho/2 Lisn Lisp

4 4 2 4 s 4
G2+ Gon+ Kisp+ Gz Lisn Lisp

2 2 4 4 4 4 4
P32+ D3+ K2 Ton Lon Lin Lisn

Table 5.1-1 Transitions responsible for the fluorescence lines in Er**/ZB(L)AN glasses under 802nm,
1.5 um, 980 nm, 520 nm and 403 nm pumping. Bold numbers - identified transitions,
plain numbers - possible, but not confirmed transitions.
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rise and decay functions with 800 nm pumping. This is followed by a discussion of the
effect of pump intensity on the time constants and then data of this type for 800 nm
pumping. After this comes a similar section which covers these topics for other pump
wavelengths. Once all the measurements have been presented, a discussion of the main
processes responsible for the observed fluorescence behaviour is presented for 800 nm
pumping - one level at a time. Similar discussions follow for the other pump
wavelengths and then the information derived from these discussions is used to
construct an extended energy level model. The predictions of this model are then
compared to the measured fluorescence waveforms to obtain values of the various

cross-relaxation rate constants.

5.2. Results

5.2.1. 800nm pumping

5.2.1.1. Fluorescence rise and decay times

The basic trends associated with the changes in the fluorescence waveforms for
the three lowest excited energy levels were already identified in Chapter 4. This
discussion also identified and quantified the important cross-relaxation processes. In
Chapter 4 the point was made that the basic data which was used in fitting model
predictions to experimental measurements was the fluorescence waveforms. An attempt
was made to summarise the waveform changes by tabulating the rise and decay times
obtained from the waveforms via various fitting procedures. Table 5.2-1 and
Table 5.2-2 presented below summarise the rise and decay data for all waveforms
studied with the 800 nm pump. These tables include and extend the data of Figures 4.2-
1 and 4.2-2 and represent a more comprehensive picture of the behaviour of the system
under pulsed pump excitation.

The most important issues about the fitting procedures and the interpretation of
the rise and decay data in both tables below were already discussed in Chapter 4. These

considerations also apply to Table 5.2-1 and Table 5.2-2 and other similar tables
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presented later in this chapter. For the 800 nm (as well as for the 1.5 um) pump
wavelength, two set of measurements are to be presented. As was also mentioned in
Chapter 4, the main purpose of the second set of measurements (Set 2) was to improve
the spatial distribution of the pump beam and to allow better time resolution of the IR
measurements with the use of the InGaAs detector system (response time approximately
10 ps).

In addition to the 800 nm, 980 nm and 1.5 um fluorescence lines, discussed in
Chapter 4, there are two relatively strong lines (520-550 nm and 407 nm) and three
relatively weak lines (655nm, 450nm, 383nm) which have also been presented in the
above tables. All these fluorescence lines clearly originated from excited states above
Level 3 (419/2). Unlike the fluorescence from the lower levels, they showed mainly
exponential decays. This was partially (but not entirely) due to the fact that these levels
have a relatively small population. The smaller population would make the probability
for up-conversion processes much smaller.

An interesting detail was the presence of a fast component in the rise of both
655nm (oniginating from Level 4 (*Forp)) and 407nm (from Level 6 (*Hy),)) fluorescence
lines. In these fluorescence waveforms the rate of this fast rise did not change much,
but its contribution to the amplitude of the total waveform increased markedly with Er’”
concentration.

The other two lines; 540 nm (from Level 5 (4S3/2+2HH/2)) and 383 nm (from
level “Gyy2), were characterised by a single rise time constant and a two-component
decay. The longer decay component had time constants of milliseconds which indicated
possible contributions from lower levels which had similar decay times. The strong
green fluorescence lines in the region of 540 nm were found to have a rather
complicated behaviour with varying concentration. The corresponding (*Ssp+*Hip)
levels (Level 5) ﬁlayed a key role in several of the important cross relaxation processes
which are needed to explain the observed fluorescence behaviour of a number of the
levels. An understanding of the physical processes responsible for the behaviour of the
fluorescence decay of Level 5 is aided by first considering the expected analytical form

of the decay under conditions where a single cross-relaxation process is dominant.
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e Analytical fitting function for Level 5 (*Ss,+2Hy1.2)

An approximate analytical solution can be obtained for low Er’* concentrations
where the cross-relaxation process W(22,50) is mainly responsible for the long
component in the decay of Level 5 (see discussions of Level 5 later in the Chapter).
Level 2 has a single exponential decay with a rate which is effectively constant with
doping level up to about 4 mol% (see 980 nm fluorescence line in Table 5.2-1 and
Table 5.2-2). Under these circumstances, the normalised population of Level 2 (4111/2)
can be expressed as np,=nyg exp(-t/12) and the normalised rate-equation for Level 5 can

be written as:

(-25)
niz'(t) = —(As +W5)ng (1) + Wenye = =13 ©
s T5

) (29
+WCn,y,“e .

Here 75 is the decay time constant of Level 5 which would apply in the absence of cross-
relaxation processes and C is the doping concentration. The solution in the case that
Level 5 has an initial normalised population nsg (the population rises in less than 10 us)

can be written as

2,028 _TaTs ) _ 05y

ns(t) = +nspe’ ™ —WCn 0
(2T5 -T3)

When T,>>7s, this simplifies to

L

ns(t)=nspe' T +WCTsnao2(1-e' T yexp( - =) (5.2.1-0)

A fitting function, similar in form to Equation 5.2.1-0, was used to fit the
experimental decays of the fluorescence from Level 5 for doping concentrations up to
4 mol%. The fitted values for Ts and T,/2 actually represent the decay time constant of
Level 5 without the effect of W(22,50) and one-half the decay time constant of Level 2
~ respectively. These parameters (T/2 not T,) are included in the appropriate columns of
Table 5.2-1, Table 5.2-2 and Table 5.2-3 in red. It is obvious from the decreasing
values of s that even in these lower concentrations other effects are present which
reduce the decay time below that expected from fluorescence and multiphonon

processes.
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e Multiple exponential fits to the waveforms of Level 5 (*S3;+°Hyyz) in

high Er** concentrations

A fitting function including two waveforms, each consisting of an exponential
rise and decay (see Chapter 4, expression 4.2.2), was used for higher
Er’* concentrations where the decay of Level 2 (*I;1,2) is non-exponential and an explicit
solution for Level 5 (*Ss+°H ) is difficult to obtain. Such a function presumes two
independent population and depopulation mechanisms are active for this level - with
both population and depopulation processes possibly acting simultaneously during the
decay phase of the waveform (see later discussion for justification of this). Some of the
parameters obtained from fitting these functions had large uncertainties. This is not
surprising considering the large number of fitting parameters. The decay time constants
(denoted in blue in Table 5.2-1, Table 5.2-2 and Table 5.2-3) obtained with this function
are meant to give some idea of the trends in the decays which are present in the
waveforms. The uncertainties limit their value but it is clear that there is a trend to
decreasing decay times with increasing doping concentration. The rise times for level 5
listed in the table are not obtained using the fitting functions above. They were obtained
by recording the rising portion of the waveform with a fast photomultiplier and fitting a
single exponential to the rise. They therefore characterise well the appearance of the
rising portion of this green fluorescence waveform.

Two other fluorescence lines were also detected, but are not presented in
Table 5.2-1 and Table 5.2-2. The first had a peak intensity at about 553-555 nm and the
other at 830 nm. The main decay time constants of these lines were similar to that of
the green fluorescence line at 520 — 550 nm. However, there was also a virtually
instantaneous initial rise (<25 ns) and an initial decay with a time constant of a few
microseconds. Inspection of the energy level diagram in Figure 5.1-1 and Table 5.1-1
indicated that the fluorescence in these two regions could actually consist of
overlapping lines originating from different levels. Fluorescence in the region of
830 nm can originate from either the Level 5 (453/2) — Level 1 (4113,2) or Level 6 (2H9/2)
— Level 3 (419,2) transitions. These same two levels (Level 5 and Level 6) can also

produce fluorescence in the green region (Level 5 (*S32) — Level 0 (*1;52) and Level 6

(*Hys2) — Level 1 (*Ii32). As the *Hoj; level (Level 6) can be populated during the pump
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FlLine(nm): | 1.5um | 980 | 820 655 540 450 | 407 | 383
Levell [Level2 [Level3 Level 4 Level 5 ‘Fspt'Fy, |Level 6 | ‘Gt
R+D
Rise
Mol% ms Us Init.+Late (us) us ns Inst.+ ns
0.4 7.7 Inst. 8.5
0.8 24.7%(8.0) 98 215
1.6 21.0%8.0)| 7.8 109 9 189
4 8.6 (8.0) 7.5 5 + 106 8.2 1900 140
8 Fast + 3.7 6.9 141
10 Fast+0.8 | 6.9 5.4 + 111 3.8 367 145 <500ns
12 154
14 Fast+0.5| 6.2 42 + 100 2.4 132
16 Fast only 118
18 Fast only 5.8 5.1 2.1 263 130 <500ns
Decay
(R +D)H(R,tD;)
D1 D2 Init., Late
Mol % ms ms us ms us  ms us us us ms
0.4 7.7 7.9 454, 2.6 7.7
0.8 9.3%8.1) NE(1.2+5.3) 8.3
1.6 10.0%(8.7) 8 9.0 NE(2.2+5.5) 295, 2.5 8
4 12986) | 83 7.6 6.6 75, 32 8.9 76
6 8.2 6.6
NE
8 123 | (24+7.9) 5.8
NE
10 14 (2.5499)| 69 5.4 70*%, 2.7 8.6 5.1 71, 14
12 46
NE
14 14.1 | (1.7+9.5) 44 15, 1.0* 3.5
16 102 3.1
NE
18 73 (15477 6.0 2.8 32¢ 1.7 5.9 27 |27, 0386

Table 5.2-1 Data set 1 (1.5 um PbS detector): Measured fluorescence rise and decay time constants
for the indicated levels with 800 nm pumping. Inst.- faster than the response of the
detector. NE — non-exponential, Fast — Fast component (see text), Black numbers -
obtained from fits with a single (or double) exponential function (see text), Blue
numbers — obtained from fits with combined exponential rise and decay functions (see

text).

R+D)+HRy+D,) - initial (Rise + Decay) form, followed by a secondary

(Rise + Decay) form. Red Numbers —these are obtained from fits of analytic expressions
which contain parameters which have some physical significance in terms of population
or depopulation processes for particular levels (see text of chapters 5 and 4), * - large
uncertainties. Approximate pump conditions:~24 mJ, ~8 mm? spot area, Apump = 802nm
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Fl.Line (nm): 1.5pm 980 655 540 407
(Level 1) (Level 2) (Level 4) (Level 5) (Level 6)
R+D
Rise
Mol% ms us s s ns
0.4 21.6%(8)
0.8 17.6%(8)
1.6 14.8 (8) 7.0 4.1+103 9.1
4 10.9 (8)
Fast +4.9
10 Fast + 3.7
12
14 Fast + 1.2
16
18 Fast only 4.8 4.8 2.8 Inst.+135
Decay
(Ri#D)HR+D))
Mol% ms ms s us + ms HS
0.4 10.6(8.7)
0.8 10.6(9.1)
1.6 12.1(10.4) 8.4 NE(1.8+5.7) 258,2.5 9
4 13.5 (10.6)
6
8 12.4
10 15.7
12
14 15
16
D, D,
18 6.6 NE(1.5+7.2) 2.7 8.4%, 1.1 2.5

Table 5.2-2 Data set 2 (1.5 um InGaAs detector): Measured fluorescence rise and decay time constants

for the indicated levels and for 800 nm pumping. Inst.- faster than the response of the
NE — non-exponential, Fast — Fast component (see text), Black numbers -
obtained from fits with a single (or double) exponential function (see text), Blue numbers —
obtained from fits with combined exponential rise and decay function (see text).
(Ri+Dy)+(R+D;,) — initial (Rise + Decay) form, followed by a secondary (Rise + Decay)
form. Red Numbers —these are obtained from fits of analytic expressions which contain
parameters which have some physical significance in terms of population or depopulation
processes for particular levels (see text of chapters 5 and 4).

detector.

* - large uncertainties.

Approximate pump conditions: ~24 mJ, ~ 8 mm? spot area, Apump = 802 nm
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pulse by direct ESA, this is likely to be the origin of the virtually instantaneous rise.
Thus it is likely that these fluorescence lines, which have much longer rise time (2-

9 us), provide information on the population of Level 6, rather than Level 5.

5.2.1.2. Dependence of the fluorescence rise and decay times

on pump density

¢ Processes which result in exponential behaviour of level populations

= Radiative and phonon-assisted decays

It is known that the radiative and phonon-assisted decay rates from a level do not
depend on the population of the level. This is easily understood if a decay of a level
with some initial population is considered. If no cross-relaxation processes are involved

the rate equation of the level looks like:

N _ _(A+@)N@). 5.2.1-1
dt
Normalisation to the Er’* concentration C produces:
dr;(t) =-(A+w)n(t), with n(t)=N(t)/C. 5.2.1-2
!

Here the term multiplying n(t) is the rate of the decay and it obviously does not depend

on the concentration or the population of the level. The solution of this equation is

n(t) = n(O)e_(Am)t

, where n(0) is the initial normalised population and the decay time
constant is 1/(A + w). '
= Inclusion of a two-ion cross-relaxation process involving the ground level
If a two-ion cross-relaxation process that involves the ground level is present,

Equation 5.2.1-1 will become:

dl\;t(’) — _(A+@)N ()~ WN ()N (1), 5.2.1-3

where Ny (1) is the absolute population of the ground level. However, as was discussed

in Chapter 4, the population of the ground level is not significantly perturbed by the

pump pulses used in this work and therefore Ny () = Ny (0)= C. The normalised
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population of the ground level would then be ng (t)= ny (0) = 1 and the equation 5.2.1-3
can be simplified:

an(t)
dt

= ~(A+)n(r) =WCn 4 (0)n(r) = —(A +w)n(t) - WCn (1)

=—((A+w) + WC)n(t) 5.2.1-4
The solution now is : n(t)=n(0)e "W and the decay is still exponential. The

rate ((A+w)+WC) does not depend on the initial population of the level, however it is
now a linear function of the concentration C.

Similar behaviour to the above results if ions from the level are involved in a
two-ion process with another level (not the ground state) which has a very long decay
time constant (much longer than that of the level under consideration). The normalised
population of the second level, n;, will not be equal to 1. However, during the decay of
n(t), ni(t) = n;(0) = constant. Equation (5.2.1-4) then becomes

dn(t)
at

While the decay of the level under consideration will be still exponential, the rate of the

=—(A+w)n()-WCn n(t)= - (A+w)+WCn,)n(). 5.2.1-4b

decay now will also depend on the population of the other level involved in the cross
rélaxation process.
* Three-ion cross-relaxation process involving two ions from the ground level
A similar situation to the one discussed above arises in the case of a three-ion
cross-relaxation process if two of the ions are from the ground level (see T(300,011) or
T(500,013) in Figure 5.1-1). Equation (5.2.1-3) then becomes

dN (1)
dt

=—(A+w)N(@)-TN >N (1)

Normalising the populations then gives:

dr;it) = —(A+w)n(t) =TC *ny"n(t) = (A + ®)n(1) = TC *n(1)
=~((A+w)+TC*)n() - 5.2.1-5

The decay is again exponential. Its rate ( (A+a))+TC2 ) would be still independent of the
population of the level, but would exhibit a quadratic dependence on the doping

concentration C.
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e Processes which result in non- exponential behaviour of level populations

* Two-ion process with both ions originating from the same level
If now a two-ion process where both ions originate from the same level is

considered (see W(11.30) and W(22,50)), the rate equation for this level would be

d]\;t(t) = —(A+®)N(@)-WN (@) .
After normalisation this becomes
dr;iz) =—(A+w)n(t)-WCn (). 5.2.1-6

This case has already been discussed (see Chapter 4. Equation (4.3.3) and the analytical

solution is n(t) = — I 5.2.1-7

- 1ok
K't exp(t/r)(n(0)+Kr)

Where K'=2WC and 1=1/(A+w). The obvious conclusion is that the decay is not
exponential any more. This conclusion, however, could be seen even without solving
Equation (5.2.1-6). This equation can be written as:

dr;Ez) =—(A+w +WCn (t))n(t). 5.2.1-8

It is now obvious that the decay cannot be exponential and that the decay rate will vary
during the duration of the decay.
A similar discussion could be applied in two other cases:

= Two-ion cross-relaxation process with ions from different levels not
including the ground level (other than the case considered with Equation 5.2.1-4b) (e.g.
see W(21,40) in Figure 5.4-1).

. Three-ion cross-relaxation process with two interacting 1ons being from
the same level (see process T(220,005) in Figure 5.4-1).

. Three-ion cross-relaxation process with three interacting ions being from
the same level (see T(111,005) and T(333,008) on Figure 5.1-1).

The normalised rate equations for the above three cases are:

dn(;t(t) = —(A,' + G)i)ni(t) ~WCn .'(t)”j(f) = _(Ai +, + WCn j(f))fl,(t) ’ 52.1-9
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dn,(t)
dt

dn (1)
dt

= (A +0)n (t)~=TC*n’ (1) = —(A, +®, + TC *n,(1))n, (), and  5.2.1-10

==(A+w)n(t)-TC?*n’(t) = —(A+w + TC *n*(1)n(1) 5.2.1-11

The analytical solutions are more complex than (5.2.1-7), however from an inspection
of the equations it is obvious that the decay is dependant not only of the concentration,
but also of the population of the level and hence a non-exponential decay would be
expected.

These above conclusions depend obviously on the relative magnitudes of the
various terms in the equations. In the case where higher-order terms in n(z) are of
negligible magnitude compared to the linear term, then the decay will remain
exponential.

If the pump energy density is varied in the experiments for measuring the
fluorescence waveforms, the populations of the levels and the relative importance of the
terms in the rate-equations will be varied. Thus a study of the effect of the pump energy
deﬁsity on the measured rise and decay waveforms would provide an indication of the
presence or absence of cross-relaxation process. It will also provide information on the
type of cross-relaxation processes involved.

An additional limited set of experiments was performed to study the dependence
of the rise and the decay times of the measured fluorescence lines on the energy of the
pump pulse (spot size unchanged). The results are shown in Table 5.2-3. Some
conclusions from this data are presented below.

The data in Table 5.2-1 and Table 5.2-2 suggested the presence of two
components in the rise of the fluorescence line at 407 nm. The initial instantaneous rise
is followed be another relatively fast rise with a time constant of about (130-200 ns).
These later measurement of the 407 nm fluorescence line (Table 5.2-3) for various
pump energies and concentrations confirmed the presence of these two components (in
low Er’* concentrations). The contribution of the second component to the overall
amplitude of the rise of this fluorescence line increased dramatically and completely
dominated the high concentrations, especially when higher pump energy was used. Its
rate, however, exhibited only a weak dependence on concentration (see Table 5.2-3,

Table 5.2-1 and Table 5.2-2) and pump energy (see Table 5.2-3).
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800nm pumping (into 419,2 level)

Fluor.Wavelength Er Concentration Pump Energy Rise Decay
nm mol% mJ U U
383 14 20 <1 NE(141 + 1.7 ms)
0.4 20 Inst. + <lus |
1.6 20 Inst. + <Ips | 9.5
4 20 127ns
407 14 20 124ns 4.3
29 141ns
18 8 142ns
1.9 200ns
R, D, D,
0.2 29 11 450, 2.6ms
0.8 29 13 446, 3.0ms
4 30 14 71, 2.0ms
520 8 14 | 97, 2.0ms
(Ri+Dy)+(Ry+D;) 0 30 4.3 | 50*, 4.0ms
8 5.3 49% | 4.5ms
18 28 1.8 8.7* , 2.9ms
8 1.3 3.8*, 3.3ms
Initial, Late
4 21 1.2, 105 7.3ms
655 7 09, 127 7.1ms
18 27 2.5 5.0ms |
7 2.9 6.9ms
18 29 Inst. 5.7
4 Inst. 5.0
800nm 29 Inst. 7.8
04 R
1 Inst. 7.2,7.1,75,8.7
0.2 1 7.2 7.4ms
980nm 08 29 7.6 7.6ms, 7.7ms, 8.0ms }
' 1 7.6 7.8ms,7.9ms,7.6ms,7.8ms }

Table 5.2-3 Rise and decay-time constants of the main fluorescence lines under 802nm pumping as a
function of the pumping energy. Inst.- faster than the response of the detector. NE — non-
exponential, Black numbers - obtained from fits with a single (or double) exponential
function (see text), Blue numbers — obtained from fits with combined exponential rise and
decay function (see Exponential fits to the waveforms of Level 5 in high concentrations).
(R;+D)HR,+D,) — initial (Rise + Decay) form, followed by a secondary (Rise + Decay)
form. Red Numbers —decay time constants calculated using an analytical fitting function
(see equation 5.2.1-0), * - large uncertainties (Standard error in the order of 100% or
more). } - repeatability check. The irradiated spot size was approximately constant with

an area of approximately 15 mm®.

The rise time of the strong green fluorescence at 520 nm decreased with

concentration from about 11 ps to about 2 ps, but did not show any substantial
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sensitivity to the pump energy. Similarly, the decay of the same fluorescence line
exhibited strong concentration dependence, however no substantial variation in the
decay-rates was detected for different pump energy at any particular concentration.

A similar lack of substantial effect with variation of pump energy density was
evident in the rise of the red fluorescence at 655 nm. The decay time, however,
increased from about 5 ms to about 7 ms for about a factor of 4 decrease in the pump
energy used. Variation of the pump energy density also did not have any substantial
effect on the rise or decay of the fluorescence from Level 3 (at about 800 nm). The data
for the 980 nm fluorescence in Table 5.2-3 also shows no significant variation in rise or
decay time constants for a factor of 29 change in pump energy density. However, this

data only covers very small doping concentrations.

