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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
OPTOELECTRONICS RESEARCH CENTRE
DEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

by Marco N. Petrovich

This thesis investigates gallium lanthanum oxysulphide (GLS) glasses for potential fibre device
applications. GLS glasses have low phonon energy and high rare earth solubility, which makes
them candidates for rare earth-doped devices, and in particular for the 1.3 um praseodymium-
doped optical fibre amplifier. In addition, they have one of the highest nonlinear figures of
merit among optical glasses, and therefore have potential for all-optical switching and other
nonlinear devices. Practical applications, however, have been prevented by the impossibility, to
date, of achieving single mode fibres with low attenuation. Previous efforts were concentrated
on fabrication and especially tried to address the known issues of glass purity and thermal
stability. The present work is focussed on assessing the fundamental glass transparency and on
the mechanisms affecting the transmission loss of GLS glasses.

The optical absorption at 1.55 and 1.7 um was measured for the first time by laser absorption
calorimetry using a tunable free-electron laser source. To this end, a calorimeter was designed
and commissioned and an improved model for the heat flow analysis of laser calorimetry was
also developed. Our measurements identified optical absorption as the principal near-IR loss
mechanism for GLS glasses. The extrinsic absorption due to transition metal ion impurities was
also measured, and the presence of the weak absorption tail, due to absorption from gap states,
was investigated. The occurrence of photoinduced effects and their impact on the material’s
transmission was also analysed. A thorough characterisation of the photodarkening and pho-
toinduced absorption due to bandgap illumination, including its dependence on the excitation
wavelength, and the kinetics of its formation, decay and reversibility, was achieved. Finally,
the response of GLS glasses to high-intensity irradiation in the 1 um region was studied and
photoinduced darkening was observed to occur in low oxide undoped and Pr3*-doped GLS.

All these topics are of great practical relevance. The present work clearly demonstrates that, in
addition to the known fabrication challenges of monomode GLS fibres, careful consideration of
the intrinsic transparency and photoinduced effects is essential for their successful application in

fibre devices.
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Chapter 1

Introduction.

1.1 Novel Materials for Optical Fibre Telecommunications

The impressive growth of the optical telecommunications industry in the last decade has
its foundations on silica-based fibre optics that is now established as a mature technology.
Silica glass is universally referred to as the ultimate material for long-haul optical fibre
telecommunications as well as for a number of other photonic applications, ranging
from fibre lasers to optical sensing, power delivery and imaging. Moreover, driven by
the revolutionary invention of the erbium doped fibre amplifier (EDFA) in 1985 (1), a
strong impact has been made in recent years by other ground-breaking discoveries, such
as photoinscripted fibre gratings and microstructured and photonic crystal fibres. These
developments clearly reaffirm that the potential of silica as a photonic material has yet
to be fully exploited.

Silica has significant advantages over other optical materials because it is cheap and easy
to fabricate, remarkably stable and, especially, because it has very low transmission loss.
The continued progress in silica glass fabrication technologies has allowed it to come
closer to the intrinsic limits of transparency, than any other optical glass (2). Light
signals in optical fibre networks can travel for a few hundred kilometers before becoming
significantly attenuated. However, when it comes to optical devices, the attenuation is
only one of the factors affecting their performance. For applications where a shorter
device length (a few meters to tens of meters) is required, other factors also become
relevant, and a greater variety of material properties and structures may be desirable in
order to realise devices with superior characteristics.

In all-optical and opto-electronic based communication systems there are several in-
stances where extension of the state-of-the-art requires novel materials, justifying the
cost of developing a new technology and the inevitable difficulties in matching it with
the existing ones. Perhaps the most cited instance is that of broadband optical fibre
amplifiers. In the EDFA, erbium doped silica constitutes a unique ‘ideal match’, where

1
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erbium has a highly efficient laser transition in the region of maximum transparency
of silica. To date, the performance of the EDFA is unrivaled and it has been the only
commercially viable optical amplifier for at least a decade; however its gain spectrum
bandwidth is small as compared to the width of the region of low attenuation of silica

optical fibre networks.