5.2.2.  Other Pumping Wavelengths

5.2.2.1. Fluorescence rise and decay times

While the present study concentrated on 800nm pumping, the study of other pumping
wavelengths is also important for a comprehensive understanding of the dynamics of the
Er’*/ZB(L)AN system. The lack of a suitable CW pump source prevented the study of
the dependence of the fluorescence intensity as a function of the Er’* concentration for
different pump wavelengths. The availability of the MOPO pulsed source, however,
allowed an extensive study of the temporal behaviour of the major excited energy levels
under 1.5 pm, 975 nm, 520 nm and 403 nm pumps to be performed. The fitting
procedures have been already discussed in Chapter 4 as well as in the previous sections
of this chapter. The results are presented in the tables below. This following section
discusses only the main trends in the data presented in the relevant tables. The origin of
the observed fluorescence lines and the particular cross-relaxation processes which are

responsible for the observed population dynamics are discussed in later sections.
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e Pumping into the 4113/2 level (Level 1) at 1.5 um

As was mentioned in relation to 800nm pumping, the initial measurements of the

1.5 um fluorescence, including those presented in Table 5.2-4 below, were performed

Fl.Line: 1.5um 980 800-820 655 520-550 407
(nm) | R+D R+D (R1+D,)+(R2+D2) (R,+D|)+(R2+D2)
Rise
R Slightly NE R R, R, R, R,
Mol% ms us us ms us us
0.8
1.6 5.9 0.6 27ms | 16 4.9
4 5.1 0.9 Lims| 22 | 57 | 11 | 898
8 Inst. 1.4 | '
10 1.6 1.4 S32us | 13* i 1.7 | 105 r 837
14 1.4 |
18 0.4 1.8 209ps | 3.6% | 048 | 57 | 382
Decay
D Init., Late D D, D, D, D,
Mol% ms ms ms ms us ms us ms
0.8 10.9 |
1.6 9.7 0.14 + 45 | 51 | 414 | 63

4 NE(1.0+9.5) | 119 | NE(1.8+5.1) | 6.2 | 525 | 48 | 167 | 3.54

8 NE(1.1+3.8)

10 NE(0.8+6.6) | 12.1 | NE0.5+2.9)| 4.7 | 58* 45 | 178 | 2.88
14 NE(0.5+2.9)

—+

18 | NEQ5+5.7) | 74 | NE(.2+14)| 26 | 60* | 26 | 108 18

Table 5.2-4 Data set 1 (1.5 um PbS detector) - Rise and decay time constants of the main fluorescence
lines under 1.5um pumping. Inst.- faster than the response of the detector. NE — non-
exponential, Black numbers - obtained from fits with a single (or double) exponential
function, Blue numbers — obtained from fits with combined exponential rise and decay
function. (R;+D)*+(Ry+D,) - initial (Rise + Decay) form followed by a secondary
(Rise + Decay) form. * - large uncertainties (Standard error in the order of 100% or
more).
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Fl.Line(nm): 1.5um 980 655 520-550 407
R+D R+D
Rise
Mol% ms us
0.4
0.8
R+D,+D,
1.6 6.3 612 R=10.3us
4
Inst.
8
10
14
(RtD)+R,1D,) (R+D)HR,+D,)
18 0.85 | 432 | R1=4.3us, R2=2.0ms | R1=9.3us,R2=0.7ms
Decay
Mol% ms ms | ms
04 9.5
0.8 10
R+D,+D,
1.6 10.3 12.9 5.6 | D1=580us,D,=6.1ms
4 9
10 NE(1.8+13.2)
14
R +DP)+(R,+Dy) R+*D)+(R,+Dy)
18 NE(0.8+7.4) 8.9 3.5 | DI1=76*us,D2=3.1ms | D1=18us,D2=1.9ms

Table 5.2-5 Data set 2 (1.5 pum InGaAs detector) - Measured fluorescence rise and decay time
constants for 1.5um pumping. Inst.-faster than the response time of the detector; NE-non-
exponential decay; Black numbers - obtained from fits with a single (or double)
exponential function, Blue numbers — obtained from fits with combined exponential rise

and decay function.

R+D,+D, - rise, followed by a two-component decay;

(R;+D)+[R,+D,) — initial (Rise + Decay) form, followed by a secondary (Rise + Decay)
form. * - large uncertainties (Standard error in the order of 100% or more).
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with a PbS detector system with a resolution of about 150 ps. At a later stage during the
research an InGaAs detector with a much better time response of about 10 us became
available. A second set of measurements (Set 2) with 1.5 um pumping was performed
with the new InGaAs detector. The results from this second set of measurements are
presented in Table 5.2-5.

As can be seen in both tables, the decay of Level 1 (4113/2) exhibited a non-
exponential behaviour under direct pumping. This was expected since the cross-
relaxation processes are much more significant under direct pumping because of the
higher population produced in the level. The long rise in the fluorescence of 980nm line
from the °I,;, level and the fact that it changed markedly with Er** concentration,
indicated that a cross-relaxation process is probably involved in populating this level.

A relatively weak fluorescence line between 800 and 820 nm was also detected.
The line was characterised by a fast non-exponential rise with a rate which did not
change much with concentration. In the lowest Er** concentration the rise was followed
by two well distinguished (sequential) decays with time constants of 0.14 ms and
4.5 ms. At higher concentrations a long (1 - 2 ms) non-exponential decay was observed.

The red fluorescence line at 655 nm from the 4F9/2 level was also observed with
1.5 um pumping. This fluorescence displayed a long (0.2 - 2 ms), strongly
concentration-dependent, rise and a long decay time constant which decreased slowly
with concentration.

The relative strong green fluorescence between 520 nm and 550 nm was also
measured. Two well-defined sequential structures, each consisting of rise and decay,
were observed within this waveform. The first temporal structure was characterised by
a rise with a time-constant of about 20 us, which did not change much with
concentration, and a decay with a time constant that decreased from 500 us in low
concentration to about S0 pus in high concentration. The second structure was
characterised by a slow rise with a time constant that rapidly decreased with
concentration and a slow decay with a time constant that decreased from 6.3 ms to
2.6 ms for a tenfold increase in the erbium concentration.

A waveform of two (rise + decay) structures was also observed in the relatively
weak line at about 407 nm. The rise and the decay rates of the initial (rise+decay)

structure were similar to those of the green fluorescence. The second rise exhibited
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little dependence of the Er* concentration, while the second decay was characterised by
time constants which were roughly double that of those for the second structure in the

green fluorescence.

e Pumping into the 4111/2 level (Level 2) at 975 nm

The decay time-constants which attempt to characterise the waveforms for the
study of the glasses under 975nm pumping are presented on Table 5.2-6. As with
800 nm pumping at low concentrations, there is a slow rise of the population for Level 1
followed by a slow decay. As with similar data in Chapter 4, two ways of
characterising the waveforms and the colour notation have been used.

The temporal behaviour of the population or Level 2 was as expected. The rise
was virtually instantaneous and the decay was non-exponential in high Er*
concentrations.

The fluorescence between 830 - 850 nm (the peak was measured at about
850 nm) and the green fluorescence line between 510 nm and 560 nm (see Figure 3.4-3
for spectrum) exhibited similar temporal behaviour. A virtually instantaneous initial
nise was followed by another rise with a time constant of a few microseconds and non-
exponential decays.  Another fluorescence line with a peak at 801 nm was also
observed. This line had a very similar decay to the fluorescence at ~ 830 - 850 nm but
only an instantaneous rise. This line is not presented in table 5.2-6.

The behaviour of the red fluorescence line at 655 nm was similar to the case
with 800nm pumping. This line displayed a concentration-independent rise with a time
constant of about 100 us and a long exponential decay with a rate which increased
slightly with concentration.

Two relatively weak lines around 488 nm and 450 nm, as well as the slightly
stronger 407 nm line, were also detected. The 488 nm fluorescence displayed an
instantaneous rise, followed by a non-exponential decay with an overall decay time
constant of the order of a few milliseconds. The 407 nm fluorescence exhibited similar
behaviour to that at 450 nm. These lines featured a fast rise with a time constant of a
few microseconds followed by a non-exponential decay. An initial instantaneous

component of the rise was also detected, but only in low Er’* concentrations.

5.20



. o
FlLine(nm): | 1.5 -
(nm) Rr];n 980 830-850 655 488 407
~500-560 ~450
Rise
Inst+
Mol% ms s s s
0.4
0.8 54*(8.0) 4.1 88 Inst.+3.6
1.6
4 7.4(8.0) 4.0 85 Inst.+2.3
6
8 Instant. Instant.
10 22 3.8 111 3.4
12
14
16
18 0.46 2.3 82 1.0
Decay
Init., Late
Mol% ms ms us + ms ms ms US, ms
0.4
NE NE NE
0.8 9.1*8.7) | 778 | (211+0.86) | (0.6+4.6) [NE(0.26+1.2) | 33, 0.6
1.6 NE(0.19+1.6)
NE NE
4 15.4(9.3) | 8.23 (111+4.8) 7.5 60, 2.5
6
8
NE NE NE
10 16.6  |(1.5+8.4)| (109+2.0) 4.3 NE(0.52+2.6) | 126, 1.4
12
14
16
NE NE NE
18 78 |0.5+5.8)| (100+1.3) 2.0 NE(0.15+1.2) | 162, 0.7

Table 5.2-6 Measured fluorescence rise and decay time constants for 975nm pumping. Inst.-faster
than the response time of the detector; NE-non-exponential decay; Black numbers -
obtained from fits with a single (or double) exponential function, Blue numbers —
obtained from fits with combined exponential rise and decay function; Red Numbers —
decay time constants of fluorescing and "filling" levels calculated using an analytical
fitting function obtained from a simple 2-level rate-equation mode] (see Equation 4.2.5), *
- large uncertainties
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=  Pumping into the (4S3/2+2H11/2) levels (Level 5) at 520 nm

The results of the study with 520nm pumping are presented on Table 5.2-7. The
infrared line at 1.5 um was measured using the InAs detector system which had a
response time of about 10 us.

The population of Level 1 exhibited a relatively fast rise, varying from a few
hundred microseconds at low concentrations to less than 10 s at high concentrations.
As in the case of the 800 nm pumping, the long decay of Level 2 affects the decay of
Level 1 and the fits with single exponential functions produced time constants of up to
almost 16 ms (the blue numbers). Fitting with the analytically derived function (see
Chapter 4, Equations (4.2.3)-(4.2.5) allowed an estimate of about 10 ms (see red
numbers) to be obtained for the radiative decay rate of Level 1. At high Er’”
concentrations non-exponential decays were observed.

The rate of the rise of the population of Level 2 (980 nm fluorescence line),
determined from the measurements of the fluorescence line at 980nm, was similar to the
rise of Level 1 (1.5 um fluorescence line). At high erbium concentration there was also
a small additional contribution in the rise of Level 2 with a time constant decreasing
from about 220 us (10mol%) to about 70 us (18mol%). The decay of the fluorescence
from Level 2 was exponential with a decay time-constant of about 8 ms in low Er’*
concentration. Non-exponential behaviour was observed at high Er’* concentration.

The red fluorescence line at 655nm exhibited a rise time, decreasing from about
150 us to about 6 us with increasing concentration and a decay time decreasing from
about 600 us to about 90 us over the whole range of Er’* concentrations. An additional
second component of the decay with a time constant of a few milliseconds was observed

at high erbium concentrations.
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FLLine: 1.5pm 980 698 655 520-550 468(~400) 410
(nm) (Ri*DyHR,+Dy)
R+D R+D (~800-840) or R+D R+D
Rise
Init. , Late R;R,

Mol% HS HS Us HS Us US
0.2 457 Inst. + 159 149 R1=(Inst.+12), R2=166 Inst.
0.4 412
0.8 267 318 153 RI1=(Inst.+7), R2=59 Inst.
1.6

4 38 37 3.4 109 Instant. R=(Inst.+2.1) Inst.+2.6
8
10 10 10 + 223 5 19 R=(Inst.+1.6) 3.7
14 <10+ 125
18 <10 <10 + 66 1.8 5.6 Inst. 2.3
Decay
Init., Late Init., Late D,;,D, Init., Late

Mol% ms ms HS Us ms Us US HS
0.2 7.9 550 605 531 D1=18, D2=318 38, 343
0.4 13.5(9.7) (8)

0.8 15.6 (10.9) 7.7(8) 456 404 D1=20, D2=290 45,246
1.6

4 14.7 (10.3) 9.2(8) 37 190 45 D=27 30

8

10 NE(1.1+9.4) 8.7 11.5 141 + 33 8.7 D=6.3 13
14 NE(3.8+10.5)

18 NE(0.4+3.9) | NE(1.7+7.6) 4.7 93 + 14 3.2 D=2.6 4.6

Table 5.2-7 Measured fluorescence rise and decay time constants for 520 nm pumping. Inst.-faster
than the response time of the detector; NE-non-exponential decay; ~ - fluorescence line
with similar temporal behaviour, Black numbers - obtained from fits with a single (or
double) exponential function, Blue numbers — obtained from fits with combined
exponential rise and decay function; R;+R,+D - two-component rise followed by a decay.
R;+D+R,+D, — initial (Rise + Decay) form, followed by a secondary (Rise + Decay)
form. Red Numbers —decay time constants of fluorescing and "filling" levels calculated
using an analytical fitting function obtained from a simple 2-level rate-equation model

(see Equation 4.2.5).

A fluorescence line at 698 nm was also detected with 520 nm pumping. At low

concentration, this fluorescence exhibited an instantaneous rise followed by a second

component of the rise with a time constant of about 160 ps. In high Er** concentrations,

it exhibited a fast rise with a time-constant of a few microseconds. The decay time

constant of this fluorescence line decreased sharply with Er’* concentration, varying

from 500 ps to a few microseconds.

The green fluorescence line at 520-550 nm showed similar temporal behaviour

to the near IR line at 800-840 nm. An instantaneous rise followed by an exponential

decay with a time-constant which varied with concentration from about 530 ps to 3 us
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was observed. This behaviour was very similar to that of the green fluorescence under
800 nm pumping.

A fluorescence line at 468 nm was also observed under 520 nm pumping. Two
(rise + decay) waveforms could be clearly distinguished within the decay of this
fluorescence line in low Er’* concentration. The contribution of the second waveform,
which had rise and decay time-constants of a few hundred of microseconds, diminished
in higher concentrations. A single waveform, consisting of a very fast rise (time
constant smaller than the response time constant of the detector) and a single
exponential decay was observed in these higher erbium concentrations.

Two overlapping fluorescence lines with different fluorescence intensity were
detected around 400 nm. The first was relatively weak, had a maximum fluorescence
intensity at around 400nm and its waveforms were similar to those of the 468 nm
fluorescence. The second fluorescence line had a peak at around 410 nm and was
somewhat similar to the fluorescence line at 698 nm, especially in high Er’”
concentrations. In low Er’* concentrations the 410 nm waveform exhibited an
instantaneous rise followed by a two-component decay with time constants of several
tens and several hundreds of microseconds. A waveform with a rise time-constant of
about 2 us and a decay with a time constant of about S us was observed in high Er’*

concentrations.
* Pumping into the Ho), level (Level 6) at 403 nm

The fitting results from our measurements with a 403 nm pump are presented in
Table 5.2-8. The temporal behaviour of the 1.5 pum and 980 nm fluorescence lines was
similar to that observed with 520 nm pumping. Rise time constants of about a few
hundred microseéonds were observed at low Er’* concentrations and these rise-time
constants decreased significantly with increased doping concentration. The decays,
however, were exponential and did not show any substantial concentration dependence.

The fluorescence line at 698 nm, detected with 520 nm pumping, was also
observed with 403 nm pumping. This line was characterised by a very fast rise and a
decay that varied from about 7 us to about 2 us over the whole range of erbium

concentrations. Two other lines, a weak fluorescence line at 450 nm and a relatively
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Fl.Line:| 1.5mm 980 | 698 | 655 5583 520-540 450 | 407
(o) R+D ~800-840 | weak
Rise
Mol% HS HS M us
0.2 337 162 6.3
0.4 301 140 3.8
0.8 <260 203 6.4
1.6 <180 9.0
4 <150 45 2.5+98 5.4
<lps
6 0| st Inst. >3 | Scatered|
10 <150 15 0.9 38
12 15
14 11
16 10 0.8 2.0
18 <150 9 0.8 1.2
Decay
Init, Late
Mol% ms ms Hus Hs Hs Hs Hs Hs
0.2 7.8 67 | 600 |92 , 525 527 5.8
0.4 79 604 554 7.7
0.8 | 135(89) | 8.1(8) |93, 348 427 56 | 5.4
1.6 14.0(8.1) | 8.3(8) 9.5 , 156 212 5.5
4 15.9(9.3) | 86(8) | 83 | 259 | 9.1 47 56 | 62
6 8.9 6.9 27
8 7.8 7.0 18.6
10 18.1(10.0) | 96(8) | 37 | 168 |72 15.3 5.0 47
12 9.8
14 9.4 5.6 40 | 35
16 8.8 168 | 53 7.4
18 98(79) [ 83(8) | 18 | 154 | 34 6.2 32 2.7
Table 5.2-8 Measured fluorescence rise and decay time constants for 403 nm pumping. Inst.-faster

than the response time of the detector; Init.+Late - two-component decay; ~ - fluorescence line
with similar temporal behaviour, Black numbers - obtained from fits with a single (or double)
exponential function, Blue numbers — obtained from fits with combined exponential rise and
decay function; Red Numbers —decay time constants of fluorescing and "filling" levels
calculated using an analytical fitting function obtained from a simple 2-level rate-equation
model (see Equation 4.2.5). The measurements of the rise of the 450 nm fluorescence line
were affected by pump interfirence.
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strong fluorescence at about 410nm, both exhibited similar temporal behaviour to the
698 nm fluorescence.

The waveform of the red fluorescence line at about 655 nm exhibited a complex
dependence on Er’* concentration. The rise time was reasonably constant at about
160 ps for concentrations of up to 4 mol%. A second component of the rise of this
fluorescence with a much smaller time constant of about 1 us was evident at higher
concentrations (10 - 18 mol%). This faster component did not show any concentration
dependence, but its contribution increased markedly and it completely dominated the
rise at the highest Er’* concentrations. The decay of this red fluorescence was
exponential and exhibited only moderate concentration dependence, decreasing from
about 600 us to about 150 ps over the whole range of Er** concentrations.

The green fluorescence at 520-550 nm showed similar behaviour to that at 800-
840 nm with a rise time constant varying from about 6 ps to about 2 us and a decay
time constant decreasing from about 530 us to about 6 us for the whole range of Er’*
concentrations.

As was the case with 800 nm pumping, fluorescence at 553-555 nm was
detected. This fluorescence exhibited an instantaneous (detector-limited) rise and a
two-component decay. The initial decay component was characterised by a decay time
constant which decreased from about 9 ps to about 3 us for the whole range of Er’*
concentrations. The second component was observed only in low Er’* concentrations

and had a time constant decreasing from 525 pus (0.2 mol%) to 156 pus (1.6 mol%).

5.2.2.2. Dependence of the fluorescence rise and decay times

on the pump density (540 nm and 650 nm pumping)

A limited set of data for the effect of the pump energy density on the fluorescence
waveforms of some selected lines was obtained for the 540 nm and 650 nm pumping
wavelengths. 540 nm was chosen as the pump wavelength simply to allow easy
observation of the fluorescence at 520 nm. In fact the exact pumping wavelength in this

band is not considered significant as the energy is redistributed very quickly by phonon
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processes. The data obtained during these measurements is summarised in the

Table 5.2-9 below.

540nm pumping (into (4S3,2 +2H11,2) levels)

Fluor.Wavelength Er’* Concentration Pump Energy Rise Decay

nm mol% mJ US US

0.2 30 162 603

0.3 178 580
655 Initial + Late

18 23 6.7 311 + 3.1 ms

0.5 7.4 162

0.2 3 Inst. 522

30 Inst. 478

0.4 2 Inst. 479

520 0.3 Inst. : 525
Slightly NE:

18 40 Inst. 34

7 Inst. 3.9

0.5 Inst. 4.1

650nm pumping (into ‘F,, level)

Fluor.Wavelength Er Concentration Pump Energy Rise Decay
nm mol% mJ uS us
33 Inst. 156
655 0.4 0.3 Inst. 157
< 0.1 Inst. 219
32 6.2 146
0.2 0.3 5.8 152
800 4 3 6.5 145
18 3 5.5 138
0.3 5.0 142

Table 5.2-9 Fluorescence rise and decay times as a function of concentration and energy density for
540 nm and 650 nm pumping wavelengths. NE -slightly non-exponential decay. Inst.-
faster than the response time of the detector; Black numbers - obtained from fits with a
single (or double) exponential function, Blue numbers — obtained from fits with combined
exponential rise and decay function. The irradiated spot was approximately conatant with
an area of approximately 20 mm?(540 nm pump) and 15 mm?(650 nm pump).

This study of the (*S3,+*Hjip) levels under direct pumping was important for
the identification of the types of processes involved in the observed strong concentration

dependence of the decay rate of these levels (see also Table 5.2-7). It can be seen from
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the table above that the green fluorescence (520 nm) under direct pumping showed
similar behaviour to that observed for this fluorescence with the 800 nm pump (see
Table 5.2-1 and Table 5.2-2). The decay time constant decreased from about 520 us to

about 3.5 us over the whole range of concentrations. However, the change in the pump
energy density did not have any significant effect on the decay.

The “Foy; level, which is directly under the level excited by the pump, was also
studied under 540 nm pumping. The rise of the red fluorescence line at 655nm,
originating from *Fon, level, exhibited a significant dependence on the Er’*
concentration, but not on the pumping energy density. The decay exhibited only a
moderate dependence on the concentration as well as on the pumping energy density (in
high Er’* concentration). A long decay time component (3.1 ms) appeared in the decay
of this fluorescence in high Er’* concentrations with the highest energy density used in
this experiment.

To obtain some information for the intrinsic decay time constant of the 4F9/2
level, the red fluorescence from this level was studied in a very low erbium
concentration under direct pumping at 650 nm (see Table 5.2-9). A significant change
in the pumping energy density produced very little effect on the decay time constant of
the level. The “Io, level, which is directly under the pumped *Fo, level, displayed no

dependence on the pump energy density nor on concentration.

5.3. Initial populations

Many of the effective cross-relaxation rates of the processes, responsible for the
particular temporal behaviour of the levels, depend on the initial population of these
levels. Thus calculating the initial population of the levels under various pumping
conditions is an important stage of the modelling process. Despite the substantial
uncertainties involved in these calculations, especially when ESA is involved, the
values obtained are considered as a reasonable starting point for the numerical

modelling and the discussions presented in the following sections.
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5.3.1.  Initial population for 800 nm pumping

There are two levels which are populated during the pump pulse; Level 3 (419/2)
via direct absorption of pumping energy by ground state ions, and Level 6 (*Hgs) via
ESA from Level 3. While the initial population of Level 3 can be easily calculated (see
Equation (4.3.2)), this is not the case for the initial population of Level 6. The problem
is that the ESA cross-section is difficult to measure. It is, however, possible to obtain
an approximate estimate of the ESA cross-section from Level 3 to Level 6 as discussed
below.

The integrated absorption cross section (¢") for a transition between two states (1
and 2) can be shown to be given by (Hilborn, 1982):

o =l&),221A21 .

4 g,
Here Aj; is the spontaneous emission rate from state 2 to state 1, g; and g; are the
degeneracy factors of the two states and A,; is the transition wavelength. With the
narrow bandwidth pumping used in the present measurements, the absorption cross
section (0'12}‘) at the pumping wavelength (A) rather than the integrated one is needed. If
one makes the assumption that the fluorescence line-widths for two transitions are

similar, then the ratio of monochromatic absorption to integrated absorption cross

sections for these two transitions should also be similar. With this assumption,

A 4 O3
O3 =003 — -
003

Here the three levels under consideration are denoted 0(4115/2), 3(*lyr) and
6(2H9,2). The necessary parameters for estimating the ratio of integrated cross-sections
are available fromr Shinn at al (1983) for Er’* in ZBLA glasses (A3p = 90.6 s and Agz =
11.9 s'l). Since gyp=16, g3=10 and ge=10:

83/ 8o A
C03/036= g4/ g5 Ag =5 - 5.3.1-1

The peak cross-section at 802nm was measured t0 be Gg3* " ™=6.3x10%? cm?® (see
Chapter 3). Therefore a very approximate value of 036 00" is ~1x10°%® cm®. The

expression N3g = E 693 / hv S for calculating the initial normalised population per unit
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volume for Level 3 under 800nm pumping was already introduced in Chapter 4.

Applied to the initial population of Level 6 this gives:

ngo= =Ec36 "™ n3o /hv S no . 5.3.1-2

Using 0.36800nm /0_03800nm

=~ 0.2 and n3¢/ng = n3p = 0.0005 (for 800 nm pumping with the
pumping energy density used in this experiment - see Chapter 4), we obtain
n60/n30==1x10('4) O Ngo = N3ox1x10 = 5x10¢®.

The main source of uncertainty in n3p was due to the uncertainty in the estimate
of the irradiated area caused by the non-uniform spatial distribution of the pump beam
and the non-linear nature of the visualisation of the spot via polaroid film burns or IR
cards. However in this calculation of ngy, the effect of this uncertainty 1S probably
exceeded by the uncertainty caused by the assumption of equivalence between the ratio
of the monochromatic and integrated absorption cross-sections for two transitions.

While in these circumstances it is difficult to estimate the overall uncertainty of neo, the

actual value can be expected to be within an order of magnitude of that estimated above.

5.3.2. Initial populations for other pumping

wavelengths

The calculations for the initial populations of Level 3 (419/2), Level 2 (411 12) and
Level 1 (*I;3,) in the case of a direct pumping with 800 nm, 980 nm and 1.5 um
respectively were already discussed in Chapter 4. The initial populations of Level 5 and
Level 6 under direct pumping were calculated in a similar way. Analysis similar to that
in the previous section was used to calculate the initial populations of levels populated
by ESA in the case of all pumping wavelengths other than 800 nm. As in the case with
800 nm pumping, the main source of uncertainties in the calculated values for the initial
populations of the directly pumped levels was the uncertainty of about 50% in the
estimate of the area of the pumping spot. As mentioned previously, this uncertainty is
caused by the non-uniform spatial distribution of the pump energy and the non-linear
nature of the visualisation of the spot. In the estimate of the initial populations of the

ESA-populated levels, a much larger uncertainty is expected (see previous section).
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This was even further complicated in the case of the multi-step ESA under 1.5 um and
975 nm pumping. Here no information was available about the spontaneous emission
rates from levels such as *Hjyy, “Fa/2 and P, to the lower levels and the corresponding
monochromatic ESA cross-sections were simply assumed equal to the monochromatic
ground absorption cross-sections. Initial populations due to ESA were not calculated in
the case of 403nm and 520nm pumping, where the destination levels were high up in the
energy level diagram and no fluorescence data was available for modelling. The values
of the monochromatic ground state absorption cross-sections in our glasses have already
been discussed in Chapter 3. All radiative rates used in the calculations are from Shinn

at al. (1983). The results of the calculations are presented in Table 5.3-1 below.

Pumping Wavelengths:
1.5 um 975 nm 520 nm 403 nm
hv (™) 6670 | hv (cm™) 10260 | hy (em™) 19230 | hy (cm™) 24800
Epump(m)) 6 Epump(mJ) 14 Epump(mJ) 16 Epump(m]) L5
S(mm?) 10£5 | S(mm?) 13+7 | S(mm?) 16+8 | S(mm?) 4+2
Go(x10%em?) 4.7 Co(x10%em?) 2 Oos(x102em?) 115 | gpex10Pem? 1.4
Ny(x107%) 241 Na(x107) 1£0.5 | ng(x10%) 3+1.5 | ng(x107) 0.2+0.1
g0 16 go 16
g 14 ) 12
g3 10 gs 8
Ato(s™) 735 | Ax(s™) 90
Asi(s™) 29| Asa(s™) NA
O01/C1s 4 0062/025 1°
N3(x10°%) 1 Nso(x10°) 1
gs 12 2 4
035013 1" 057/02s 1°
Ngy(x10”%) 0.5 N7o(x10”) 1
Table 5.3-1 Values of the parameters used and the initial populations of levels (populated directly or

via ESA) calculated for various pumping wavelengths. For assignment of the levels — see
Foldout Table. NA — not available, * — assumed.
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S5.4. Analysis and discussions

At this point all the tables of data summarising the features of the measured
fluorescence decay curves have been presented. The following sections analyse this
data in order to identify the main processes behind the observed temporal behaviour of
the population of the levels. A comprehensive rate equation model including all eight
levels on the Foldout Diagram was developed. The details of this model will be
presented in the next section. The process of analysis comprised numerical solutions of
this model being constantly plotted and compared to the observed fluorescence
waveforms. This allowed the effect of the inclusion of various cross-relaxation

processes on the population dynamics of the affected levels to be studied.

5.4.1. Analysis and Discussions in the case of

800 nm pumping

An extensive modelling process was undertaken to study the implications of
different cross-relaxation processes on the temporal behaviour of the populations of all
the affected levels in the Er’*/ZB(L)AN system under 800 nm pumping. The three
lowest energy levels and some of the cross-relaxation processes important for their
observed temporal behaviour were already discussed in Chapter 4. These discussions,
however, were limited within the frame of the three-level model considered there. That
1s why all the pfocesses (see Foldout Diagram) were reconsidered in order to test the
validity of our previous conclusions within the framework of the eight-level system with
very complex interactions among all of the levels. Because of these interactions, the
arguments for or against a particular process which is thought to be affecting a given
level, were often derived not only from the implications for this level, but also from the
consequent effects on other levels. These other levels very often had smaller

populations and were thus more sensitive to variations In cross relaxation processes.
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Hence a consideration of the temporal behaviour of the populations of the higher levels
(*Fora, *S32+ H11/2, "Hoy, etc.) added a new dimension to the modelling process.

The two figures below (Figure 5.4-1 and Figure 5.4-2) show various cross-
relaxation processes which will be discussed later in this section. Figure 5.4-1 shows all
of the processes considered important in the overall modelling. All of the processes in
this figure have a very small energy mismatch of less than 550cm™, which is the
approximate energy of the fundamental phonon of the ZB(LL)AN glass. A colour code
has been used which groups the processes in accordance to the level mostly affected.
However, because of the complex interconnections among the populations of all energy
levels, a process affecting a particular level also affects other levels. Thus the colour
code should be regarded only as an approximate indicator.

Figure 5.4-2 shows other possible cross-relaxation processes that have been
considered at different stages of the modelling process. For various reasons, however,
they have been discarded and omitted from the final model. Nevertheless, these cross-
relaxation processes and all the related discussions have been considered important for a
good understanding of the modelling process. For simplicity it was decided to structure
the discussion level by level, starting from the lowest energy level (“I;3) and moving

up level by level.
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5.4.1.1. Level 1 (*I35)

e Rise

The numerical analyses of the rise of Level 1 under 800 nm pumping indicated
that in low Er’* concentration it is relatively slow (see Table 5.2-1 and Table 5.2-2) and
originates mainly from the radiative and non-radiative decay from Level 2. In higher
Er’* concentrations there is also a contribution from Level 5 via processes T(500,013).

As was pointed out in Chapter 4, the most notable feature in the rise of the
population of Level 1 was the presence of a fast component with contribution to the
overall rise that was minimal in low concentrations, but increased dramatically and
completely dominated at the highest Er’* concentrations. It was also pointed out in
Chapter 4 that the origin of this fast rise was Level 3. There were two reasons for this
conclusion. Level 3 decays with a rate which is appropriate to explain the rise of
Level 1. Also only Level 3 has a population which is large enough to have a significant
effect on the relatively large population of Level 1 under 800 nm pumping.

The previously reported cross-relaxation process W(30,11) (see Figure 5.4-1)
was not able to model the remarkable change in the contribution of this fast rise
component with doping level. Process W(33,51) (see Figure 5.4-2 ) was also
considered. As will be discussed later in the chapter, the Level 5 waveform is the result
of a fine balance between two components, the relative magnitude of which change with
concentration. While somewhat more successful than process W(30,11) in modelling
the rise of Level 1, process W(33,51) contributed a significant population to Level 5 and
in doing so increased the contribution of the initial component of the waveform in a
manner which was inconsistent with observation. Hence W(33,51) has been excluded
form the model.

The lack of success in explaining the initial component of the rise of Level 1 via
two-ion process indicated that consideration of a three-ion process was necessary. A
three-ion process has a sufficiently strong concentration dependence to explain the
observed rate of change of the waveform with doping level. In addition, as the decay of
Level 3 was not strongly dependent on doping concentration or pumping energy density
(see Table 5.2-3), the required process would need to be such that the population of

Level 3 was not substantially disturbed.
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The three ion process T(333,611) (Figure 5.4-2) was able to successfully model
the fast rise of Level 1. However, its contribution to Level 6 was substantial and since
virtually all of the population of this level decays quickly to Level 5 the initial decay of
Level 5 was again inconsistent with observation. The population of Level 4 was also
affected in a manner inconsistent with its observed fluorescence waveform. Thus
process T(333,611) cannot play a very significant role and has been discarded from the
model.

Another three ion process, T(333,441) (Figure 5.4-2), could also be incorporated
at a level which explained the observed rise of Level 1. However, in this process out of
every three ions in Level 3 two are excited to Level 4 and only one is contributed to
Level 1. The result, apart from overpopulating Level 4, is that to successfully model the
rise of Level 1, this process had to be used with a relatively large rate constant. This
large rate constant caused the redistribution of a substantial amount of population from
Level 3. This strongly affected not only the decay of Level 3 but also the system as a
whole. Virtually all the population of Level 3 decays non-radiatively into Level 2 and
whenever the population of Level 3 is affected, the population of Level 2 is also
affected. Higher levels such as Level 5 and Level 4 were also affected in ways which
are inconsistent with observed fluorescence waveforms. For these reasons, T(333,441)
cannot be included in the model, except at a smaller rate (i.e. a small value of the
relevant rate constant).

It should also be pointed out that processes such as T(333,441), T(333,611), and
even W(33,51) are likely to be less probable when compared to similar process
including ions from the ground state. The main reason for this is that with the pumping
conditions of our experiments, the normalised population of any excited level was
several orders of magnitude smaller than that of the ground state (see Table 5.5-1). The
probability of all these cross-relaxation processes is a function of the distance between
neighbouring ions, and therefore on the population of the levels involved. This does not
mean that these processes are not present at all in the dynamics of the system. In the
higher doping levels used in this study even a very small normalised population
corresponds to an appreciable absolute population. Thus while these processes are less

probable, their presence is still considered possible.
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Both three ion processes T(330,113) and T(300,011) (see Figure 5.4-1) were
found to satisfy well both the rate and magnitude of the contribution of the fast rise with
doping concentration. In line with the discussion from the previous paragraph, process
T(300,011) involves two ions from the ground level and therefore it was considered to
have a higher probability than T(330,113). For that reason alone, process T(300,011)

was introduced and T(330,113) was excluded from the model.

. Decay

When modelling the decay of Level 1 there were three initial considerations to
be taken into account:

(a) No substantial concentration quenching was exhibited by this level when
pumped with 800 nm. The decay time constant decreased from 9 ms to about 7 ms and
the decay remained exponential over the whole range of Er’* concentrations used.
Under direct pumping at 1.5 um where a larger number of ions are excited to Level 1
(compare njo (1.5um pump) and n3o(800nm pump) from section 4.3.1) this was not the
case. Under these conditions non-exponential behaviour was observed with the initial
decay rate being up to 10 times faster than the later one.

(b) With the use of T(300,011), the fast rise of Level 1 was adequately
modelled. The fine balance in the decay-waveform of Level 5, which will be discussed
later, was also achieved. Although the rise was satisfactorily modelled, there remained
some inconsistency in the decay behaviour of Level 1. This decay depends on
W(11,30) and use of a value consistent with that obtained from direct pumping resulted
in a modelled decay which was longer than that observed. Also such a value resulted in
a decay of Level 2 which was shorter than that observed. The solution to these
problems could not be found in a simple increase in the value of the rate constant for the
process W(11,30j. Such an increase would have affected the decay of Level 1 at low
concentration. There was clearly a need for a process which had the effect of producing
a redistribution of population between these two levels - moving some ions from Level
1 back into Level 2.

(©) The final consideration involved the modelling from Chapter 4, which

gave not only an 1nitial estimate of the cross-relaxation process W(11,30) but also a

5.38



strong indication for the presence of the three-ion process T(110,003) (see
Figure 5.4-1).

The overall conclusion from points (a) - (c) above was that the three-ion process
T(110,003) also needed to be involved in the model. The numerical modelling
including all 8 levels confirmed this conclusion.

While the inclusion of only the three-ion process T(110,003) was able to explain
the main features of the population of the Level 1 over the whole range of
concentrations, the modelling of this population at lower concentrations was slightly
improved by the inclusion of a mixture of W(11,30) and T(110,003). Despite the fact
that the improvement was only marginal, both processes have been included in the

model.

5.4.1.2. Level 2 (*I;1)

e Rise

As was already discussed in Chapter 4, the rise of Level 2 was consistent with the
measured decay time of Level 3 (800 nm pump level) which is directly above Level 2.
This consistency of these two rates indicated that a direct decay ( in this case a phonon-
assisted one ) from Level 3 is responsible for the build up of the population in Level 2.
e Decay

As can be seen in Table 5.2-1 and Table 5.2-6, the decay of Level 2 had a time
constant of about 8 ms in low concentrations and a non-linear decay in high
concentration. This non-linear decay was especially evident under direct pumping,
where a two-exponential fit gave a ratio between the initial and the late decay-rate of the
order of 10:1. As will be discussed later in this chapter ( see late decay of Level 5), a
combination between the two-ion cross-relaxation process W(22,50) and the three-ion
cross-relaxation process T(220,055) (see Figure 5.4-1) was found to best satisfy the
observed waveforms for both the temporal behaviour of the populations of Level 2 and
Level 5 for the whole range of Er’* concentrations. Both processes involve two ions

from Level 2 and the rate equation for Leve] 2 had the form:
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dn2(t)
dt

= =(Ay + Wy )n, (1) - WCn 22(1)‘TC 2”22(1) =

= ~[(A; + Wy )+ (WC +TC *)ny (1)]n, (1) .
In line with the discussions in Section 5.2.1.2 (see equations 5.2.1-9 to 5.2.1-11)
a non-exponential behaviour could be expected in high concentrations and under heavy
pumping conditions where the term (WC+TC2)n(t) starts to dominate the term (A+w).
The experimental data in Table 5.2-1 and Table 5.2-6 confirmed that to be the case. It
turns out that Level 5 provides a more sensitive indicator of the balance between

T(220,005) and W(22,50) and so this matter will be further discussed in the section
dealing with Level 5.

5.4.1.3. Level 3 (')

As has been mentioned before, Level 3 decays almost entirely non-radiatively
(via multiphonon assisted decay) into Level 2. For that reason its fluorescence is very
weak and it was detected only under direct pumping at 800nm. As shown in
Table 5.2-1, with direct pumping the decay rate of this level did not show a substantial
variation with concentration. This decay rate decreased only slightly from about 9 s to
about 6 us over the whole range of concentration used. This was an indication of the
fact that cross-relaxation processes involving the population of this level do not

substantially affect the level.

54.14. Level 4 (*Fy))

Level 4(*Fo) is another level which decays mainly via multiphonon assisted decay
(compare A4 and 4 in Table 5.5-2). Its rélatively weak fluorescence suggests that it
has a small population in almost all pumping conditions except for the case of direct
pumping. There are two consequences of this, the first is that the red fluorescence at
about 655 nm is relatively difficult to measure and the second is that the population of

this level is very sensitive to contributions from any processes — radiative or non-
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radiative. All this made the modelling of the temporal behaviour of the population of

Level 4 both difficult and important.

e Rise

There are two distinctive components in the rise of Level 4 — an initial and later
rise. The initial rise has a time constant that is independent on the Er’* concentration
but its contribution to the total rise increases significantly in high concentrations. This
dramatic change in the contribution suggests that a cross-relaxation process is involved.

A combination of two processes was considered to explain the initial rise. First
a cross-relaxation process populates a level somewhere above Level 4. This would
explain the changing contribution with concentration. Secondly, the level populated in
this manner then populates Level 4. There are two possible ways for this population to
find its way to Level 4 that could explain the observed lack of change of the time
constant with concentration. One way is a multi-phonon-assisted or radiative decay
from this higher level to Level 4. Since the time constant of the fast rise was about 5 ps
and the level directly above Level 4 (Level 5) had a multiphonon decay time of about
2 ms, it is not possible that this multiphonon decay is responsible for the fast component
in the rise of Level 4. A radiative decay from a level above Level 4, initially populated
from a cross-relaxation process, looked like the most probable source for this fast rise.
Level 6 was a very good candidate to represent this hypothetical source-level. Its decay
(see Table 5.2-1 and Table 5.2-2) was of the same order of magnitude as the fast rise,
only slightly changing from about 8 us to about 3 us over the whole range of
Er’* concentrations. There was also a strong indication that a cross-relaxation process is
involved in the population of Level 6, since it also had a fast component in its rise. The
contribution of this fast component to the rise of Level 6 increased significantly with
Er’* concentration. More thorough analysis, however, showed this explanation to be
highly unlikely. A later discussion will show that the fast rise of UV fluorescence at
about 400 nm, which was initially thought to be associated with Level 6, is more likely
to emanate from another level. Also, virtually all the ions from Level 6 reached Level 5
via multi-phonon assisted decay (compare Ag and s in Table 5.5-2). The branching
ratio of the radiative decay from Level 6 to Level 4 was also very small (about 0.01) and

hence radiative decay from Level 6 has negligible effect on the population of Level 4.
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Virtually all ions which populate Level 6 subsequently decay to Level 5 and of these
approximately 20% decay via a multi-phonon assisted process to Level 4. This is the
mechanism of the second and slower component of the rise of Level 4. It is not possible
for the tiny contribution from the radiative decay from Level 6 to compete with the
substantial slow component in the rise of Level 4 due to the multi-phonon decay of
Level 5. So if a radiative decay was to be responsible for the fast component in the rise
of Level 4 it had to come from a well-populated level higher up in the system.

There is, however, another possible explanation for this fast component. A
direct population from a cross-relaxation process involving the ground level (such as
W(70,44) (see Figure 5.4-2)) was also considered. A schematic diagram for the general

case of such a process is:

This case has previously been discussed (see Equation 5.2.1-4),
but only with reference to the decay of level c. If level a is the ground level, level ¢ has
an exponential decay with a time constant of T, level b has a decay time constant
1/(Ap+wp) = T, and W is the only cross-relaxation process affecting level b, the

normalised population of level b could be expressed as:

WC”COTch ~1/t, e—z/rb

My (1) = 2 —p—7— (-€ + )

If one considers a case such as W(70,44), providing T ,>>7 . this equation simplifies to

—[/Tb

)€ ).

-t/7,

ny)=2WCn T a-e

c0

Applied to W(70,44) this equation predicts a rise of Level 4 which depends on
the decay time constant of level 7. However, the decay time of Level 7 is around five
hundred microseconds (Table 5.5.-3) and so and explanation of the rise of Level 4 based
on the process W(70,44) is not possible.

A similar process W(61,44) was also considered and later disregarded. Even

though the lower level involved in this process is not the ground state, its population is
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effectively constant during the rise of Level 4 as its decay time is long compared to
other times being considered. However, the fast rise of Level 4 was evident in
concentrations as low as 4 mol%, where the rise time of Level 1 was still of the order of
10 ms (the fast rise component of Level 1 becomes evident in concentrations above 8
mol%). The low population of Level 1 during the first several tens of microseconds is
an indication of an extremely low probability of process W(61,44) (it should also be
remembered that Level 6 also has a relatively small population for all Er’*
concentrations). Therefore this process was also disregarded.