Historically, due to the presence of the overtone absorption of the hydroxyl impurity
around 1400 nm, the region of lowest attenuation of silica used to be divided into two
separate windows, conventionally indicated as the second and third communication win-
dow (see figure 1.1). The second window, centered at 1310 nm, had the advantage,
apart from the low loss, of coinciding with the region of minimum chromatic dispersion
in standard silica fibres. The first long-haul transmission systems, based on electro-
optical repeaters, operated in this window. From the mid-'90s, the development of
EDFAs and the progress in wavelength dispersion engineering completely overturned
the advantage in favour of the third, lowest attenuation window centered at 1550 nm.
Although still pertinent to a fraction of the installed fibre networks, the division into
second and third window is now rapidly becoming obsolete; in the last generation of
ultra-dry telecom fibres, such as the Magnilight”™ fibre developed by Pirelli Cables
or the AllWave™™ fibre developed by Lucent Technologies, the OH™ band is virtually
absent and one continuous, low-loss window, spanning about 1260 to 1675 nm, is avail-
able for data transmission. This window is now subdivided in six conventional bands as
shown in figure 1.1. Conventional EDFAs work in the ‘conventional’ C band between
1530 and 1565 nm, while gain-shifted EDFAs cover the ‘long’ L band (1565-1625 nm).
The current DWDM channel capacity of most optical fibre networks is determined by the
bandwidth of these erbium-doped amplifiers; the other bands are currently not exploited
in DWDM systems mainly due to the lack of suitable amplifiers. The trend towards com-
munications networks with larger capacity, faster rates and improved flexibility requires
the development of new devices to exploit more of the available bandwidth; technolog-
ical forecasts and telecommunication roadmaps have anticipated that amplifiers will be
eventually developed, covering the whole region from 1260 to 1675 nm, which would
accommodate several times the DWDM channel capacity of the present technology.

Apart from erbium, there are other trivalent rare-earth ions with optical transitions
in the region of minimum attenuation of silica, which therefore offer amplification
schemes for devices alternative to EDFAs. Fluorescent emissions from neodymium,
praseodymium and dysprosium ions have a significant overlap with the ‘original’ O-band
(1260-1360 nm}), which coincides with the second telecom window in the old terminol-
ogy; thulium is relevant for the ‘short’ S-band (1460-1530 nm) and ‘ultra-long’ U-band
(1625-1675 nm), while holmium has a transition covering the ‘extended’ E band (1360-
1460 nm). Unfortunately, silica is not suitable as a host for any of these rare earths,
since its high phonon energy compromises their fluorescent properties. Thus, other glass
systems with lower phonon energy, such as tellurites and heavy metal oxides (HMO)
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Ficure 1.1: Transmission of silica fibres showing the region of minimum attenuation
and the six conventional bands of optical telecommunications.

glasses, fluoride glasses and chalcogenide glasses, have been investigated as alternative
hosts for rare-earth doped devices. These are typically multicomponent glasses, where
mixing compounds with different physical properties provides extra flexibility in engi-
neering the material’s properties. Multicomponent chalcogenide glasses have very low
phonon energy and are also attractive because of unique properties, because they can
be prepared in a variety of ways, and they can be compositionally adjusted in order to
produce a variety of optical responses. This opens the possibility of integrating different
devices on the same optical material. For instance, chalcogenides have the highest third
order nonlinearity among optical glasses (3). In these materials, high intensity light
pulses can efficiently drive the glass properties with ultra-fast (ps or sub-ps) response
time. Third-order nonlinearity can be used to manipulate optical pulses at very high
rates and exploited to fabricate components such as all-optical switches, modulators and

wavelength converters.

1.2 Chalcogenide Glasses

Chalcogenides are defined as the compounds formed by the ‘chalcogen’ elements from
Group VI of the Periodic Table, i.e. sulphides, selenides and tellurides. Several chalco-
genide compounds are excellent glass formers, and the vitreous materials, generally
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obtained by melt-quenching, are referred as to the Chalcogenide glasses. These con-
stitute a very large class of materials, which includes elemental chalcogens (Se, Te,
Se:S), several binary V-VI (A4s:S, As:Se), IV-VI (GeS>) and II1-VI compounds and al-
loys (B2S3, In:Se), some transition metal chalcogenides (Mo0S5), and a large number of
ternary {(or higher multinary) combinations of the above (As:S:Se, Ge:Ga:S, Ge:As:Se,
Ge:As:Se:Te, etc.). The fabrication, properties and applications of several chalcogenide
glass systems have been extensively described in the books by Kokorina (4), Sanghera
(5), and Hewak (6).