The group from Phillips Research Laboratories in the Netherlands (Oomen ez
al., 1990; van Dongen et al., 1991) also considered the problem of the population of the
“Fo;, level (Level 4) under CW 800 nm excitation. They considered that the population
of this level arose from non-radiative relaxation of Level 5 at low concentration (< 1
mol%). At higher concentrations (up to 5 mol%) they ascribed the increased population
of this level to the process W(53,44). This conclusion was based on an examination of
the power dependence of the emission intensities of the levels. We disagree with their
conclusion that the population of Level 4 at higher concentrations can be explained by
this process. We have data covering a larger concentration range than the Phillips group
and we also have data on the time resolved fluorescence following rapid pulsed
excitation. Our data does not support their conclusion. The rise time of Level 5 is
similar to that of Level 4. An analytical solution of this system where the populating
(Level 5) and populated level (Level 4) rise with similar time constants was somewhat
more complex and difficult to express in terms of rise+decay exponential functions.
Numerical modelling (including all 8 levels) showed that while the process W(53,44)
was reasonably successful in modelling the rate of the fast rise of Level 4, it was not
able to predict the observed change in the contribution of this fast rise to the overall rise
of the level as the concentration was increased.

Another possible explanation for the fast rise of Level 4 involves direct
population from the process W(33,42) (see Figure 5.4-2). Below we discuss this
process in some detail before concluding that it does not explain the observed
fluorescence data. The reason for the negative conclusion is simply that the numerical
modelling does not give results which are consistent with the observed fluorescence

waveforms. However, an understanding of what is happening is assisted by some more
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approximate modelling so that one can use analytic expressions for the behaviour of the
populations of the levels. We first consider a general two-ion process of the type
represented by W(33,42) and then go on to apply the results to this particular process.

If a two-ion cross-relaxation process W, with two ions originating from the same

level b, is populating another level ¢ the process could be represented on the diagram

below:

T .
‘l'VV

An assumption can be made that the decay of level b is not disturbed

a

significantly during its exponential decay via radiative and multi-phonon processes.
That would mean that not only the particular cross-relaxation process under
consideration, but also all other processes affecting this level, are weak enough not to
disturb its decay significantly during the time of the observation. The assumption that
level b is not affected too much would mean that the normalised population of level b

—t/t
could be written as 72, (1) = N,0€ . where Ty=1/(Ap+ay) is the decay time of

level b in the absence of cross-relaxation processes.

One more assumption could also be made in order to simplify the analysis. This
is that the process W is the only process which affects level ¢ during its rise. If now
T=1/(A+w) is the decay time of level ¢ in the absence of cross-relaxation processes, it
can be shown (see Section 5.2.1.1) that in the absence of initial population on level ¢ its
normalised population can be expressed as:

WCn ‘1.7
cC b

n (t)=--— =
‘ 27, -1,

(e—tK%/Z)__e—thc)

To analyse the implications of this expression for the rise and decay of level c, it is
useful to consider two limiting cases:

(1) If ,>>7., the above equation simplifies to

5 _ -
n,(t) = +WCn 't (1—e "7 )e (70 /2) 5.4.1-1
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In other words if 1,>>7. level ¢ will rise with a time constant which is approximately
equal to its own decay time constant. The decay time constant of level c is expected to
be approximately half that of level b.

(1) Similarly it can be shown that if T,<<7. the population of level ¢ can be written as
-t/Tc

ne(f) = +%WCnb02‘L'b(1 — e H@®I2)y, 541

Thus in the case, when T,<<T., the population of level c rises with a time constant
approximately equal to one-half of the decay time constant of level b and decays with
1ts own decay time constant.

It 1s the second of the above two cases (Tp<<T.) that indicates that a direct
population of Level 4 via a two-ion cross-relaxation process originating from a single
level could be responsible for the fast rise component of Level 4. Level 3 in the
Er3+/ZB(L)AN system is the 1deal candidate for this source level (see process W(33,42)
in Figure 5.4-2). It is highly populated and has a decay rate, which is very similar to the
rate of the fast component in the rise of Level 4. The relatively constant decay rate of
Level 3 with concentration indicates that this level has not been affected strongly by any
cross-relaxation processes. Thus the main assumption for deriving the above analytical
expressions is satisfied. Apart from that, the intrinsic decay rate of Level 4 is much
slower than the rate of its fast rise. Therefore during the initial part of the rise of
Level 4 the other assumption is also satisfied, since the process W is the only source of
population of Level 4 and the only process which affects Level 4. And as a final
consideration it should be remembered that Level 3 has a decay-time that is much
smaller than the decay time of Level 4. Thus the conclusion reached above for the case
when T,<<7. is valid, i.e. Level 4 should rise with a time constant roughly equal to one-
half of the decay time constant of Level 3. The experimental data in Table 5.2-1 is
consistent with this analysis. Thus it is possible for process W(33,42) to explain the
rapid rise of the population of Level 4. However, this is not the full story and one needs
to check also that it can explain the changes in shape of the fluorescence waveform (i.e.
changing contribution of the fast rise to the overall rise) of Level 4 with concentration.
Before considering this it is useful to consider one more process which is somewhat

similar in its effect on Level 4 to W(33,42).
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The general case of a three-ion cross-relaxation process such as T(333,441) (see

Figure 5.4-1) can be represented using the energy level diagram below:

c
b
a

Under the same assumptions that applied to level b for the two-ion case discussed

above, the rate equation for level ¢ is now:

dn (t
_%) = —(A, + 0 )ne(t) + 2TC *ns* (1) =
t
5.4.1-3
= —n,(t)/ T+ 2TC *n,y e ™™
The solution to this equation is:
— 2TC 2nb03Tch —t /(T /3) ~-t/T,
n(t) =- Sy (e —e ) 5.4.1-4
[4 b

The amplitude of the population of level ¢ now depends on the square of the
concentration. It can be seen that when 1,>>7. the population of level ¢ would rise with
a time constant approximately equal to that of its own decay and would decay with a
time constant which is three times smaller than that of level b. Similarly, when T,<<1,,
the population of level ¢ rises with a rate which 1s three times faster than the decay rate
of level b and decays with its own decay rate. An inspection of Table 5.2-1 would show
that the rate of the fast rise of Level 4 is slower than one third of the decay rate of Level
3. However in Table 5.2-3 the rates of rise of Level 4 at high concentrations are
approximately equal to one third of the decay rate of Level 3. It should be remembered
that the analysis above is based on analytic expressions which are only approximate.
Thus the conclusions about the ratios between the various rates should be considered as
only approximate' and more indicative of trends rather than interpreted in terms of exact
values. Therefore, on the basis of the analyses above, both W(33,42) and T(333,441)
could contribute to the fast component of the rise of the population of Level 4.

It is difficult to decide which of the possible processes should be included in the
model to account for the fast rise of Level 4. Aside from the effects on Level 4,
processes W(33,42) and T(333,441) have effects on different other levels in the system.

However, this does not help in distinguishing between them as these effects are
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relatively small. The only way to make a decision is to examine independently the
effects of processes such as W(53,44), W(33,42) and T(333,441) on the shapes of the
predicted fluorescence waveforms using the numerical model. Choices can then be
made to get the best correspondence between measurement and model. If the inclusion
of only one process can give a reasonable fit between measurement and model, then
combinations of processes do not need to be considered.

The numerical modelling revealed that processes W(53,44) and W(33,42) were
unable to explain the change in the contribution of the fast component to the overall rise
of Level 4 with doping concentration. If their cross-relaxation constants were large
enough to correctly predict the relative contribution of this fast rise at high
Er’* concentrations then the contribution at low concentrations was too large. Similarly,
if the rate constants were small enough to correctly predict the contribution at low
concentrations, the contribution at high concentrations was too small. Process
T(333,441) (see Figure 5.4-1), on the other hand, was able to model the rate of the fast
component of the rise as well as its contribution to the total rise of Level 4 at all
concentrations. Since this is the only process which gives a fit between measurement
and model and because this fit is quite good, this is the only process affecting the fast
rise of level 4 which has been included in the final model.

Apart from the initial fast rise, there was also a late component of the rise
waveform of Level 4 that exhibited a time constant of about 100-110 ps which did not
change much with concentration. The rate of this late component of rise was somewhat
surprising since it was assumed that this rise originates from Level 5 via radiative and
multiphonon-assisted decays. Under these circumstances, one would expect that the
population of Level 4 would rise with a time constant determined by the decay of
Level 5 and decay with its own decay time constant. However, because of the
repopulation effects of cross-relaxation processes such as W(22,50) and T(220,005), the
overall decay time constant of Level 5 is in the order of several milliseconds. This is
substantially longer than the expected intrinsic decay time constant of Level 4 (see
Table 5.5-2). This is then the situation covered by the discussion of Chapter 4 (see
section 4.2.2, page 4-14, with 1; < 7). Under these conditions, waveform rise and
decay time constants appear to be interchanged and the population of Level 4 rises with

the intrinsic decay time constant of Level 4 and decays with the decay time constant of
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Level 5. However, the decay time constant exhibited by Level 4 was actually longer
than that exhibited by Level 5. This appears to contradict the requirement above that
71 <T2. In fact what is happening is that the long decay time of Level 4 is produced by
ion-ion cross relaxation processes which are effective well after the first few hundred
microseconds when the population of Level 4 is rising. Thus during the rise interval,
the rates of filling and emptying of Level 4 do in fact satisfy the criterion encapsulated
in the requirement that 7; < 7o. Thus the time constant of the latter component of the

rise of the population of Level 4 is due to the intrinsic (no ion-ion repopulation) decay

process for Level 4.

e Decay

The discussions from the last section about the late rise component of Level 4 raised
issues about the decay of Level4 as well as its rise. As was pointed, under the
assumption that the decay from Level 5 is the dominant population mechanism for
Level 4, the decay rate of Level 4 might be expected to follow the decay rate of Level 5.
However, an inspection of Table 5.2-1 reveals that the decay of the population Level 4
has a longer decay time-constant than that of Level 5. This was considered as a strong
indication that a cross-relaxation process is contributing a long-decay-time component
to the population of Level 4. The slow rate of this component was a strong indication
that a cross-relaxation process involving the lower Level 1 or Level 2 is involved (they
are the only levels with decay rates of similar magnitude). The only other possible
explanation would involve a level high up in the system with a decay time constant
exceeding 6 ms, which radiatively decays into Level 4. In all the fluorescence data
obtained under various pumping conditions there was no indication of the existence of
such a level.

Another ifnpof[ant observation was that the most significant differences between
the rates of decay of Level 4 and Level 5 were observed under 800 nm and 980 nm
pumping. Level 2 seemed to be directly involved in this long-term repopulation of
Level 4. The cross-relaxation process W(22,41) (see Figure 5.4-2) was one possible
mechanism for this repopulation. However there was a significant energy mismatch in
this process (~1300 cm'l). Also, can be seen from Equation 5.4.1-1, a process of this

type would impose on Level 4 a decay time constant of about half of the decay time
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constant of the Level 2, from which the population originates. In reality, however, in
some cases Level 4 exhibited a decay time constant virtually equal to that of Level 2. It
is clear that two or three ion process of the type of W(11,30) or T(111,500) (see
Figure 5.4-1) would not be able to contribute population with such a large time-
constant. In order to do that, the ions in the cross-relaxation process had to originate
from two different levels, each level having a long decay time constant. In this
situation, the observed decay rate of Level 4 would be somewhat less (50 - 100%) than
that of the shorter of the two levels involved in initiating the cross relaxation process.
Two processes with identical outcomes, W(21,40) and W(21,04) (see Figure 5.4-1),
offered one possible explanation of this phenomena. These processes were invoked by
Zou and Izumitani (1993) to explain why the decay times of the 4F9/2 level (Level 4)
were longer than the decay times of the 4S3/2+2H11/2 level (Level 5) in higher Er*
concentrations in a similar glass system. These two processes involve the two lowest
levels, Level 1 and Level 2, each of them contributing only one ion. The energy
mismatch (~1500 cm’™’) in this processes is rather substantial. However, they appeared
to offer the only reasonable explanation of the observed temporal behaviour of the
population of Level 4. Their inclusion in the numerical model] fitted reasonably well the
observed fluorescence waveforms. Thus the balance between the contribution from
process W(21,40):W(21,04) and the decay from Level 5 determines the overall decay
rate of Level 4.

5.4.1.5. Level 5 (*Ss2+*Hiy2)

o Rise

When discussing .the rise of the population of Level 5 (*S32+°Hi1/2), the mext higher
Jevel in the model, Level 6 (*Hys), and all the closely spaced levels between levels 5
and 6 (*Fsp2, “Fsp, “Fy2) need to be considered. The largest energy gap between any two
of these levels is less than 1700 cm™', which leads to a multiphonon decay-time of less
than 1 us. (Section 2.2.3, Chapter 2). Because of the close proximity of these levels all
the ions cascade down from level to level via multiphonon-assisted decays with very
small radiative emission. In these circumstances almost the entire population of Level 6

decays non-radiatively to Level 5, which explains the fact that the rate of rise of the
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population of Level 5 is consistent with the decay rate of Level 6 for all

Er’* concentrations.

e Decay

There are two components in the decay waveform of this level (fitted by
(R1+D)+(Rp+D2) in the tables) that are especially well resolved in high Er**
concentration, where their rates are substantially different. The decay of the initial
component varies dramatically with concentration, decreasing from about 500 us to
about 5 us over the whole range of Er’* concentration. The second component
exhibited much longer decay time-constant of several milliseconds, which did not vary

much with Er’* concentration. Both decay components will be discussed separately.
» Initial decay

The first component of the overall decay of Level 5 is related to the population,
which Level 5 obtains via fast multiphonon-assisted decay from Level 6. After this
relatively fast-rising initial population from Level 6, Level 5 decays predominantly with
its own decay rate (including cross relaxation processes which involve ions originating
from Level 5). In low Er’* concentration this decay is predominantly radiative (see
Table 5.5-2 and Table 5.2-7). Later discussions will reveal that a cross-relaxation
process also affects this initial decay of Level 5, causing the rapid decrease of its time
constant in higher Er’* concentrations. However, as can be seen from the experimental
data (see Table 5.2-3 and Table 5.2-9), the observed rates did not depend very much on
the energy density of the pump, staying relatively constant for a particular
concentration. Another important feature was that the increase of the decay rate with
Er’* concentration was not linear. A relatively small increase in the decay rate in
concentrations up to about 0.8 mol% was followed by a much faster change above this
level. A plot of the relevant data in Table 5.2-7 (Figure 5.4-3) showed an approximate
quadratic dependence of the decay rates on the Er’* concentration. A log-log plot of the
change in decay rate (0.2 mol% used as a reference) produced a quite good straight line

with a best-fit slope of 2.02.
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Figure 5.4-3 Experimentally obtained decay rates for the population of Level 5 ("S3,2+2H“,2) vs
Er’* concentration. The solid line is a fit of the function Y=A+BX? to this data.

Data from direct pumping (Table 5.2-7) with 520 nm wavelength was used in Figure
5.4-3. This was done to avoid complications due to other cross relaxation effects which
were evident with 800 nm pumping. Despite the fact that the decay rates for Level 5
under direct pumping varied substantially with doping concentration, the decay
waveforms showed a single exponential decay for all doping concentrations.

As discussed in Chapter 2, this single exponential decay and quadratic
concentration dependence of the decay rate is consistent with the operation of three-ion
decay processes in the fast diffusion regime. Considering all of the points raised in the
preceding paragraph, it was possible that two different cross-relaxation processes were
responsible for the observed concentration dependence of the initial decay-rate of the
green fluorescence under 800 nm pumping. The well known process
W(50,31)=W(50,13) (see Figure 5.4-1 and Figure 2.3-1 from Chapter 2) could explain
the lower concentration dependence of the decay rate at lowest Er* doping levels. This
is a two-ion process involving the ground level and according to our previous analysis
(Equation 5.2.1-3), the resulting decay would be exponential with a decay-rate which
varies linearly with Er’* concentration.

Another process should also be mentioned here. As our previous analyses

showed, a two-ion process could have a similar effect on Level 5 to that of W(50,31) if
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it includes not the ground level, but another level with decay time much longer than that
of Level 5 (see Equation 5.2.1-4b). Process W(51,33) (see Figure 5.4-2) is a good
example of such a process. Since the decay time of Level 1 under 800 nm pumping is
much longer than that of Level 5 (see Table 5.2-1, Table 5.2-2), the population of Level
1 can be considered constant for the time of the initial decay of Level 5 and as a result
the Level 5 decay would be exponential. However, when this process was studied with
the extended numerical model (which will be presented later in the chapter) its rate
exhibited a surprisingly non-linear dependence on the Er** concentration. The reason
for this is the sharp increase in the population of Level 1 in high concentrations due to
process T(300,011). In fact the decay rate of Level 5, resulting from process W(51,33),
was such a non-linear function of the Er* concentration that, even used alone, this
process could explain the dramatic increase in the decay rate over the whole range of
concentrations with 800nm pumping. W(51,33), however, failed to explain the
observation that the measured decay rates of Level 5 for a particular concentration were
very similar under different pumping conditions. These decay rates do not seem to
depend on the population of the level (see Table 5.2-1 for 800 nm pumping, Table 5.2-7
for 520 nm pumping and Table 5.2-8 for 403 nm pumping). For example a W(51,33)
cross-relaxation rate constant appropriate for 800nm pumping would completely deplete
Level 5 under 1500 nm pumping when Level 1 is much more heavily populated. Other
processes such as W(51,42), which include Level 1 or Level 2 instead of the ground
level, were also discarded for similar reasons.

The quadratic concentration dependence of the rate of the decay of Level 5 in
high Er’* concentration was a clear indication that a higher order cross-relaxation
process was involved. The previous discussions from Chapter 2 as well as this chapter
(Equations 5.2.1-8 to 5.2.1-11) concluded that the quadratic dependence could be
caused by a three-ion cross-relaxation process. The other important conclusion of the
discussions in the present chapter was that the only way Level 5 could exhibit an
exponential decay in the presence of three-ion process was if two of the ions onginated
from the ground level. There are only two cross-relaxation processes, which satisfy that
condition. Processes T(500,111) and T(500,013) (see Figure 5.4-1) were both able to
mode] the strong concentration dependence of the initial decay-rate of Level 5. Process

T(500,013) has been used to explain similar quadratic dependence of the decay rate on
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the concentration in the case of Er-doped YAG by Georgescu et al. (1991). The
numerical modelling of our glass system confirmed that both processes predicted
reasonably well the balance of the population of the levels affected under 800nm
pumping with the predictions of T(500,013) being only marginally better then the ones
of process T(500,111). Under 520 nm pumping, however, process T(500,111)
contributed too large a population to Level 1. As a result the population of Level 1 rose
and decayed with a much faster rate than that measured, especially in high Er >
concentrations. Process T(500,013) on the other hand, was able to model well the
observed similar rates of rise for Level 2 and Level 1 for the 520 nm and 403 nm
pumping (see Table 5.2-7, Table 5.2-8). For all these reasons, only process T(500,013)
was left in the final model.

The conclusion from the discussions above was that only two cross-relaxation
processes were likely to be responsible for the observed rates of the initial decay of the
population of Level 5. However, while there was no doubt about the strong effect of the
three-ion process, dominating the high concentrations, there was some degree of
uncertainties about the importance of process W(50,31) in low Er’* concentrations. An
analytical fit of the appropriate function to the experimental data was considered as a
possible way to resolve the effect of the two- and the three-ion processes in low

concentration. In these circumstances the rate equation for Level 5 was:

dn (1)
dt
Here the term ((A+ w) + WCno +TC2n02), which multiplies ns(t) is the rate of the

exponential (ng ~ 1) decay of Level 5 in this case. The values of these rates determined
from the experimental waveforms were plotted against the doping concentration to
obtain values for the cross-relaxation constants W and T. A good fit of the function
Y=A+BX+CX? to the data for the rates of the decay of Level 5 for various
concentrations was obtained (see Figure 5.4-3). However, the limited set of data
resulted in very large uncertainties, especially for parameter B, which represented the
cross-relaxation constant W (see Table 5.4-1). The value of T (for process T(500,013))
obtained from this fit was 2.1x10® cm®s™'. This value is very close to the one obtained

from the numerical modelling, presented later in the chapter.
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Figure 5.4-3 Fitting the function Y=A+BX+CX” to the plot of the experimental decay rates of the
initial decay of Level 5 vs Er’* concentration

Parameters: Value: Standard Error:
A -828.0 2716.9
B 3657.8 935.9
C 765.8 50.6
Table 5.4-1 Fitting parameters for Figure 5.4-3

e Late Decay
A late decay with a time constant between 2 ms and 4.5 ms was consistently
observed in the decay of the green fluorescence in all 800nm pumping experiments.
The increasing contribution of this late decay with Er’* concentration and its relatively
long decay-time indicated that a cross-relaxation process from a lower level was
probably involved. The cross-relaxation process W(22,50) (see Figure 5.4-1) has been
previously reported by a number of authors (see Table 2.3-1) and seemed like the most
likely source of this additional population for Level 5.
Initially, this suggestion seemed somewhat inconsistent with the predictions

from the analytical modelling in low Er’*concentrations. The analysis of Equation
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5.2.1-0 and the corresponding fitting function indicated that in low Er'* concentrations,
the red numbers in Table 5.2-1, Table 5.2-2 and Table 5.2-3 actually represent the time
constants of the initial and the secondary decays in the complex waveform of Level 5.
The first decay is that of the population which was received from Level 6. This
population decays with the normal decay rate of Level 5 (due to all processes other than
those which re-populate Level 5). The second decay corresponds to population
redistributed from lower levels by cross-relaxation processes such as W(22,50). Thus,
according to previous discussions, it was expected that the decay time constant of this
late decay would approximately correspond to one half of the decay time constant of
Level 2 ( actually this comment only applies to low concentrations where the decay of
Level 2 follows a single exponential - Equation 5.2.1-0 is only applicable to
concentrations up to 4 mol% as it is derived on the basis of an exponential decay of
Level 2). A close look at the time constants for this late decay of Level 5 in low
concentrations in Table 5.2-1, Table 5.2-2 and Table 5.2-3 shows that these time
constants are somewhat smaller than one half of the values of the time constants fitted
to the direct decay of Level 2. The decay time constant corresponding to the late decay
of Level 5 looked more like one third, rather than one half, of that of Level 2. From
previous discussions (see Equation 5.4.1-4) it is clear that a possible explanation would
be the effect of another cross-relaxation process where the three ions originate from the
same level.

Several three-ion processes, originating from Level 1 or Level 2 were
investigated. In the end none of these processes were able to explain the above
inconsistency with the decay at low concentrations. However, they are important for
other processes and so it is instructive to consider their effects here. Process T(222,511)
(see Figure 5.4-2) was initially considered. The rate constant for process could be
adjusted to model reasonably well the decay of Level 5 with 800 nm pumping at high
concentrations. However with this same rate constant, the process has little effect at
low concentrations. Also under 975nm pumping it caused Level 1 to rise much faster
than the experimental data would suggest. A similar process — T(222,610) (see Figure
5.4-1) was also considered to try to explain the late decay of Level 5. However, this
process also had negligible effect at low concentrations when used with a rate constant,

which was suitable to explain the decays observed at higher concentrations. In addition,
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this process resulted in another inconsistency with the experimental data. When
assumed to be totally responsible for the late decay of Level 5, it required a large cross-
relaxation rate constant which resulted in a long decay component of the decay of
Level 6. Such a decay is not observed. If the process is assumed to be only partially
responsible for the late decay of Level 5 (via Level 6) then this problem does not
necessarily arise. The smaller cross relaxation constant appropriate to this situation can
provide some small population to Level 5 under 800 nm pumping while having a
negligible effect on Level 6. However, under direct pumping of Level 2, the effect of
this process would be much increased. In fact this is the only process which can
satisfactorily explain the behaviour of Level 5 under direct pumping of Level 2. This
process 1is therefore included in the model for this reason and not because it has any
relevance to the decay of Level 5 under 800 nm pumping at low concentration. It is
further discussed under Section 5.4.2.2.

Similarly, when the 1.5um pumping was analysed, it turned out that another
process, T(111,500) (see Figure 5.4-1), was needed to explain the fast rise of the
population of Level 5 in these pumping conditions, especially at high concentrations.
The necessary cross-relaxation constant, however, was such that it did not produce any
substantial effects for 800nm pumping at any concentration.

All three-ion processes, at least when used alone, had a common problem when
applied to Level 5. If the rate constant was appropriate to explain the behaviour at high
concentration, the effect at low concentration was negligible. If the rate constant was
appropriate for low concentration decays, the effect at high concentration was far too
great. Thus other processes need to be considered if one is trying to account for the
behaviour of Level 5 at low concentrations.

A further process which may have explained the decay of Level 5 at low
concentration was also investigated. Since the fitted decay time of the second
component in the decay of Level 5 looked very close to one-half of that of Level 4, the
possibility of two ion process such as W(44,53) (see Figure 5.4.2) originating from
Level 4 and populating Level 5 was also modelled. This option did not look very
probable, since the red fluorescence from Level 4 was much weaker than the strong
green fluorescence from Level S. The numerical modelling confirmed these

reservations. In order to make a significant contribution to the decay of Level 5, very
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large values (~10'13cm3s'1) for both cross-relaxation constants W(21,40) and W(44,53)
were required. The large value of W(21,40), however, completely depopulates Level 1
and destroys the population balance in the whole system.

We thus have no processes that can explain the observed decay rates of Level 5 at
low concentrations. We now return to the discussion of Sections 4.3.1 and 4.3.2 of
Chapter 4. Here we had two models which were used to explain the behaviour of the
lowest three excited levels. The first used W(22,50) and the second included both
W(22,50) and T(220,005). It was not possible to distinguish these two models when
one only considered Levels O - 3. However in the extended model containing Levels O -
8, it is found necessary to include a mixture of both these processes in order to correctly
model the behaviour of Level 5. Only a combination of these two processes was found
to adequately model both the temporal behaviour of the population of Level 2 and its
balanced contribution to late components of the decay of Level 5 for the whole range of
Er’*concentrations studied.

The introduction of a combination of W(22,50) and T(220,005) does not help
with the problem that the late decay constant of Level 5 at low concentrations was less
than one half that of Level 2. Both processes would predict a late decay constant which
was half that of Level 2 (see Equation 5.2.1-0).  Despite this it was found from the
modelling that the overall fit of the modelled waveforms for Level 5 to the measured
ones was really very good (see fits later in this chapter). This may seems surprising but
one should remember the points made earlier in this thesis about the significance of the
decay times in the Tables. Because of the complex re-population processes, the
numerical model is better able to follow all the interactions than the fitting of
approximate analytical time constants. We made the point that the basic data was the
entire waveform and the fitted decay time constants were only an aid to characterising
the trends in the data in a concise way and as such they have limitations. The alternative
would have been to include a very large number of waveforms and that was not
considered practical. For Level 5, the fitting procedure used only the first 10 ms of the
rise and decay waveform. It may be that this was somewhat insufficient to fully
characterise a late decay which had a time constant of about 4 ms. If so - this could

explain the slight discrepancy in the late decay time constant.
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The more complex behaviour of Level 5 at high Er’* concentrations, where the
decay of Level 2 was non-exponential, prevented any direct comparison between decay
time constants of Levels 2 and 5. It was, however, reasonable to expect the late decay
rate imposed on the Level 5 to be more strongly related to the higher rate in the non-
exponential decay of level 2. This is the first part of the non-exponential decay of
Level 2. The reasoning here is that during the initial part of the decay of Level 2, the
number of the ions was much higher and the number of ions contributed to cross
relaxation processes involving Level 5 was also higher. There is in fact a reasonable
correlation between the late decay time constants of Level 5 and the faster time
constants in the non-exponential decays of Level 2 (see table 5.2-1)

It is useful now to summarise the situation with Level 5 so far in this discussion.
We have found that the 1nitial rise comes basically from multiphonon decay of Level 6
which gets its population mostly from ESA from Level 3. The initial decay of Level 5
was explained using a combination of processes W(50,31) and T(500,310). The late
decay is controlled by re-population effects involving W(22,50) and T(220,005). When
all these are fed into the extended numerical model it is found that in high
concentrations one needs to also include a small contribution from an additional early
population process, W(33,60) to adequately model the overall balance between initial
and late components of the fluorescence waveform. While both W(33,51) and
W(33,60) cross-relaxation processes fitted the experimental data, W(33,60) produced
slightly better fits and was included in the model. This process, at the level included in
the model, did not have any substantial effect on the lower excited levels. After
inclusion of W(33,60), the modelled and experimental waveforms for Level 5 were in

quite good agreement for 800 nm pumping.

5.4.1.6. Levels 6 (CHyp), 7 CP3p+"Dan+ Fap) and 8 (‘Hon+'Gop)

Some discussions on the decay of the 2H9,2 level (ILevel 6) have already been
presented in relation to the rise of Level 5 (4S3/2+2H11/2). The energy spacing between
Level 6 and the next lowest level (4F3/2) is only about 2000 cm” and hence the

corresponding multiphonon-assisted relaxation time constant is expected to be several
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microseconds. The measured decay time-constants of between 8us and 3us indicated
that virtually all the population of the level decays via this multiphonon-assisted
relaxation to 4F3/2 level. Since the 4F3/2, 4F5/2, 4F7/2 and 2H11/2 levels, which are between
the “Hoy, and the *Ss/; levels, are very closely spaced they are strongly linked to Level 5
via fast multiphon decay. Thus for the purposes of the model, these levels are included
with Level 5. There was a relatively small change in the decay rate over the whole
range of Er’* concentrations under 800 nm pumping as well as under direct pumping at
403 nm. A small (linear) concentration dependence is consistent with a two-ion process
involving an ion from the ground level. The cross-relaxation processes W(60,33) and
W(60,51) (=W(60,15)) were the most probable candidates because of the small energy
mismatch. While both were able to model the temporal behaviour of the population of
Level 6, it turned out that the contribution of the cross-relaxation process W(60,51)
(=W(60,15)) allowed marginally better fit to the initial component in the decay of the
population of Level 5 in high Er’* concentration. This was considered as a sufficient
justification for the inclusion of the cross-relaxation process W(60,51) (=W (60,15)) in
the final version of the rate-equation model.

The explanation of the observed rise of the population of Level 6 under 800 nm
pumping turned out to be a very challenging task. The rising part of the waveform of
the violet fluorescence at 403 nm from Level 6 contained an instantaneous initial rise
plus a later rise with a time constant of about 150 ns. While the rate of this rise was
independent of the Er’* concentration, its contribution to the overall waveform
increased dramatically in high concentration. A similar situation was discussed in the
rise of Level 4. The conclusion there was that a cross-relaxation process has to be
involved to explain the observed change in the contribution. Another conclusion from
the discussions about Level 4 was that cross relaxation process had to be indirectly
involved in order' to produce the observed constant rate of rise with concentration (i.e.
the cross-relaxation process has to populate a level above Level 6 which then decays
radiatively or via multiphonon-assisted relaxation into Level 6). The possibility of
multiphonon assisted decay into Level 6 has to be excluded since the observations on
level *Gyyp (see 383 nm fluorescence data in Table 5.2-1), which is directly above
Level 6, showed a decay time constant of several tens of microseconds to milliseconds.

This is much longer than the rise-time (or the decay-time) constant of Level 6 (see
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Table 5.2-1). Thus a radiative process from a level with a substantial population,
received from a cross-relaxation process, was needed to explain the rise of Level 6.

When discussing the cross-relaxation process involved, an important clue for the
source-level of this process was the rate of this late rise in the decay of Level 6. If the
population of this high level was decaying into Level 6 with a time constant of 150ns,
that meant that this high level was itself populated with a time constant, which was
faster than that. Another important consideration was the fact that a reasonable amount
of population had to be shifted high up (in high concentrations this amount had to be
substantially larger than the population of Level 6). All this indicated that this
hypothetical process probably originated from Level3- a level which was
instantaneously populated and has the largest population for the first few microseconds.
Processes such as W(33,60) and T(333,611) (see Figure 5.4-1 and 5.4-2) were initially
investigated, but the modelling using these revealed a number of inconsistencies. They
were affecting Level 6 directly and therefore would have imposed a rise time constant
varying with concentration. The numerical modelling also revealed that to achieve a
rise time constant of about 150 ns, a very large cross-relaxation constant was needed,
which caused a large amount of population to be moved up to Level 6. This
redistribution of population led to a sharp depletion of Level 2 and also caused the
initial component in the decay of Level 5 to be boosted completely out of balance. As
was mentioned with regard to the Level 5, processes W(33,60) was left in the final
model since it was beneficial for the overall balance in the waveform of Level 5. It was
obvious, however, that this process was not the explanation for the rise of Level 6.

It seemed that there were only two cross-relaxation processes that could satisfy
the requirements described above. These were the three-ion processes T(333,107) (see
Figure 5.4-2) and T(333,008) (see Figure 5.4-1). They both originated from Level 3 and
excited ions up> to levels above Level 6 - Level 7(2P3/2+2D3/2+2F3/2) or Level 8
(*Horp+*Gop).

If the cross-relaxation process T(333,107) was responsible for the late rise in the
population of Level 6, two more requirements were necessary for a proper fit to the
experimental waveforms to be achieved. Level 7 would have to have a short decay time
of less than 1 us and this decay time had to be dominated by a radiative process. A

brief consideration of Equation 5.4.1-4 shows that a process involving three ions from
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Level 3 would produce an observed fluorescence waveform of Level 7 which would
exhibit a rise time-constant of less than a microsecond and a decay constant of about
3 us. This decay time constant is approximately one third of the decay time-constant of
Level 3. The hypothetical fluorescence from Level 7 to Level 6 would produce a rise
time constant for Level 6 of a few microseconds - inconsistent with the observed
risetime of Level 6 of about 150 ns.. Thus it seems that a process of the form
T(333,xxx) (or W(33,xx)) cannot lead to a 150 ns rise of the population of Level 6 via a
radiative decay from any Level x to Level 6.

It is time now to re-look at the origin of the 403 nm fluorescence which we had
assumed was only associated with the population of Level 6. If there is more than one
source of this fluorescence it may be that the 150 ns feature is actually associated with a
level different to Level 6. It turns out that there are two other transitions that can give
rise to fluorescence in the region of 400 nm (see Table 3.3-1 and Foldout Table). These
are transitions from Level 7 to Level 1 and Level 8 to Level 3. The overlap of two
independent fluorescence lines with similar decay time-constant would be dominated by
the fluorescence from Level 6 in low Er’* concentrations, as this is directly pumped by
ESA. However, in the higher Er’* concentrations more and more ions would be excited
to Levels 7 or 8 via three ion processes from Level 3 and so fluorescence from one of
these levels may play a significant role. We concentrate first on examining the possible
fluorescence from Level 7.

When pumped by the process T(333,107), at high concentration Level 7 would
be expected to have a rise which is effectively instantaneous and a decay time constant
which is about 3 us. If the fluorescence decay time of Level 7 was around 150 ns, then
fluorescence from Level 7 would nicely account for the unexplained component of the
rise in the violet fluorescence waveform as well as the observed decay time constant at
high concentratioh. The essential question is then: what is the expected fluorescence
decay time of level 77 A value of 1800 5™ (corresponding to 560 us decay time
constant) was calculated for this radiative rate of Level 7, based on values for the
oscillator strength in similar glasses reported by Vickers et al. (1992). The energy gap
between Level 7 (2P3/2+...) and the nearest level below (2G7/2) 1s larger than 3500 cm’
(see Foldout Table). Therefore the multiphonon assisted decay rate of Level 7 would be

expected to be in the order of a few milliseconds. Thus it seems impossible that the
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combined radiative and multiphonon decay rate (which determines the fluorescence
risetime) could be below 1 ps. For this reason process T(333,107) was disregarded and
not included in the model.

The cross-relaxation process T(333,008) (see Figure 5.4-1) was similar to
process T(333,107), but would excite ions to Level 8(*Ho/+ Go) instead to Level 7.
All the levels between Level 8 and Level 7 are closely spaced, with the largest energy
gap between any two of them being less than 1700 cm™. Under these circumstances
(Chapter 2) a strong multiphonon-assisted decay rate, corresponding to a time-constant
of less than 1 pus was expected to dominate their decays. The discussions concerning
the interpretation of Section 4.2.2 and Equation 5.4.1-4 (see relevant place in thesis
where it is introduced) would imply that observation of the population of any of these
levels would reveal a rise time constant of less than 1ps and decay time constant of
about 3 us. As mentioned above, there is a transition from Level 8 to Level 3 at around
400 nm which could be responsible for the unexplained rise of the violet fluorescence.
Level 8 seems to satisfy all the requirements for being a likely source of this
fluorescence. The fluorescence from Level 8 would have a very fast rise because of the
strong multiphoton depopulation of the level and its decay time at high concentration
would be around 3 us. The high multiphonon assisted decay rate would dominate the
overall decay and the fluorescence would be expected to be weak. However, it should
also be noted that the decay of Level 6 is also dominated by a multiphonon-assisted
decay and therefore intensity of the violet fluorescence lines from both levels are likely
to be comparable.

During the numerical modelling, a rate constant for process T(333,008) was
found which, when combined with the rate constants of previous processes affecting
Level 6, produced populations in these levels which agreed with the experimental
measurements. These populations were such that Level 6 has the main influence on the
violet fluorescence at low concentrations and level 8 dominated at high concentrations.
The rate constant for process T(333,008) was such that it did not affect substantially
either the decay of Level 3 nor the balance of the population of the levels below
Level 3. In the final numerical model, Level 8 was assumed to have a multiphonon-
assisted decay with 0.5 us time constant and radiative decay with 20 ps time constant

(corresponding to a rate of 50000 s'). We have no information as to the expected
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radiative decay rate of level 8. It was found that values for this rate between 5000 s

(200 ps) and 50000 s™ (20 us) all allowed successful modelling of the temporal
behaviour of the observed violet fluorescence line. Radiative rates higher than
50000 s ! produced too fast a decay for the combined violet line, while rates of less than
5000 s were not able to produce a fluorescence intensity sufficient to dominate this
combined fluorescence in high Er’* concentrations. Thus despite the lack of detailed
information about Level 8 (4H9/2+4G9/2), a feasible model of the observed violet
fluorescence was developed. This model predicted well the observed temporal features

of this fluorescence in all dopant concentrations.

5.4.2. Pumping wavelengths other than 800 nm

The behaviour of the Er*:ZB(L)AN system under 800 nm pumping has been
considered in some detail in the preceding sections. It has been possible using a
combination of numerical modelling and fitting of approximate analytic solutions, to
obtain a reasonably good understanding of the physical processes responsible for the
behaviour of the fluorescence from the various levels (for this particular pump
wavelength). At various times during the discussions, reference was made to the
behaviour using other pump wavelengths - particularly under direct pumping of a
particular level. This section presents a more integrated discussion of the fluorescence
behaviour using pumping wavelengths other than 800 nm. The main wavelengths used
were 1532 nm, 975 nm, 520 nm and 403 nm. Pumping at these wavelengths produced a
very different balance of populations amongst the various energy levels than applied at
800 nm and hence a difference in the balance of importance of many of the cross
relaxation processes. The numerical model to be presented later in this chapter should
be able to account for the behaviour of the material under any type of pumping. While
this is the case, it will be seen from the following discussions that the model has been

optimised for 800 nm pumping and it performs better for this pump wavelength.

5.63



5.4.2.1. 1.5 pm pumping (into Level 1)

The analysis and the discussions below are based on the data presented in Table
5.2-4 and Table 5.2-5 which is obtained from various fits to the experimental
waveforms. For 1.5 um pumping, the values of the initial populations of Level 1, Level
3 and Level 5, used as a starting point in the modelling process are presented in
Table 5.3-1.

This pumping wavelength strongly populated Level 1 (*I;3,) and therefore
accentuated cross-relaxation processes emanating from this level such as W(11,30) and
T(110,003). The non-exponential decay of Level 1, as well as the slow rate of rise of
Level 2 in low Er’* concentration and the rapid change of this rise with increased Er**
concentration, was good confirmation of the importance of these processes. The
application of the numerical model, designed for 800nm pumping, gave very good
agreement with the experimental decay waveforms of Levels 1 and 2.

The weak fluorescence line at about 810 nm (Table 5.2-4) mostly originated
from Level 3. The initial decay with a time constant of about 150 ps, clearly evident in
1.6 mol % concentration, indicated that fluorescence at this wavelength emanating from
other levels such as Level 5 or Level 6 may also be present. The absence of this initial
decay in higher Er’* concentrations, as well as the evident non-exponential decay with a
several millisecond time-constant, can be explained by the dominance in the higher
concentrations of the fluorescence from Level 3. Under 1.5 um pumping, this level is
populated by the cross-relaxation processes like W(11,30)and T(110,003). The only
unexplained feature in this fluorescence was the fast, but not instantaneous, rise time
constant of about lus in all concentrations. Both the previous analysis (see Equation
5.4.1-1) and the numerical model predicted a rise time constant of about 5-6 pus. One
possible explanation was that the rise time of about 1us belonged to the rise of another
800 nm fluorescence line, overlapping the one from Level 3. A transition from Level 6
to Level 3 produces fluorescence at about 810 nm. Level 6 also was expected to be
populated from the level directly above - level 4G11/2. Level *Gyy, was populated
instantaneously by three-stage-ESA (see Foldout Table) and since it was placed very

close to Level 6 (AE<2OOOcm'1), it was expected that fast multi-phonon assisted decay
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to Level 6 would follow. The expected rate of this fast decay was around 1 us which is
very close to that observed for the rise of the fluorescence at 810 nm. What remained
unclear was why the rise of this fluorescence from Level 6 was comparable in
magnitude with that from Level 3. A simple calculation suggested that the initial
population of level *Gyy,, which was populated by a multi-stage-ESA, would be orders
of magnitude smaller than that of Level 3, populated by a single-stage-ESA. A1 usrise
in the 810 nm fluorescence from Level 6 would mean that a similar risetime should be
observed with an 407 nm fluorescence emanating from this level. The observed
risetime for this radiation is between about 11 us (low concentration) and 6 us (high
concentration). However as will be discussed later in this chapter, the observed violet
fluorescence under this pumping may originate from a level other than 6.

The slow rise (~ms) in the fluorescence intensity of the red fluorescence at about
655 nm (Table 5.2-4, Table 5.2-5) as well as the long decay time constant, decreasing
only slightly with Er’* concentration, were consistent with the effect of the cross-
relaxation process W(21,04).

Two distinguishable contributions (each consisting of a rise and decay) were
observed within the waveform of the green fluorescence of Level 5 at 520 - 550 nm
(Table 5.2-4, Table 5.2-5). The initial contribution exhibited a rise which was roughly
consistent to the expected decay of Level 6. The decay of this initial contribution was
reasonably similar to that observed for Level 5 under 800 nm and 520 nm pumping.
Numerical modelling showed that in order to successfully predict the observed balance
between the two contributions to the fluorescence waveform of Level 5, an initial
normalised population for Level 6 of about n60=1x10'7 was required. As mentioned
previously, it was not Level 6, but the level above it — *Gyy, which was initially
populated by the ESA. However an approximate calculation of the ESA population of
the 4G11/2 level Was orders of magnitude smaller than that required by the model (see
Table 5.3-1). Thus we have a similar inconsistency to that mentioned previously with
regard to the 810nm fluorescence. Level 5 would be expected to have an instantaneous
rise produced by a two-stage ESA process. Instead one sees a slower rise which looks
to be consistent with population from Level 6 which is itself populated via a three-stage
ESA. It is probably that this rise in the population of Level 5 does not arise by photon-

induced ESA but rather by some higher order cross relaxation process which populates
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a level above Level 5 (and hence the rise of Level 5 is not too strongly dependent on
concentration). The origin of this rise of Level 5 under 1.5 wm pumping has not been
accounted for in this thesis. It should be remembered that the population involved is
very small and this is not seen as representing a significant problem for the model.