From a materials standpoint, chalcogenide glasses are rather different from oxide and
halide glasses, due principally to the different character of the chemical bonds within
their glassy network. A comparative overview of optical, mechanical and thermal prop-
erties is presented in table 1.1 as a guide. Oxide and halide glasses are in their vast
majority stoichiometric compounds where ionic contribution to bonding is significant
(oxides), or the chemical bonds are totally ionic (halides). Chalcogenide glasses can
either be stoichiometric or non-stoichiometric, i.e. alloys, and are covalent materials
in nature. Consequently, while oxides and halides are generally insulators, with large
bandgap energies (e.g., &~ 10 eV for silica and ZBLAN), chalcogenide glasses behave
like amorphous semiconductors, having their electronic absorption edge at the red-end
of the visible spectrum or in the near-infrared (NIR). Furthermore, the lower average
binding energy and larger mass of chalcogen anions cause their characteristic vibrational
energies to be very low and lead to enhanced infrared transmission. The transmission
window depends to a large extent on the chalcogen anion: sulphides have larger bandgap
and transmit to shorter wavelengths, while tellurides have the lowest phonon energy and
transmit to the longest wavelengths, but are totally opaque in the visible (figure 1.3).

Besides the infrared transparency, the chalcogenide glasses show a number of other prop-
erties which are interesting both fundamentally and from the point of view of device ap-
plications. These optical media have high refractive index, high third-order nonlinearity
(7), and strong magneto-optic (8) and acousto-optic effects (9). Comparing the thermal
and mechanical properties of oxides and chalcogenides {table 1.1), it is clear that the lat-
ter are softer and mechanically less tough materials (lower glass transition temperature,
smaller elastic moduli and larger expansion coefficients). This correlates with weaker
chemical bonds and the lower average co-ordination number of chalcogenides, which in
turn cause their glass network to be typically ‘floppy’ and susceptible to metastable
configurational modifications. These modifications, that can be induced externally for
instance by bandgap illumination or by temperature changes, are generally accompa-
nied by modifications of physical properties such as optical transmission, density, etching
rate and charge transport properties. A number of photoinduced phenomena have been
reported, including photodarkening (PD), photobleaching and photoexpansion; reviews
on this topic have been presented by Pfeiffer (10) and Tanaka (11). Depending on the
chalcogenide material, on the fabrication procedure and on the intensity and wavelength
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TABLE 1.1: Selected physical properties of GLS, fluorozirconate and silica glass.

GLS ZBLAN Silica
Optical
Electronic Bandgap (eV) 2.6 8.9 9
Phonon energy (em™1) 425 600 1150
Transmission window (um) 0.53—-5.0 022—40 0.16-2.0
Refractive Index (1) 2.38 1.48 1.44
Non-linear Refr. Index (1072° m2 W—1) (1) 200 A 2 2.5
Zero- dispersion wavelength (um) - 1.6 1.3
dn/dT (10-5 K~Y) 10 15 1.2
Verdet constant (deg T~ *m™1) () 836 - 75.5
Mechanical
Density (kg m™3) 4100 4300 2200
Thermal expansion coefficient (1076 K~1) 10.6 17.2 0.55
Young’s modulus (GPa) 59 58.3 73.1
Knoop hardness (10% kg m™—2) 200 225 600
Thermal
Glass Transition Temperature (°C) 559 265 1175
Melting Temperature (°C) 840 692 > 2200
Specific heat (J kg~1K 1) 540 427 743
Thermal conductivity (W m='K 1) 0.62 0.63 1.38
(1) Value @1.5um Ref. (12) Ref. (13) Ref. (14)

of the light inducing such modifications, either reversible or irreversible phenomena can
occur. These photoinduced phenomena constitute a very useful tool to investigate the
microstructure of the chalcogenide glasses.