The significant change with concentration in the rate of the rise in the second
component of the fluorescence waveform of Level S, as well as the relatively large
decay time constants, was an indication that this second component in the green
fluorescence was a contribution to cross-relaxation processes involving lower levels
(such as W(22,50) and T(220,005)). Numerical modelling showed that for good
agreement with the green fluorescence in different Er’* concentrations, one more
process had to be added to the model developed for 800 nm pumping — T(111,500).
The first reason for this inclusion was that a process from Level 2, such as W(22,50)
and T(220,005), could not explain the small decay time constants (6-2.5 ms) of the
second component of the waveform. Also Level 2 itself was populated too slowly
under 1.5 um pumping to take an active part in the early part of this second component.
A process was needed that originated from Level 1 and involved three ions from the
same level (from Equation 5.4.1-4 it can be seen that this would impose on Level 5 a
decay rate which is approximately equal to one third of the decay rate of Level 1). In
addition, such a process was the only way to excite sufficient ions from Level 1 to have
an effect on Level 5 which was comparable to that of T(200,005) and W(22,50) in high
Er’* concentration. A cross-relaxation constant for T(111,500) was found using the
model which reproduced the observed balance in the green fluorescence under 1.5 um
pumping. In 800nm pumping the effect of this process turned out to be insignificant.

The weak violet fluorescence at 407nm (Table 5.2-4, Table 5.2-5) also had two
obvious rise and decay components. This fluorescence was initially expected to
originate from Level 6 which has an intrinsic decay time constant of about 10 us.
However, if this was the case then the observed rise in the initial component of the
waveform could be explained if a level above Level 6 was decaying into Level 6 with a
decay time constant of about 100 - 150 ps. According to our previous discussions (see
Chapter 4, Equation 4.2-8) under these circumstances the fluorescence from Level 6
would rise with a rate which is approximately equal to the intrinsic decay rate of Level 6

and decay with a time constant of approximately 100 + 150 us. This explanation is at
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odds with the discussion above concerning the fast rise of the 810 nm fluorescence and
the rise of the initial component of the green fluorescence. These suggested a rise time
of about 1us and a decay time of about 10us for Level 6. Another possible explanation
for the initial component in the violet fluorescence was a possible fluorescence at the
same wavelength from a higher excited level. The group of closely spaced levels which
is labeled Level 7 (2P3/2+2D3/2+4F3/2) was also expected to fluoresce at about 400 nm
(see Foldout Table). Despite its relatively small population the predominantly radiative
decay of this level could have a fluorescence intensity comparable to that of Level 6,
which decays predominantly via a multiphonon process.

The slow decay rate of the second component of the violet fluorescence
waveform indicated that there was a possible contribution from a cross-relaxation
process originating from some of the lower levels. The relatively weak dependence of
the rise and decay with Er’* concentration suggested that a two-ion process such as
W(55,63) or W(51,60) was probably involved.

The lack of detailed information about the relative excited state absorption
cross-sections led to a lack of reliable data for the initial populations in the levels above
Level 5. The fluorescence lines at 800-820 nm and 407 nm were relatively weak and
therefore not very significant for the overall model. They also involve overlapping
fluorescence lines, which complicates further the modelling process. Considering all
this, a detailed numerical analysis of these lines was not undertaken. The final
numerical model gave reasonably good agreement between predicted and observed

fluorescence for the rest of the levels (see Figure 5.5-4).

5.4.2.2. 975 nm pumping (into Level 2)

The numerical model, designed for 800 nm pumping, fitted quite well the
observed dynamics of almost all fluorescence lines with 975 nm pumping (see
waveform fits in Figure 5.5-5 and summary data in Table 5.2-6). The initial populations
used as a starting point in the modelling process are from Table 5.3-1.

The good fits of the model to the measured fluorescence waveforms at 980 nm

(Level 2) and at 1.5 um (Level 1) confirmed the suitability of the choice of the cross-
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relaxation rate constants for the processes W(22,50), T(220,005), W(11,30) and
T(110,003).

The fluorescence at ~500 nm - 560 nm and 830 nm -850 nm showed similar
temporal behaviour and presumably both originated from Level 5. The decays are non
exponential and were fitted with two exponentials. In 4 mol% Er’*concentration the
late decay rate was approximately twice than that of the decay of Level 2. At higher
concentrations the decay rate increases faster than that of Level 2. The behaviour at 4
mol% is consistent with the dominance of processes W(22,50) and T(220,005) in the
population of Level 5. In high concentrations it seemed that there was an additional
cross-relaxation process with comparable contribution, but with ahigher rate than that of
these two processes. Only a three-ion process, with all ions originating from Level 2,
could fulfil these two requirements. An examination of the energy spacing among the
excited energy levels (see Foldout Table and Diagram) revealed that the cross-
relaxation processes T(222,610) was the only suitable candidate. The numerical
modelling confirmed that the inclusion of this process allowed good predictions of the
experimental decay-forms of the fluorescence from Level 5 to be made for the whole
range of the Er’* concentrations used. This process did not have any substantial effect
on the dynamics of the population of Level 1 and Level 2. The strong dependence of
the effective rate of this process on the population of Level 2 also implied that its effect
would be insignificant under any other pumping wavelength, where Level 2 has
substantially smaller population.

The measured fluorescence rise (see Table 5.2-6) of these two fluorescence
lines (with peaks at around 530 and 850 nm) turned out to be very difficult to model.
This rise consisted of two components — an initial instantaneous rise, which was
followed by a later rise with a time constant of a few microseconds. These two
components had comparable amplitudes, with the contribution of the second component
slightly increasing with Er’* concentration. An examination of Table 5.3-1 would show
that under 975 nm pumping Level 5 has sorhe initial population from ESA. However, it
is not Level 5, but the *F;, level, which is directly populated by the ESA. Since this
level is only about 1300 cm™ above Level 5 it was expected that a fast multiphonon-
assisted decay to Level 5 would populate Level 5 virtually instantaneously (see

Equation 2.2-1, Chapter 2). Indeed a fluorescence line was observed at 801 nm which

5.68



had only such an instantaneous rise (see the text regarding Table 5.2-6 on page 5.20).
Since, of the ESA populated levels, only Level 5 had a fluorescence line at that
wavelength, it can be assumed that the rise of the population of Level 5 is indeed
instantaneous. If this was the case, the second component of the rise at around 530 nm
and 850 nm is probably part of a fluorescence, originating from another level. There
was only one level with fluorescence around both 530 nm and 850 nm and this was
Level 7 (*Pyo+...). However, with 975 nm pumping this level was expected to have an
instantaneous rise itself due to pump ESA from the “Fs; level. In addition, the
population of Level 7 was expected to be much too small to be able to compete with
that of Level 5. An interesting fact was that the ratio between the two components of
this rise only slightly changed with concentration. One possible explanation of this
could be that somehow the second component of the rise was simply a delayed part of a
contribution to the population of Level 5. One mechanism for this was the cross-
relaxation process W(*F,*F7/2,65). The numerical modelling confirmed this possibility.
However, it also confirmed that a very large cross-relaxation constant (~0.5x10°) was
needed for a substantial amount of ions to be moved above Level 5. The need for such
a large cross-relaxation constant could be explained by the fact that approximately one
half of the ions in the population of level 4F7/2 had to be involved in the process before
the fast multiphonon-assisted decay to Level 5 takes over. This is all a bit too
speculative and so was not included in the model. No other satisfactory explanation of
the late rise of the fluorescence lines at about 530 nm and 850 nm could be found. As
with some previous small details that could not be explained, this inconsistency between
model and measurement does not have much of an effect on the overall success of the
model. However, it clearly indicates that something is missing from the model and
further refinement is possible.

The rise of the fluorescence intensity of the red fluorescence line at about
655 nm was consistent with the discussions in Chapter 4 (see Section 4.2.2). These
discussions referred to a level which is populated from another level with a longer decay
time constant. Here Level 4 is populated predominantly from Level 5, which under
975 nm pumping has a longer decay time constant than the intrinsic decay time constant
of Level 4. The net result is that population Level 4 rises with a rate, corresponding to

its own decay time constant and decays with a rate corresponding to the decay time
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constant of Level 5. The relatively long decay time constants observed for Level 4
(they were again longer than that associated with Level 5) confirmed the presence of the
cross-relaxation process W(21,40). The impact of this process, however, was delayed
by the slow rise in the population of Level 1 and did not affect the rise of Level 4. The
numerical modelling showed good agreement with the experimental waveforms of
Level 4 for all Er**concentrations.

Under 975 nm pumping there were several excited energy levels with
fluorescence at about 488 nm (see Table 5.1-1). However the observed instantaneous
rise and the decay rate were very similar to that of the other fluorescence lines from
Level 5. This was a clear indication that this particular 488 nm fluorescence line
originated from the *Fy, level. This level is only about 1400 cm™ above the “H,y/, level
(which is part of Level 5). The main consequence of this is that very fast multiphonon
decay takes place immediately after the initial instantaneous population of the *F; level
via ESA. Thus the population of this *F;,, level represents a very small fraction of the
total population of Level 5, which is consistent with the low fluorescence intensity of
the 488 nm fluorescence.

The 407 nm fluorescence was expected to originate from Level 6. However,
the presence of the instantaneous component in the rise in low Er’" concentration
indicated an overlap was possible with a fluorescence line at similar wavelength from a
different level. As was previously discussed, one such source of a fluorescence at about
400 nm was Level 7 (level “Ps;+...) which under 975 nm pumping was expected to
have an instantaneous rise due to pump ESA from the *Fy, level. It is believed that the
cross-relaxation process T(222,610), introduced when discussing the decay of Level 5,
1s instrumental in populating Level 6 and contributing the long time constants in the
decay of the 407 nm fluorescence. A cross-relaxation process such as W(55,63), which
would have impdsed on Level 6 a decay time constant approximately equal to one halve
of that of the decay of Level 5, may also be involved. The numerical modelling of the
decays of this violet fluorescence showed reasonable agreement with the experimental
waveforms for all Er** concentrations.

The fluorescence line at 450 nm was believed to originate from the 4F5/2 level

(to the “I;s5;, level). This level was expected to be rapidly populated by multiphonon
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processes from Level 6, which was mostly responsible for the fluorescence at 407 nm.

This would explain the similarity of the observed fluorescence waveforms.

5.4.2.3. 520 nm pumping (into Level 5)

The summary of rise and decay time constant data obtained using this pump
wavelength is shown in Table 5.2-7. During the pump pulse a number of ions are
excited to Level 5 (*S3p+°Hiys) via ground level pump absorption (see Table 5.3-1). A
much smaller number of ions are also excited to the *D-/, level via two-stage ESA, but
these have been ignored in the modelling process.

With Level 5 populated much more heavily than was the case with 800 nm
pumping, it was expected that the cross-relaxation processes W(50,31) and T(500,013)
would dictate the population dynamics of Level 1 and Level 2. Indeed the rise of the
population of these two levels exhibited similar rates, which also matched the decay rate
of Level 5. In high Er’* concentrations there was also a small additional contribution to
the rise of the population of Level 2. This late rise could be explained by a cascading
population from Level 5 to Level 2 via phonon-assisted decays. As can be seen in
Table 5.2-7, in these high concentrations Level 4 rises sufficiently fast and its decay into
Level 3 and consecutive multiphonon decay into Level 2 may well be able to affect the
rise of Level 2. The measured decay rates of Levels 1 and 2 in low Er’* concentrations
were as expected. In high Er’* concentrations non-exponential decays were observed.
The decay waveforms predicted by the numerical modelling using rate constants
optimised for 800 nm pumping were in a good agreement with the experimental
waveforms for 520 nm pumping in all Er’* concentrations. This provided confirmation
of the adequacy of the cross-relaxation rate constants for W(50,31) and T(500,013) as
well as those for all other processes which affect Level 1 and Level 2 directly.

An examination of the energies of the higher excited energy levels of Er’* ions
in the Foldout Table suggests that the fluorescence line at 698 nm could originate from
several levels. Possible levels include the “Fyy; level (to level “Tisp), the “Hop, level (to
level *T,12), the* G+ Gopp+ K 50+ Gy level (to level *Iop) (see also Table 5.1-1) and

the 4H9/2+4G9/2 level (to level 4F5/2). In fact the observed fluorescence could be
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produced by overlapping fluorescence lines from more than one of these transitions. A
very approximate calculation, based on KT=210cm™ (for T=300K) and a Boltzman
distribution, suggests that the population of the “F;, level would represent
approximately 5 x 10 of the total population of Level 5. This could explain the
presence of a small instantaneous component in the rise of the 698nm fluorescence line
in 0.2 mol% Er’* concentration. However, the main component of the rise of the 698
nm fluorescence waveform in this Er** concentration exhibited a time constant of about
160 ps. The decay time constant following this rise was about 550 us. It is not easy to
see the origin of this 160 us rise but it presumably arises from some overlapping
fluorescence transition. However, the 550 us decay at this 0.2 mol% concentration is
consistent with the intrinsic decay of Level 5 and hence this observation is in agreement
with an assumed thermal population of the 4F7,2 level from Level 5.

In higher Er’* concentrations a cross-relaxation process such as W(55,63) could
populate Level 6 with a fast rise and a decay time constant which is half that of Level 5.
It has to be remembered that the decay time constant of Level 5 is decreasing rapidly
with increasing doping concentration. While the decay time of Level 6 is shorter than
the time constant with which it is being filled (half of Level 5 decay time constant) the
fluorescence from Level 6 will rise with its own intrinsic decay time constant and decay
with about one half the decay time constant of Level 5. In high concentrations where
the decay of Level 5 is short enough to violate the condition in the previous sentence,
the fluorescence from Level 6 will rise with half the decay time constant of Level 5 and
decay with its own intrinsic decay. The data in Table 5.2-7 is consistent with these
conclusions.

The fluorescence at 655 nm, which originated from Level 4 exhibited a temporal
behaviour which was fully consistent with the predictions of the model developed for
800 nm pumping; In small Er’* concentration the decay rate of Level 5 was expected to
be slower than that of Level 4. In these circumstances, as a rate-equation analysis
similar to that in Section 4.2.2 (Chapter 4) can show, the fluorescence from Level 4 is
expected to rise with a rate similar to its own decay rate and decay with the rate of the
decay of Level 5. In higher Er’* concentrations, however, the effect of the cross-
relaxation processes W(50,13) and especially T(500,013) reduced the decay time

constant of Level 5 to several microseconds. This is substantially shorter than the decay
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time constant of Level4. Under these circumstances the 655nm fluorescence is
expected to rise with a rate which is similar to the decay rate of Level 5 and to decay
with its own decay rate. The experimental data followed well these predictions. The
late decays of the 655 nm fluorescence at 10 mol% and 18 mol% concentrations are
consistent with the predictions of the model and are shown to arise due to the effects of
W (21,40).

The temporal behaviour of the population of Level 5, which was responsible for
the fluorescence at 520-550nm and at 800-840nm, was also consistent with the
predictions of the model. The analysis of the behaviour of this level with 800nm
pumping indicated that the two cross-relaxation processes, W(50,13) and T(500,013),
were mainly responsible. As mentioned previously, the effect of both these processes
on the decay time is dependent only on the Er** concentration and not on the population
of the level. This prediction of the model is confirmed by the data of Tables 5.2-1, 5.2-
7 and 5.2-8.

The two overlapping weak fluorescence lines between about 400 nm and
410 nm, as well as the weaker fluorescence at about 468 nm, had similar temporal
behaviour and were believed to originate mainly from three levels — D, (2P3/2+...)
(Level 7) and “Ho, (Level 6) (see Table 5.1-1). Level *D» had fluorescence lines
centered at about 468 nm (to level *Ss,) and 410 nm (to level *For). The fact that the
*Dy), level gained some initial population via ESA with 520 nm pumping could explain
the instantaneous component in the rise of these fluorescence lines. Level 6 (2H9/2) also
had a fluorescence line at about 407 nm. Level 7 has fluorescence lines at about 400 nm
(to Level 1) and at about 468 nm (to Level 2). As was shown in previous discussions,
calculations of the radiative and multiphonon decay rates of Level 7 indicated a lifetime
of about several hundreds of microseconds. This lifetime was consistent with some of
the temporal features in the waveforms of the 400 nm and 468 nm fluorescence in low
concentration. Under 520 nm pumping, Level 7 is expected to be mostly populated via
cascading mutiphonon decay from the *Ds2 level. At high doping concentration, the
processes W(55,71) and W(55,"D-,0) are also possible but have not been considered in
any detail in this thesis. The latter process would affect the “Dy; level and both
processes would affect the population of Level 7. In summary, the complicated rise and

decay features of the overlapping violet lines between about 400 and 468 nm are likely
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to be able to be accounted for by fluorescence from Levels 6, 7 and *D-,,. However,
since the fluorescences are quite weak and the processes involved for 520 nm pumping
do not significantly impact on important lower levels, we have not attempted to unravel
all the detail involved. The final model includes only those processes that are important
for the violet fluorescence under 800 nm pumping. Despite being optimised for 800 nm
pumping, this model was able to successfully predict the waveforms all main
fluorescences from Levels 1,2,4,5 also with 520 nm pumping(see Figure 5.5-6). The
model could be further refined if the full details of the processes responsible for violet

fluorescence under 520 nm pumping were also included.

5.4.2.4. 403 nm pumping (into Level 6)

The data obtained from the fits to the fluorescence waveforms recorded with
this pump is shown in Table 5.2-8. With this pumping wavelength the dynamics of the
system begins with some initial population in Level 6 (see Table 5.3-1). |

The fluorescence line at 407nm, originating from Level 6, exhibited only a
small change in decay rate throughout the range of Er’* concentrations under direct
pumping. This was consistent with the nature of the cross-relaxation process W(60,51),
the effect of which was only linearly dependant on the concentration of the Er’* ions.
The intensity of the fluorescence line at 698 nm exhibited the same temporal behaviour
as that of 407 nm fluorescence line and it is believed that it also originated from
Level 6.

The fluorescence line at 450 nm probably originated from level *Fs/, which is
directly under Level 6 and received all its population via multiphonon-assisted decay
from Level 6. This level was less than 1700 cm™ above the next lower energy level,
which would imply a multiphonon-assisted decay with a rate of less than several
microseconds. Under these circumstances a fluorescence line from level “Fs;, would be
expected to have a very short rise and decay with a rate, similar to the decay rate of
Level 6. The experimental data for the fluorescence line at 450 nm confirmed this to be

the case.
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The fluorescence lines at 520-540 nm and 800-840 nm with very similar
temporal behaviour are believed to originate from Level 5. As in the case of 800 nm
pump, their intensity exhibited a rise with a rate which was similar to that of the
multiphonon-assisted decay of Level 6. The decay time constants of these lines for all
Er’* concentrations were similar to that observed in the case of 800 nm and 520 nm
pumping.

As in the case in the 800 nm pumping, the fluorescence at 553 nm was believed
to consist of two overlapping fluorescence lines; one from Level 5 (2H11/2) and another
one from Level 6 (to Level 1). This explained the instantaneous rise and the double
decay.

The decay of the fluorescence line at 655 nm was similar to that observed in
the case of 520 nm pumping. In low Er'* concentrations the decay time constant of
Level 5 was longer than that of Level 4 and this was why the 655 nm fluoresence rose
with a rate determined by the decay time of Level 4 and decayed with a rate consistent
with the decay of Level 5. In higher Er’* concentrations, where the decay rate of
Level 5 was much shorter, the 655 nm fluorescence line exhibited a rise with a time
constant close to the decay time of Level 5 and a decay time constant similar to the
intrinsic decay time of Level 4.

The temporal behaviour of the fluorescence of the two infrared fluorescence
lines at 980 nm and 1.5 um was also similar to that observed with 520 nm pumping.
Within the limitations imposed by the resolution of the detectors used, it can be seen
that both infrared fluorescences rise with similar time constants. This was consistent
with the presumption that from Level 6 the population quickly decays via multiphonon-
assisted decay to Level 5 and from there reaches Level 1 and Level 2 via the cross-
relaxation processes T(500,013) and W(50,31). When the effect of the slow decay of
Level 2 into Level 1 on the fitted parameters was taken into account the decay rates of
both levels were as expected (see the red numbers in Table 5.2-8). The prediction of the
numerical model were in very good agreement with the observed fluorescence

waveforms for all levels under 403 nm pumping (see Figure 5.5-7 and 5.5-8).
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5.5. Extended rate-equation model

5.5.1. Introduction

The earlier sections of this chapter have been concerned with presenting the
measured fluorescence data in a form where its main features and trends can be readily
recognised. This was followed by a quite extensive discussion which attempted to
explain the origin of the various fluorescence features on a level by level basis. These
discussions were intended to provide a physical understanding of the processes
responsible for the population of the energy levels in the material. These discussions
introduced a large number of two- and three-ion processes which were found to be
important for the population dynamics of the various levels under particular pump
wavelengths. In many cases distinctions between processes, or elucidation of the
balance between processes, required quantitative arguments which were only possible
using the numerical modelling. Thus the model, and many of the aspects of processes
and parameters associated with it, has already been introduced. The following sections
attempt to pull together all the previous discussions and present the complete model as a
set of rate equations which include all the important radiative, phonon and cross
relaxation processes. The model has then been optimised and the essential output of
this process is a self-consistent set of rate constants. After these have been presented,
plots of measured and predicted fluorescence waveforms are presented. The waveforms
presented are grouped according to pump wavelength and include the main fluorescence
levels together with any levels which are directly pumped. These waveforms enable
one to readily appreciate the degree to which the model predictions agree with
experimental obsérvations at each pump wavelength. The model has been optimised
particularly for agreement at 800 nm.

Having obtained a set of rate constants for all the various processes, the next
question to be answered is what is the accuracy of the various constants? This is not a
simple question when one is dealing with numerical solutions of equations involving
large numbers of parameters. A section is included where parameters have been varied

one at a time to try to estimate these uncertainties. The final section discusses the
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relative contributions of the various processes to the population or depopulation of the
various levels. This is done by integrating the rates of the various process terms over
the entire waveform to obtain a measure of the total number of ions that are involved in

a particular process.

5.5.2. Non cross-relaxation constants used in

the model

The values calculated in Section 5.3 were used for the initial populations of the
levels which are populated via direct absorption of the pump. However, because of the
large uncertainties in the calculations of the initial populations of the levels populated
via ESA, these values were adjusted during modelling in order to optimise the fitting of
the model to the experimental waveforms. The initial populations that were found to
provide the best fits to the experimental data and were used in the final version of the

model are summarised in Table 5.5-1.

Normalised initial populations:
Pumping A : : . . .
Direct Absorption Excited State Absorption
Y P
800 nm N3=5x10" neo=8x10""
1.5 um n;=2x10"" n3o=1x10"% nep=1.5x10""
980 nm n=1x10" nso=5x10"%
520 nm ns=3x10"
403 nm ng=2x10Y
Table 5.5-1 Initial populations, modelling best the experimental data and used in the final version of

the extended rate-equation model. Underlined numbers - calculated, Numbers in italic -
adjusted for good fit.

The values of the radiative and phonon parameters used in the model, together
with the corresponding references to their origin, are listed in Tables 5.5-2 and 5.5-3.

The method of calculation of the radiative and multi-phonon-assisted decay rates, as
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well as the branching ratios, was described in Chapter 4 for the first three levels. A

similar process was followed for the other levels. The details are summarised below:

o Level 4 (*Fyp)

Shinn et al. (1983) calculated for Level 4 a radiative decay rate of 1085 s’' which
was very close to that calculated by Zou et al. (1993). The averaged total decay rate of
Level 4 measured in our work in low erbium concentration (0.4 mol%) under direct
pumping was 5650 s (see Table 5.2-9). The multiphonon-assisted decay rate for this

level was taken as the difference between the above rates (w;=4565 s™).

e Level 5 (*S3,+"Hiin)

Again values for the radiative decay rate YA(*S3,) =1165.3 s' and SACH, 1)
=3264 s, calculated by Shinn et al. (1983) were used in the modelling. These values
were also very similar to those calculated by Zou et al. (1993). The effective radiative
decay rate of both levels, which are thermally coupled at room temperature, was

estimated using the expression (Reisfeld et al., 1982):

AE

(=) 2Hu2 4832
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In the above formula AE=710 cm’ is the energy difference between both levels,
kT=207 cm’, ZAUZHM =3264 s is the total radiative decay rate from level 2H11/2 and
ZAU-ASM =1165 s is the total radiative decay rate from level 4S3/2. Since the measured
decay rate in the lowest concentration was 1887 st (see Table 5.2-7), the multiphonon-
assisted decay rate was estimated using the difference of the above decay rates
(s=1887-1350=537 s'l). The branching ratios calculated by Wetenkamp et al.(1992),

which are similar to those used by Vickers et al.(1992), have been used.

o Level 6 (*Hop)

Shinn ez al. (1983) calculated for this level a total radiative decay rate of 2285 s™'.
The average decay rate, measured consistently in our work in low erbium
concentrations (0.2 mol% - 1.6 mol%) under various pumping conditions was about

125000 s' (see Table 5.2-1 and Table 5.2-8),. The conclusion was that a multiphonon-
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assisted decay rate of about 123000 s governs the decay of this level. As in the case of
Level 3, where almost the entire population of the level decays non-radiatively, the
branching ratios are not very important, however for completeness the values,

calculated by Shinn er al. (1983) were used in the model.

o Level 7 (*P3p+'Dsp+Fap)
The radiative decay rate Az from Level 7 to a lower j-th level was calculated using the

expression (Hilborn., 1982):

2 2 2 2
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where f7; and fj; are the emission and the absorption oscillator strength of the transition,
gj and g7 are the degeneracy factors of the levels, wy; is the resonance frequency of the
transition and m is the mass of the electron. With the help of this expression and the
values of the oscillator strength for the transitions from level 2P3/2 to the lower levels,
published by Vickers et al.(1992), a value of 1780 s’ was calculated for the total
radiative decay rate from Level 7. The branching ratios, presented in Table 5.5-3, were
calculated from the fractional transition rate to the various levels. A multiphonon-

assisted decay rate of 400 s was obtained using Equation 2.2-1.

e Jevel 8 (4H9/2+4G9/2)
Not much information for this level could be obtained from the literature. A calculation
of the multiphonon-assisted decay rate of this level, based on Equation 2.2-1 produced a

value of 1x10° s™'.

As was already mentioned in the discussions about the violet
fluorescence line under 800 nm pumping, a value of 5x10* 57! for the radiative rate of

Level 8 was assumed on the basis of the numerical modelling.
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A(sh 101 Shinn et al., 1983; Zou et al., 1993; Wetenkamp et al., 1992; our work
Ay(s ™) 118 Zou et al., 1993; Shinn et al., 1983
As(s™) 140 Zou et al., 1993
Ads) 1085 Zou et al., 1993; Shinn et al., 1983
As(s™) 1350 Reisfeld et al., 1982, Zou er al., 1993; Shinn et al., 1983
Ag(s™) 2285 Shinn ez al., 1983
A7(s'l) 1780 Vickers et al., 1992; our work
Ag(s") | 50000 Modelled
(01(8'1) 0 Shinn et al., 1983; Zou et al T., 1993; our work
a(s™) 9 Zou et al., 1993; Shinn et al., 1983; our work
ws(s™h) 125000 Zou and Izumitani , 1993; our work
ws(s™) 4565 Zou et al., 1993; Shinn et al., 1983; our work
(05(8'1) 537 Zou et al., 1993; Shinn et al., 1983; our work
wg(s™) 123000 Shinn et al., 1983; our work
o;(s) 400 Reisfeld et al., 1987
wg(s?) | 1000000 Reisfeld et al., 1987
b1g 1
bao 0.88 Zou et al., 1993; Wetenkamp et al., 1992
b 0.12 Zou et al., 1993; Wetenkamp et al., 1992
b3 0.77 Zou et al., 1993; Wetenkamp e? al., 1992
bay 0.22 Zou et al., 1993; Wetenkamp et al., 1992
b3, 0.01 Zou et al., 1993; Wetenkamp ez al., 1992
bao 0.91 Zou et al., 1993; Shinn et al., 1983
ba; 0.045 Zou et al., 1993; Shinn et al., 1983
bas 0.043 Zou et al., 1993; Shinn ez al., 1983
ba3 0.002 Zou et al., 1993; Shinn ez al., 1983
beg 067 Wetenkamp et al, 1992; Shinn ez al., 1983,
bs) 0.27 Wetenkamp et al., 1992; Vickers et al., 1992
bs, 0.02 Wetenkamp et al., 1992; Vickers er al., 1992
bs3 0.04 Wetenkamp et al., 1992; Vickers et al., 1992
bsy 0 Wetenkamp et al., 1992; Vickers et al., 1992
Table 5.5-2 Values and corresponding references for the parameters used in the extended rate-

equation model
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bso 041 Shinn et al., 1983
bei 0.44 Shinn et al., 1983
be2 0.13 Shinn et al., 1983
bs3 0.01 Shinn et al., 1983
bea 0.01 Shinn et al., 1983
bes 0 Shinn ez al., 1983
bo 0.06 Vickers et al., 1992
bn 0.295 Vickers et al., 1992
b7 0.295 Vickers et a.., 1992
b3 0.09 Vickers et al., 1992
b7 0.09 Vickers et al., 1992
bs 0.17 Vickers et al., 1992
b 0 Vickers et al., 1992
bso 0.5 assumed

bg; 0.1 assumed

bg2 0.1 assumed

bsg3 0.1 assumed

bss 0.1 assumed

bgs 0.1 assumed

Table 5.5-3 Values and corresponding references for the parameters used in the extended rate-

equation mode] (continue from Table 5.5-2)

5.5.3. The rate-equation model

As was mentioned in Chapter 4, the modelling process consisted in
experimenting with different combinations of cross-relaxation processes and adjusting
the associated parameters in order to obtain a single set of values which predicted well
the observed experimental waveforms for all the levels under all the pumping conditions

in all concentrations. On some occasions there was more than one way to interpret an
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—"a;t(—t) = ~(bwrAgtonng()-(Arrar)n()
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t
Figure 5.5-1 Extended rate-equation model for Er/ZBAN glasses

B - radiative term, B - muiti-phonon term, [l - two-ion process, B - three ion process
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observed temporal feature. In these cases physical intuition had to be used together
with the rate-equation analysis in order to choose the most suitable approach for every
separate case. More than 30 cross-relaxation processes (see Figure 5.4-1 and
Figure 5.4-2) were considered for inclusion in the model. The final model consisted of
8 coupled non-linear differential equations which included 6 two-ion and 8 three-ion
cross-relaxation terms in addition to those associated with radiative and phonon decay.
The final version of this system of rate-equations is presented in Figure 5.5-1. These
equations have no analytic solution and hence solutions had to be obtained numerically.

The cross-relaxation rate constants, which were found to produce the best fits to

the experimental waveforms, are summarised in Table 5.5-4.

W(11,30) W(22,50) W(33,60)* W(21,40)**

=W(21,04)

W(50,31)
=W(50,13)

W(60,51)*

1x10ecm’/s

1x107 cm®/s

1.5%x107'% cm’/s

1x10™" em’/s

0.4x10°"° cm?/s

5x10" cm’/s

T(110,003)* T(111,500)** T(220,005)* T(222,610)*
0.3x10”" cm®s 3x1077 cm%s 0.3x10”" cm®s 2x10™° cm®s
T(300,011)* T(333,441)* T(333,008)* T(500,013)**
0.4x10°° cm®/s 1x10™* cm%s 1x107° cm®/s 3x107° cm®s
Table 5.5-4 Cross-relaxation parameters for Er/ZB(L.)AN glasses, determined from numerical

modelling with the extended rate-equation model. * - reported for first time, ** - reported
for first time in fluoride glasses. The values are considered accurate to within a factor of
about two (see section 5.5.5).

5.54. Agreement between model predictions

and experimental data

The ultimate test for the quality of the model which was developed in this thesis
is the ability of the model to predict the temporal behaviour of the system under a wide
variety of experimental conditions. In this regard, predictions of the final version of the
extended model were compared with the experimental waveforms for several different
pumping wavelengths. Plots of such comparisons, where measured and predicted

waveforms have been plotted together are presented in Figures 5.5-2 - 5.5-9. Because
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of the large number of waveforms (more than 1000) which were measured for the
various levels, concentrations and pumping wavelengths, it is necessary to present only
selected representative comparisons in the figures. In general, it was decided to present
experimental and predicted waveforms only for the lowest and highest concentrations
available- 1.6 mol% Er’* (or 0.8 mol% Er’*) and 18 mol% Er’*. The behaviour in
intermediate concentrations is generally not substantially different from those presented
and is consistent with an interpolation of the differences evident at lowest and highest
concentrations. In Chapter 4 it was seen that the behaviour of Level 1 in intermediate
concentrations was somewhat harder to model. For this case we also present a
comparison at an intermediate concentration of 10 mol% in order to demonstrate the
improvement obtained with the extensions to the model.

Figure 5.5-2 and Figure 5.5-3 compare predicted and measured waveforms for
all major levels under 800nm pumping. It can be seen that there are some small
disagreements between predicted and observed decay waveforms. The decay rate of
Levell (1.5 um fluorescence) in 18 mol% Er’*concentration, for instance, was
somewhat slower than that observed. The opposite case was observed for the Level 4
(655nm) and Level 6 (407nm) in 1.6 mol% Er’* concentration. However, in general
these deviations were not very significant and the predictions of the model followed the
experimental waveforms quite closely.

To illustrate the universal applicability of the model a limited number of
waveforms were also plotted for the other pumping wavelengths.  Only two
concentrations and only the two main levels (Level 1 and Level 2) as well as Level 5,
which also played an important role in the overall dynamics of the system, were
presented.

In Figure 5.5-4 the calculated and the experimental waveforms for 1.5 um
pumping are preéented. The good agreement of the decay waveforms for Level 1,
especially in high concentration, was an indication of the suitability of the choice of the
cross-relaxation parameters W(11,30) and especially T(110,003) and T(111,500). An
indication that a suitable value for the cross-relaxation rate constant T(111,500) has

been used was also the good agreement of the decay of Level 5 in 18 mol% Er’*
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Figure 5.5-2 Calculated populations and experimental fluorescence waveforms for Level 1 (1.5 pm),

Level 2 (980 nm) and Level 4 (655 nm) in 1.6 mol% Er* and 18 mol% Er’* under

800nm pumping
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Figure 5.5-3 Calculated populations and experimental fluorescence waveforms for Level 5 (540 nm)

and Level 6 (407 nm) in 1.6 mol% Er*" and 18 mol% Er** under 800 nm pumping

concentration. The predicted decay rate of Level 2 in both concentrations was somehow
higher than the observed one. So was also the decay rate of Level 5 again in both
concentrations.

Good agreement between calculated and experimental waveforms was also
observed under 975nm pumping (Figure 5.5-5) for almost all fluorescence lines. This
was considered an indication for the appropriate choice of the values for the cross-
relaxation parameters W(22,50), T(220,005) and T(222,610). The difference between
the decay waveforms of the 540nm fluorescence from Level 5 in low concentration

indicated the lack of a sufficiently fine balance between the initial population of
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Figure 5.5-6 Calculated populations and experimental fluorescence waveforms for Level 1 (1.5 um),
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403 nm pumping
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Level 6, which is responsible for the initial decay of Level 5 and the cross-relaxation
contribution, originating mostly from Level 2, which is responsible for the secondary
decay form in the decay of Level 5.

When studying the decay curves for the 520nm pumping, the main point of
interest was the fluorescence originating from Level 5 - the most populated level under
the circumstances. The very good agreement between the predicted and the
experimentally measured waveforms of the 540nm fluorescence (Figure 5.5-6) was an
indication of the suitability of the choice of the values of the cross-relaxation parameters
W(50,31) and most of all T(500,031). The calculated waveforms for the other levels
also followed the experimental ones remarkably well.

The fits in the case of the 403 nm pumping were also reasonably good. This
included fluorescences at 407 nm (from Level 6) and 540nm (from Level 5) (see Figure
5.5-7 and Figure 5.5-8) which are important for this pumping wavelength. From these
figures it is obvious that there are some discrepancies between predicted and measured
waveforms in both Er’* concentrations. However, the overall agreement for all
fluorescence lines was quite satisfactory.

Most of the graphs, which are presented above are in a sense self-explanatory -
they clearly point out the relative size and the direction of the deviation from the
experimental waveform. The need to look more carefully at situations where there is a
balance between competing processes has been mentioned previously with reference to
the behaviour of Level 1 at intermediate concentrations. Figure 5.5-9 presents two
situations where this balance operates. Both are good examples of fine balance of
contribution from different sources under 800nm pumping.

The decay waveform of the 1.5 um fluorescence from Level 1 in 10 mol% Er*
concentration under 800 nm pumping was already discussed in Chapter 4. The
problems of the fits with Model 1 (including only processes W(22,30), W(22,50) and
T(300,011)) and Model 2 (including also processes T(110,003) and T(220,005)) have
already been pointed out. Both these models are limited to the three lower excited
energy levels and as can be seen in Figure 5.5-9, their predictions deviate considerably
from the observed waveform. The predictions of the extended model developed in this
chapter show much improved fits to the experimental waveform. The main reason for

this is believed to be the inclusion in the model of the cross-relaxation processes
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T(111,500), T(222,610) and especially T(500,013). All of these processes play
significant roles in the modelling of this complex waveform. However, the deviation
from the experimental waveform is still appreciable. This shows that the fine balance
between the initial fast rise, caused predominantly by the cross-relaxation process
T(300,011), and the later slow rise, due mainly to the radiative decay from Level 2 and
also to the contribution of process T(500,013), has been predicted only approximately.

A similar fine balance of populations from different sources determines the
shape of the second fluorescence waveform of Figure 5.5-9. This waveform represents
the mise and the initial decay, as well as part of the late decay, of the 540 nm
fluorescence from Level 5 in 800nm pumping. There is some disagreement between the
predicted and the measured rate of the initial decay which is obvious in this figure.
However, it should be noted that Level 5 has substantially lower population than the
lower Levels 1 and 2. This makes Level 5 much more sensitive to small changes of the
cross-relaxation rates of the processes which originate from these lower levels (such as
W(22,50) and T(220,005)). Even processes such as T(300,011) and T(110,003) affect
Level 5 indirectly since they affect Level 2 which in tum affects Level 5. In these
circumstances the very presence of this initial component of the rise in the predicted
waveform should be regarded as an achievement for the model.

In conclusion, from the figures presented above it is clear that the extended
model provides very good agreement between predicted and measured fluorescence
waveforms for a wide variety of conditions. The main aim of the work was to provide a
model that could very satisfactorily predict the population behaviour of the main
fluorescing levels over a wide range of doping concentrations and pumping conditions
with 800 nm pumping. This has clearly been achieved. The relatively small
discrepancies between prediction and measurement that are evident for all pump
wavelengths are an indication that the model can still be further refined. However, in its
present form it is suitable for use in designing active devices such as lasers based on

these materials.
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3.5.5. Accuracy of the parameters obtained from

the numerical fits

As was discussed in Chapter 4, the fact that the values of the parameters in
Table 5.5-4 are determined from numerical solutions of the system of equations in
Figure 5.5-1 makes it very difficult to estimate the uncertainties in these values. A
study of the sensitivity of the fits to the experimental waveforms to the changes in the
parameters was performed in an attempt to try to quantify these uncertainties. Each
parameter was separately varied by a factor of between 0.25 and 6 (up to 8 steps) and
then the model was re-run. For every value of a parameter the sum of the squares of the
differences (SSD) between the experimental and the predicted fluorescence waveforms
was calculated. As is clear from previous discussions, there is a strong population
coupling among the levels resulting from the presence of the cross-relaxation processes.
Because of this coupling, for each value of a given parameter the calculations of the
SSD's would ideally have involved some form of weighted summation over all possible
fluorescence lines and all concentrations with all pumping wavelengths. Even when
performed one parameter at a time, this involves a very large number of calculations.
For example, the study of only 5 main fluorescence lines (corresponding to
Levels1,2,4,5,6) for only 3 different values of each of the 14 parameters in Table 5.4-1
in only 3 different concentrations under all 5 pumping wavelengths would require the
manipulation of several thousand files. The vast amount of work involved in such a
study makes it impractical. Instead, an approximate calculation of the SSDs has been
performed using only the most important and most strongly affected fluorescence lines.
No weighting factors have been used. In effect, weighting factors were incorporated by
selecting the moét strongly affected waveforms. Put another way, a proper weighted
SSD would have emphasised the levels of the type selected.

The second way in which the number of calculations was limited was to
calculate the SSD only for the concentration where the greatest effect of a particular
cross relaxation process was expected. Calculations of the integrated contributions of
the different cross relaxation terms in the rate-equations for all the main levels for 800

nm pumping were used to identify the most affected levels and concentrations for most
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of the cross-relaxation processes (see next section and Table 5.5-5 for these
calculations). It was clear from the very nature of the processes T(111,500),
T(222,610), T(500,013) and W(60,51) that their effect is not very significant in 800nm
pumping. Accordingly the calculations of the SSD's for these processes was performed
under 1.5 um, 975 nm, 520 nm and 403 nm pumping. Because of the more speculative
nature of processes W(33,42), T(333,008) and T(333,441), no study of the sensitivity of
the fits to their cross-relaxation rates was carried out. However, the sensitivity of
appropriate fits to variations of these parameters is not likely to be very different from
that of the other parameters.

Before presenting the results of the calculations of SSDs, it is useful to explain a
little more clearly how Table 5.5-5 was used to select a particular fluorescence line and
doping concentration in which to study the sensitivity of the solutions to variations in a
particular parameter. For example, under 800 nm pumping the process W(22,50)
accounted for about 41% of the total incoming population of Level 5 at 1.6 mol%
doping. This is a very significant fraction and hence the sensitivity of the fits to this
parameter was studied using the fluorescence waveform for this level and concentration.
Similar considerations have been used in selecting waveforms with which to study the
parameter sensitivity for the other cross-relaxation processes. Initially, the SSD
between the experimental and the predicted waveforms was studied for values of the
cross-relaxation parameters as used in the model (called in the figure "chosen values”)
as well as these multiplied by factor of 0.5 and 2. In the cases where too low or too high
sensitivity was displayed a wider range of multiplication factors was used.

The results of this limited, but still quite extensive, sensitivity study are
presented in Figure 5.5-10 (A) - (F). These figures include SSD histograms for 11
different cross relaxation processes (some processes are included more than once). In
all cases except W(50,31), and possibly T(111,500), it can be seen that a factor of two
change in the parameter produces substantial variations in the SSD. Thus with the
exception of the above levels, it would appear that one could easily define the parameter
to significantly better than a factor of 2. While one cannot really make any authoritative
estimate of accuracy of parameters from this study, in general it seems that a factor of

two would represent a reasonable rough estimate of the precision of the parameters
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determined from the model. Certainly for the majority of the parameters presented in
Figure 5.5-10 one can clearly see changes in the fits from variations smaller than a
factor of two. However, when one considers the SSD summed over all strongly affected
levels, rather than a single one as in Figure 5.5-10, something like a factor of two seems
a reasonable guide to the uncertainty.

One further point should also be made. In some of the figures of Figure 5.5-10,
it appears that the "chosen” values of the parameter do not give the smallest SSD and
hence one may think that this is an indication that a further refinement is required.
However it should be remembered that in general a change in one parameter affects
many levels and the "chosen" values were selected to optimise the fits for all levels.
Thus when changing a particular parameter the overall effect on all affected levels

should be considered.