As infrared transmitting materials, chalcogenide glasses have been known and investi-
gated for several decades. Originally the interest was for use as passive optical elements.
The fabrication of an optical fibre in chalcogenide glass (As,Ss) was first reported by
Kapany and co-workers in 1965 (15). Since then, chalcogenide glasses and fibres have
maintained an important role in infrared technology for applications such as thermal
imaging, chemical sensing and IR laser power delivery (16; 17; 18). Following the success
in low-loss silica fibre fabrication in the ’70s, theoretical studies suggested that infrared
glasses, such as fluorides and chalcogenides, had a potential for ultra-low loss optical
fibre (19), which started a period of renewed interest and intensive research during the
80s. The traditional method for estimating the transparency limit of glasses consid-
ered only three ‘intrinsic’ mechanisms, namely the electronic ‘UV’ absorption, Rayleigh
scattering and the multiphonon ‘IR’ absorption, to calculate the so-called ‘v-curve’ of
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method.

spectral attenuation (fig. 1.2). It assumed that the transparency limit was determined
by the scattering from small fluctuations of density and refractive index, with the typical
o A~% dependence on the wavelength. The lowest optical attenuation would then be
found as the intersection between the A\~* scattering curve and the IR edge. Accord-
ing to this model, the minimum loss in fluoride and chalcogenide glasses, having their
multiphonon edge well into the mid-IR, was expected to be consistently lower than that
of silica, with its multiphonon edge falling below 2 wm. Shibata et al. (20) predicted
the transparency limit of chalcogenide GeS3 to be as low as 1072 dBkm™! at 4.5 um.
However, these predictions proved incorrect when it was later pointed out that other loss
mechanisms, such as non-Rayleigh scattering from small phase defects (crystals and in-
clusions) or waveguide imperfections, and, especially in the case of chalcogenide glasses,
defect-related intra-gap absorption, had to be taken into account. Consequently, the
practical loss is three to four orders of magnitude higher than originally estimated by
Shibata and other authors by the v-curve method; the lowest attenuation achieved to
date in a chalcogenide material is 23 dBkm™! at 2.4 um in a multimode AsyS3 fibre
(21). Since the mid 90s it was generally accepted that IR fibres could not compete with
silica in term of transparency, strength and durability for long distance data transmis-
sion. Passive applications of chalcogenide fibres are at present almost exclusively limited

to IR applications.

More recently, chalcogenide glasses and fibres have been proposed for active devices,
such as rare earth-doped fibre lasers and nonlinear devices (see ref. (22) and (23) for
a review). The low phonon energy reduces the non-radiative quenching of electronic
levels with small energy separation to the next-lower levels. Radiative transition rates
are higher than in oxides and fluorides due to the high refractive index. Thus, optical
transitions are available in rare-earth doped chalcogenide glasses that are commonly not
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observed in the conventional oxide glass hosts, enabling new and potentially efficient
schemes for fibre lasers and optical amplifiers, both in the near and in the mid-IR.
Furthermore, the high refractive index of chalcogenides also correlates with a high third
order nonlinearity, which can be exploited for photonic applications such as all-optical
switching and Raman amplification. Magneto-optical and acousto-optical effects have
also been investigated for optical circulators and modulators (8; 9), and for applications

in optical sensing.

Most practical devices, however, require a waveguide or, more frequently, an optical
fibre geometry, where light signals are subject to tight modal confinement. Monomodal
operation in a high quality waveguiding structure with low overall attenuation is essential
to ensure good device efficiency. Producing this type of structure in chalcogenide glasses
is a very challenging task. It requires, in the first instance, the achievement of very high
purity and transparency in the base glass, despite the fact that raw materials are often
difficult to obtain with the necessary degree of purity and the preparation of the glass
involves long processing under a strictly controlled atmosphere. Also, the glass must
be stable enough to withstand the subsequent processing to form single mode fibres,
which involves a number of thermo-mechanical steps of shaping; fibre drawing is often
complicated because all these steps must be carried out within very tight temperature
limits in order not to compromise the glass transparency. Fabrication techniques require
a great deal of effort and process refining and a precise knowledge of the material’s

fundamental properties is paramount.