5.5.6. Relative contributions of the various

processes under 800nm pumping

Having discussed the cross-relaxation parameters and their effect on the quality
of the fits to the experimental data, we can now move on and analyse the relative
contribution of the various processes to the population and depopulation of the affected
levels. For this purpose the integrated contribution of every term in the rate-equations
for Levels 1 - 5 (Figure 5.5-1) was calculated. The integrated values were represented
as percentages of the overall population passing through the particular level (sum of all
the integrated terms which contribute to the population of the level). The results of this
study are presented in Table 5.5-5. The sums of the positive and negative terms
affecting the population of a level always agree to better than two percent and hence the
uncertainties in the percentages listed in Table 5.5-5 are smaller than this. In this table,
the terms populating the levels are denoted using red and those depopulating the levels
are written using blue. Important cross-relaxation terms are highlighted in grey with the
degree of shading correlating with importance. Only two Er’* concentrations are used;

1.6 mol% and 18 mol% .
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Level 1 (4113/2)

As expected in low Er* concentration, Level 1 received its population
predominantly from the radiative and multi-phonon assisted decay from Level 2 (*I;1/,)
and was depopulated via its own radiative decay. The effect of the contributing process
T(500,031) and especially T(300,011), appreciable even in low concentrations,
increased with concentration and completely dominated at 18 mol% Er’*. Process
T(110,003), together with the radiative decay were mainly responsible for the

depopulation of Level 1 in high concentration.

e Level2 (4111/2)

For this 800 nm pump, almost the entire population of Level 2 (*I;12) in both
1.6 mol% Er’* and 18 mol% Er>* originated from the multi-phonon assisted decay from
Level 3 (*lysy). Part of the reason for that was probably the fact that most of the cross-
relaxation processes, originating from Level 1 (W(11,30) and T(110,003) ) and Level 5
(W(50,31) and T(500,031)) terminated on Level 3. While in low concentration the
radiative and the multi-phonon assisted decay completely dominated the depopulation
of Level 2, in high concentration the process W(22,50) and especially T(220,005) had
also a substantial contribution. Noticeably, in these high concentrations the contribution
of the three ion process T(222,610) was also appreciable. This was in contrast with the
contribution of process T(111,500) which, for this pumping wavelength (800nm), did

not have any effect on the system.

o Level 4 (*Fop)
In low Er’* concentration, Level 4 (*Foy) received its population mainly via the multi-
phonon assisted decay from Level 5 and decayed via its own radiative and multi-phonon
assisted decay. The effects of processes T(333,441) and especially W(21,40) were
significantly enhanced at high concentrations. Also it should be noted that the values in
Table 5.5-5 were integrated ones and hence take no account of the time interval over
which a process acts. It is possible to have a small integrated population and still have a
significant effect over a short time interval (e.g. the rise). For instance, the process

T(333,441), despite its relatively small contribution in 18 mol% Er’”, completely
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dominated the rise of Level 4 because its effect is present only during the first 30 or so

microseconds.

o Level 5 (*S3p+°Hyip)

In low concentrations the two processes W22,50) and T(220,005) are roughly
equal in determining the population of this level. In high concentrations, however,
T(220,005) completely dominates. In both concentrations the cross-relaxation process
T(500,031) was by far the most important in depopulating Level 5. As was mentioned
in earlier discussions, the effect of process W(50,31) was relatively small and only

noticeable in low Er’* concentration

5.6. Conclusions

This chapter has presented a comprehensive study of the population dynamics of the
main fluorescing energy levels in highly-doped Er’*/ZB(L)AN glasses. This study has
involved extensive measurements of fluorescences from important energy levels,
clarification of the physical processes responsible for the details of each fluorescence
waveform and finally the development of a model which can predict fluorescence
waveforms which agree quite well with those measured over a wide variety of
conditions. The main results of the study were as follows:

- A large number of fluorescence waveforms for eight fluorescence levels of the
system Er’*/ZB(L)AN have been collected for 5 different pumping wavelengths in
samples with Er’* concentrations from 0.2 mol% to 18 mol%.

- These fluorescence waveforms have been fitted using analytical functions,
derived from a simplified rate-equation analysis. Where no analytical solutions could
be found, a simple-exponential- or combination of rise + decay-exponential-function fits
have been used. These fits have been used to summarise the principal features of the
waveforms in tabular form.

- The data from the fits to the experimental waveforms have been analysed in
detail to provide a physical understanding of the processes responsible for the features

evident in the tabulated data. The dominant ion-ion exchange processes have been
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identified. A complex rate-equation model, consisting of nine coupled non-linear rate-
equations, has been developed.

- In the process of the modelling, 2 two-ion cross-relaxation processes and 6
three-ion cross-relaxation processes were, to our knowledge, introduced for the first
time in explaining the population dynamics of the Er’* ions. In addition, 3 other
processes were applied for the first time for Er’* ions in fluoride glasses.

- The cross-relaxation rate constants in this model have been varied until good
agreement with the experimental waveforms has been achieved. A single self-
consistent set of rate constants was obtained for the 14 cross-relaxation processes
implemented in the model. Modelling with this set of constants produced waveforms
which agreed quite well with those measured for the main fluorescent levels over the
whole range of Er’* concentrations used.

- The sensitivity of the SSD between predicted and measured waveforms to
changes in the values of the cross-relaxation rate constants has been studied. This has
allowed estimation of the accuracy of the rate constants obtained from the model. The
parameters are considered accurate to within a factor of about two.

- The integrated contributions of the various process terms in the rate equation
model for Levels 1,2,4 and 5 with 800nm pumping have been calculated. These
calculations quantified the overall importance of the various processes involved in
population and de-population of the different excited energy levels.

The studied Er3+/ZB(L)AN system exhibited a large number of fluorescence
lines, some of which were overlapping, and had quite complex fluorescence waveforms.
While still capable of further refinement, the rate equation model makes a significant
contribution to the identification and quantification of the dominant mechanisms in the

population dynamics of this system.

5.101



Chapter 6

Conclusion

Knowles and Jenssen (1992) in a study of Er, Pr:BaY,Fg stated that erbium has
proven to be a very difficult system to understand, especially when high doping
concentrations are involved. The present research confirmed this to be the case. The
low multiphonon rates in the fluorozirconate glasses result in a high quantum efficiency
of the energy levels of the erbium ions. These high quantum efficiencies give rise to
numerous fluorescence lines, many of which are non-existent in other glasses, including
silica glasses. Some of these fluorescence lines are overlapping because of the resonant
spacing between many energy levels in erbium. These overlapping fluorescence lines
are evident also in the lifetime measurements, where complex waveforms with multiple
nses and decays are observed. This study confirmed that the resonant spacing also
gives rise to a large number of two-ion and three-ion cross-relaxation processes, which
are especially important in the high erbium concentrations used in this research. These
cross-relaxation processes cause a continuous redistribution of population among all the

levels. This results in complex population dynamics which is very difficult to analyse
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and model. The need for the present research was justified by the previous lack of very
detailed analysis of these cross-relaxation processes in glasses. Knowledge of these
processes and the associated cross-relaxation rate-constants is very important for the
design and optimisation of future optoelectronic devices using these materials. Thus
this study has concentrated on investigation of the temporal behaviour of the
fluorescence from highly doped Er/ZB(L)AN glasses and the effect of various cross-

relaxation processes on this behaviour. A short summary of this study is presented

below.

Brief summary of the work:

Chemically stable ZB(LL)AN glasses with excellent optical qualities and erbium
concentration from 0.2 mol% to 18 mol % have been produced.

Fluorescence and absorption spectra of these glasses have been studied. The
absorption cross-sections for the main pumping wavelengths are presented below (the

uncertainties are 10%):

Pumping A 1.5 um 980 nm 800 nm 520 nm 403 nm

o (cm®) 45x10°7  [19x107" [0.6x10"" | 11x107 1.3 x10%

While pumping at 800 nm, the fluorescence intensities of the main fluorescence
lines have been studied as a function of the erbium concentration and pump power. All
of the fluorescence lines studied exhibited an increase in intensity up to a doping level
of about 12-14 mol% and a decrease beyond that concentration. Log/log plots of the
fluorescence intehsity vs pump power at 800 nm revealed that, as expected, the pump
process for excitation of the 13 and *I; 12 vlevels was characterised by absorption of an
average of approximately one pump photon per excited ion. Similar plots showed that
the excitation process for the *Fy, and (4S3/2+2H11/2) levels required an average
absorption of about two pump photons per excited ion. The fluorescence at 407 nm
required an average of more than two pump photons per fluorescence photon. Later

lifetime measurements of this violet line indicated that the fluorescence at this
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wavelength probably originates from two different levels; the “Hyy; level, populated by
two excitation photons, and a higher “Dg/, level, which was populated by a process
requiring the absorption of three excitation photons.

Numerous decay waveforms were measured for all main fluorescence lines in
samples covering the whole range of concentrations under 800 nm, 1.5 mu, 980 nm,
520 nm and 403 nm pumping. The effects of the various cross-relaxation processes on
the population dynamics of the Er**/ZB(L)AN system were analysed in detail. In some
cases this analysis allowed simplified analytical functions to be derived and fitted to the
observed decay curves. However, for most of the fluorescence waveforms the analysis
was too complex and no analytical fitting functions could be derived. Single or multiple
nise and decay exponential functions were fitted to the experimental waveforms in these
cases. The fitting of these functions allowed the fluorescence waveform data to be
summarised in tabular form.

Under 800 nm pumping, most of the excited erbium ions were presumed to be in
the first three excited energy levels. For that reason the first attempt of modelling used
a system of rate equations involving only these levels. Despite the limited number of
levels, the inclusion of three-ion processes led to non-linear equations which could not
be solved analytically and hence numerical routines were used. Two important
conclusions were drawn from the numerical modelling involving these three excited
states. The first conclusion was that in high doping concentrations the three-ion cross-
relaxation process T(330,001) was mainly responsible for the fast rise of the population
of Level 1 (4113/2) with 800 nm excitation. The second conclusion was that in the
population dynamics of the Er’*/ZB(L)AN system in high doping concentrations, there
was a strong indication of the presence of two other three-ion processes, T(110,003) and
T(220,005).

This first model was found to be unsatisfactory for two main reasons:

e The limited number of levels under consideration did not introduce sufficient
constraints on the modelling so that there was a unique model which could duplicate
the measured waveforms. As a result the model could not distinguish between

similar processes
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e While the model produced reasonable fits to the measured waveforms at both high
and low concentrations, the agreement at intermediate concentrations was not
adequate, especially in the case of the waveform of the *I,5, level (Level 1)

It was clear from this first modelling attempt using only three excited states that higher

energy levels were involved in the processes that affected Levels 1 - 3. With this in

mind the range of fluorescence measurements was extended to include all detectable
fluorescence waveforms (with appreciable fluorescence intensity). Some of these
waveforms originated from levels as high as the 4Dm level (LLevel 8). This fluorescence
data was used to extend the initial model to include these higher excited states. More
than 30 different cross-relaxation processes (see Fig. 5.4-1 and Fig.5.4-2, Chapter5) and
their effects on the population dynamics of the relevant levels were investigated. An
extended rate-equation model (see Fig. 5.5-1, Chapter 5), including 8 excited levels and
14 cross-relaxation processes, was constructed. The values of the cross-relaxation rate

constants which best modelled the experimental waveforms are presented in the table

below (see also Table 5.5-4, Chapter 5).

W(11,30)

W(22,50)

W(33,60)*

W(21,40)**
=W (21,04)

W(50,31)
=W(50,13)

W(60,51)*

1x10em®/s

1x10" cm’/s

1.5x10"° cm’/s

1x10™" em’/s

0.4x10°"° cm®/s

5x10" em’¥s

T(110,003)* T(111,500)** T(220,005)* T(222,610)*
0.3x10™" cm%s 31077 cm®/s 0.3x10”" cm¥s 2x10™ cm%s
T(300,011)* T(333,441)* T(333,008)* T(500,013)**
0.4x107° cm®s 1x10* cm®s 1x10™* cms 3x10™° cm¥s

Because of the use of numerical routines it was difficult to estimate the

uncertainties in the above parameters. However, a study of the sensitivity of the fits to
the experimental waveforms to change in these parameters indicated that these are
accurate within about a factor of two. The integrated contributions of the various
processes affecting the population of the main fluorescing levels were calculated for 800
nm pumping. This calculation allowed the relative importance of the different

processes affecting a particular level to be quantified.
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In conclusion - a very detailed study of the population dynamics in heavily-
doped Er*/ZB(L)AN glasses has been carried out. A large number of ion-ion exchange
processes were found to be important for the population dynamics of the system. The
dominant processes were identified and values for their rate constants were obtained.
Most of these processes are reported for first time in this thesis and associated
publications (see Table 5.5-2, Chapter 5). The relative importance of these processes
for the population dynamics of the affected levels with 800 nm excitation has been
evaluated.

The dynamics of the Er’*/ZB(L)AN system in these high concentrations is very
complex. Because of this, and also because of the numerical nature of the modelling
process, the possibility of the existence of more than one self-consistent set of rate
constants which adequately model the measured waveforms could not be completely
excluded. However, from the discussions in Chapter 5 it is apparent that the complex
re-population mechanisms imposed tight restrictions on the cross-relaxation rate
constants of all processes introduced in the system. Also it should be remembered that
the single set of cross-relaxation rates obtained in this thesis satisfies reasonably well
measured waveforms of many fluorescing lines for 5 different pumping wavelengths in
samples with erbium concentrations varying by two orders of magnitude. These
requirements also imposed severe limitation on the choice of cross-relaxation processes
included in the model, as well as on the values of the corresponding rates. Thus, while
the existence of a different set of cross-relaxation processes or rate constants can not be
completely ruled out, all the indications are that it is very unlikely.

The main contribution of this work is that it provides a much more-detailed
understanding of the population dynamics in Er’* glasses than has previously been
published. There are also a number of possible applications of the cross-relaxation rate
constants obtained in this work. These rate constants could be used for determining an
unknown doping concentration (or concentration profile) in a sample from fluorescence
measurements in a way similar to that described by Petreski et al., (1997) and Mitchell
et al. (1999). Knowledge of the cross relaxation processes and their rate constants
should also enable future detailed modelling and optimisation of heavily-doped erbium

systems in devices such as lasers, amplifiers and waveguides.
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The model has already been used for laser modelling and it has shown some
promising results. While a laser based on the ZB(L)AN glasses studied in this thesis is
yet to be constructed, Sandrock et al.(1999) recently reported two bulk lasers lasing at
2.7 um - 2.8 um in very similar materials. Er’* concentrations of 5 mol% and 8 mol%
were used for these lasers. A slightly modified version of the rate-equation model
presehted in this thesis fitted reasonably well the experimental laser data presented by
Sandrock e al. Some of the experimental parameters such as pump coupling efficiency
and diffraction losses had to be adjusted in order to optimise the agreement. However,
all the values used were well within the range expected for the particular experimental
setup. The figure below presents experimental and modelled input/output
characteristics of Er’":ZB(L)AN lasers for several doping concentrations.  The
continuous lines represent output vs input power for 5 mol%, 8 mol%, 12 mol% and 16
mol% predicted by the model. The dots represent the experimental data for 5 mol% and
8 mol% from the publication of Sandrock er al. It could be noticed that two different
values of pump coupling efficiency (n) were needed in the model to achieve a good fit
to the experimental points for 5 mol% and 8 mol%. It was not clear from the
publication of Sandrock et al. if such a difference in 1 was present in the experimental
setup for both lasers. However, the fact that only a simple scaling factor allows good
predictibns for the performance of two different lasers to be made was considered as

very encouraging indication for the overall good performance of the model.

012 - 116% model (1 = 0.7) |

[12% model (n = 0.7) |

0.1 -

0.08 -

8% model (n = 0.7)]

Power Out (W)
(@]
Q
[@)]

0.04 - [5% model (1 = 0.7)] j
0.02 -
(5% model (n = 0.5)|
O B T T T T T T 1
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Power In (W)

Calculated (continuous lines) and experimental (doted lines) input/output characteristics of Er3+:ZB(L)AN
lasers for the indicated doping concentrations. The experimental data is from Sandrock et al.(1999). n -

pump coupling efficiency used in the calculations.
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Another good indication was that the model predicted the observed non-linear

behaviour in the threshold region. Also, as could be seen in the figure above, the model

predictions indicated that a concentration of 16 mol% is very close to the optimum

concentration with respect to the slope efficiency of the particular laser setup used. This

was in agreement with the trends discussed by Sandrock ez al for YLF crystals.

Future work

There are several different areas where further work is required to extend this research.

One of the problems in the experimental work of this thesis was the non-uniform
power distribution within the pump beam. This resulted in relatively large
uncertainty in the estimate of the area of the beam spot. A beam homogeniser, not
available for this thesis, could be used in future experiments to improve the
uniformity of the pumping beam. This would allow more precise estimate of the
energy density of the pump, which would reduce the associated uncertainties in the
estimates of the initial populations of the various levels. A beam analyser could
also be used. While it would not improve the uniformity of the pump beam, it
would substantially improve the accuracy of our estimate of the beam size and
therefore of the pump densities used. This will ultimately allow more precise
values of the cross-relaxation rate constants to be obtained.

A coherent model was developed, which predicted well the temporal population
behaviour of the 5 lowest energy levels in the erbium ions. However, a really
detailed analysis was carried out only for the case of 800 nm pumping. As can be
seen from the discussions in Chapter 5, there are still some inconsistencies between
model predictions and experimental data, especially for pumping wavelengths other
than 800 nm. More detailed studies at these wavelengths, as well as new
wavelengths (i.e. 650 nm), would allow further refinement of the model. Such
studies could result in fine tuning of rate constants already introduced or perhaps
even add small effects due to other processes. Processes, which are prominent at
pump wavelengths other than the five used in this thesis could have a noticeable

effect at some of these five pumping wavelengths. This may help remove
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remaining inconsistencies between measurement and predictions of the existing
model.

Another useful study would be that of the fluorescence properties of Level 7 under
direct pumping at around and 314 nm. As was mentioned previously, the radiative
and multiphonon decay rates of this level suggest an overall decay time of several
hundred microseconds. If this is the case, this level may play an important role in
the overall population dynamics under UV pumping.

Another study that would produce interesting information involves the effect of
temperature on the overall population dynamics of the Er’*/ZB(L)AN system.
Temperature variations result in redistribution in the population of the Stark levels
and also in altered phonon-assisted decay rates. It has been shown for crystals
(Lupei, 1990) that temperature affects the efficiency of the various cross-relaxation
processes and different cross-relaxation processes can dominate the population
dynamics of a particular level at different temperatures.

As it was discussed previously, the model developed here predicted reasonably well
the experimental output characteristics of the 2.7 um lasers, reported by Sandrock
et al.(1999). However, another important test and application would be to use the
model to predict the laser dynamics in potential glass materials. Thus, one possible
extension of the present work would be to study the suitability of the Er*/ZB(L)AN
glasses, studied in this thesis, for laser applications. The model could then be used
to optimise various parameters, such as doping concentration with respect to the
particular laser wavelength. While the immediate interest could concentrate on 1.5
pm and 2.7 um emission wavelengths, other wavelength could also be studied at a

later stage.
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Symbols and Acronyms

*- a number with very large fitting uncertainties
a — host dependent parameter
A _ assumed value
A —radiative decay rate
Aj; - the spontaneous emission rate from state i to state |
b — host dependent parameter
bjj — branching ratio for fluorescence from Level i to Level j
¢ - constant (w(R)=cR™)
C - erbium concentration
C* — constant =n,g (p+by 1 Ap)
D —thickness of the sample
D* —diffusion coefficient
E — energy of the pump pulse,
E.bs - absorbed pumping energy
ESA —excited state absorption
fij () - emission (absorption) oscillator strength of the transition from level i to level j (or
vice versus).
g; - degeneracy factors of level i
g; - degeneracy factors of Level |
hv — pump photon energy
k — constant (k= (4/3)nT(1 - 3/5)N.R, To )
K — cross-relaxation coefficient corresponding to W(22,50) or W(11,30)
K' - constant =(2KC)
Ky — coefficient (see Equations 2.3-7 +2.3-10)
m - mass of the electron.
Ny - the absolute population of the ground level
NA — non available

N, — number acceptor ions per unit volume
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N4 —donor concentration

NE - non-exponential

Ne; — the number of excited ions

Neis1v - the number of excited ions per unit volume

N; — absolute population of i-th Level

n; — normalised population of i-th Level (normalised with the Er**concentration)
n;o — initial normalized population of i-th Level

p — the number of photons required to bridge an energy gap

P,Q — constants

R _ repeated measurements for repeatability check

R? - correlation coefficient

R, — donor - acceptor separation

s — constant (s=6,8 or 10 depending on the type of multipolar interaction)
S — pumped area of the sample

SSD — sum of the squares of the differences

T — three ion cross-relaxation process

t — time

t; — time constants

U - constant (see Equation 2.3-10)

v — sample volume

V; - measured voltage, corresponding to relative population n;
W — two-ion cross-relaxation process

w (R,) — probability for direct donor - acceptor energy transfer
x=D*c 1323

Z — constant =V (t)/n(t)

ZBLAN -Zirconium Barium Lanthanum Aluminium Sodium
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v(r - r,) —the probability for energy transfer from an excited donor to the n'® acceptor at
position Iy

®(r,t) — excitation density

I' — gamma function

o — absorption coefficient

Aij — the wavelength for the transition from level i to level j

A — wavelength

Gij)‘-the pick cross-section at wavelength A for absorption from level i to level j

G — absorption cross-section,

o' — integrated absorption cross-section

T, — intrinsic decay rate( the decay time in absence of energy-transfer processes)

T, (T4) — rise (decay) time constants of exponential functions

®; — multiphonon decay rate from i-th level

y; ~ the resonance frequency of the transition from Level i to Level ]
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