1.3 Gallium Lanthanum Sulphide (GLS) glasses.

GLS glasses are relatively ‘new’ among chalcogenide glass systems. The glass forming
ability of gallium and lanthanum sulphides was discovered in 1976 by Loireau-Lozac’h
and co-workers (24); gallium sulphide is a conditional glass former, that is it cannot
form glass by itself but only when mixed with some other sulphides or oxides. GLS
glasses have a wide region of glass formation centered about the 70GasSs; : 30LaySs
composition and can also be modified by the addition of lanthanum or gallium oxides
(25; 26; 27; 28); they have high refractive index (& 2.4), low maximum phonon energy
(= 425 em™!), and good transparency from about 0.53 to 5 um (29). Early investigators
also studied the thermal stability (24), and the microstructure of GLS (30; 31) by Raman
spectroscopy and EXAFS.

The original interest in GLS glasses was motivated by the quest for new active materials
for solid state lasers. Fluorescent lanthanide ions can be introduced in GLS by partial
substitution of the lanthanum sulphide component. Rare-earth solubility is very high in
GLS, as opposed to several other chalcogenides, such as As:S and Ge:S glasses. Reisfeld
and co-workers first characterised the spectroscopic properties of Ho®t (32), Nd®* (33)
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and Er3*-doped GLS (34), and reported higher radiative quantum efficiencies as com-
pared to oxide glasses, leading to low threshold for laser operation (35). Unfortunately,
GLS glasses also have high dn/dT and low thermal conductivity, causing strong thermal
lensing, thus they are not suitable for bulk lasers (36).

The invention of the erbium-doped optical amplifier triggered new interest in GLS for
fibre applications (37; 38). The fibre geometry suffers to a lesser extent from the ther-
mal lensing, because it allows a more efficient dissipation of heat, and also because light
guiding enables a more efficient energy transfer from the pump light to the active ions.
In addition to the rare-earth solubility and fluorescent properties, GLS has: good trans-
parency in the region 0.5-1.1 pwm where most of the pump wavelengths of active ions
lie; a high glass transition temperature, which makes them more resistant to thermal
damage; good chemical durability; finally, the glass components are non-toxic, which
allows more ease in the glass preparation. The combination of all these characteristics
is not found in any other chalcogenide system and motivated strong interest from many
research groups worldwide; research programs started in early '90s at AT&T Bell Labs
(39), Corning Incorporated (40) and, especially, at the Optoelectronics Research Centre
at the University of Southampton. The main open question was whether the glass was
stable enough to allow the fabrication of good-quality optical fibres; this question, as
will be discussed later, is substantially still open.

Work at the ORC was aimed at the development of a 1.3 um optical fibre amplifier
for operation in the O band. Initially Pr3* was evaluated as the active ion, finding
a quantum efficiency of ~ 70% for the 'G4—3H, transition at 1.34 wm, which com-
pares with only 4% for the same transition in fuorozirconate glass (41). Also Dyt
has an optical transition in the 1.3 um region (®Hg/»—5H5/9), which is non-radiatively
quenched in non-chalcogenide hosts with higher phonon energy. In the GLS host, how-
ever, this transition is active with a quantum efficiency of ~ 30% (42); a new scheme for
a dysprosium-doped 1.3 pum chalcogenide fibre amplifier was then proposed (43). The
first ever multimode GLS optical fibre was produced in 1996 (44) by the rod-in-tube
technique; purified raw materials were supplied by Merck Ltd. at this stage. Laser
action was demonstrated, for the first time in a chalcogenide, in Nd3*-doped bulk GLS
glass (45) and fibre (46). Acousto-optical properties of GLS were also characterised
(9) and the first demonstration was given of thin film of GLS grown by Pulsed Laser
Deposition (PLD) (47). Compositional modification through addition of sulphides, ox-
ides and halides and its effect on the glass formation and thermal stability, the visible
transparency and RE quantum efficiency were also extensively investigated. Perhaps
the most significant achievement of these more fundamental studies was a correct un-
derstanding of the role of the oxide component in the glass formation, which the earlier
studies by Loireau-Lozac’h failed to recognise. In fact, while GasSs3-LayO3 is a true
binary glass forming system, the same is not true for the system GaySs5-LasSs; a small
percentage of lanthanum oxide (> 2 mol%) must be added to the *pure sulphide’ compo-
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sition (either intentionally or as an impurity) to enable glass formation over the region
previously described. However, while adding oxides results in glass with improved ther-
mal properties, it also has a strong impact on the fluorescence properties. Oxide bonds
in the glass matrix provide high phonon energy channels for non-radiative de-excitation
of rare earth ions; the quantum efficiency of Pr3* and Dy*t are strongly reduced with
increasing oxide content. Thus, a trade-off is necessary, where some oxide is added to
ensure the glass stability, but must be kept sufficiently low not to compromise the op-
tical properties. Seddon and co-workers produced a detailed study on crystallisation of
GLS (see (48) for a review), and first reported the application of the extrusion technique
to prepare core/clad preforms from bulk glass ingots (49), which was subsequently also
developed at the ORC.

Research at the ORC during the past five years has maintained the focus on spectroscopy
and fabrication. Schweizer (50) performed a spectroscopic study of rare-earth doped and
co-doped GLS | achieving a very exhaustive mapping and characterisation of the optical
transitions in the near and mid-IR. On the fabrication side, the major achievements
were obtained in the synthesis and purification of the glass components (gallium and
lanthanum sulphide) and in the fabrication of preforms with small (s 1/15) core/clad
ratios (51). Despite a lot of effort, however, it has not been possible, to date, to achieve
a good quality, low loss single mode optical fibre. One problem mentioned earlier in this
section is the limited thermal stability, especially of the low-oxide GLS; these glasses
have a small separation between the onset of crystallisation and the temperature for fibre
drawing, and devitrify upon prolonged or repeated heating above the glass transition
temperature Ty, which also poses a tight constraint on the number of heating steps that
are practically possible in order to fabricate preforms from bulk glass ingots.

The nonlinear properties of GLS were first investigated by Zhou et al. (52); it was found
that the third-order nonlinear coefficient of this material is around 100 times that of
silica. This result was in line with that observed in other chalcogenide glasses, where
15 can be up to three orders higher than in silicate glass, and was confirmed by other
measurements in the region 0.6-1.25 pm (53) and at 1.5 pum (54). Work at the ORC
achieved two important results. Firstly, it was found that GLS and GLSO glasses have
very low nonlinear absorption. Both high ns and low 5 contribute to a high nonlinear
figure of merit (see section 2.3), which is an expression of how suitable a glass is for
nonlinear applications. The other important finding is that oxide addition to the glass,
while making the fibre drawing easier, does not critically alter the nonlinear properties
of the glass. GLSO is therefore a promising candidate for nonlinear applications.

An interesting recent development is the fabrication of microstructured ‘holey’ fibres
in GLS glass (55). In these fibres, modes are confined in the core and guided due to
an effective index difference between the solid core and an holey cladding. As holey
fibres can be fabricated with very small mode areas, a high effective nonlinearity can be
achieved even in materials with low bulk nonlinearity (56). The possibility of further
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enhancing the high material nonlinearity of GLS glass in a holey structure would then
open up the possibility of very efficient and short devices (55).

1.4 Scope of the thesis

The present project is focused on the feasibility of GLS based glasses for telecom devices
and was originally started in the framework of a collaboration between the Optoelec-
tronics Research Centre and Pirelli Cavi e Sistemi SpA. Low-oxide GLS glass (Ga:La:S)
is a candidate for the 1.3 um praseodymium-doped fibre amplifier (PDFA). High and
low oxide GLS have potential for nonlinear applications and in particular all-optical

switches.

Considerable effort has been devoted in recent years to searching for new solutions for
broadband amplification and all-optical switching, as these are regarded as key areas
for further development of the present technology. Although a variety of materials and
device concepts have been investigated, chalcogenide glasses such as GLS and other
systems (Ga:Na:S, As:S, Ge:Ga:S etc.) are still considered viable by several research
groups worldwide. The question of which material and which device scheme affords the
best chance of providing efficient and cost-effective devices is still unanswered. This
thesis will assess the feasibility of GLS for efficient fibre devices.

Practical applications have been impeded until now due to the impossibility of achieving
single mode fibres with low attenuation. It is therefore necessary to identify what are
the possible solutions for improving the fabrication of GLS optical fibres. As the limited
thermal stability of these materials might unavoidably introduce a certain amount of loss,
it is also very important to investigate the transparency limit and the loss mechanisms,
especially in the near-IR. The target for most RE-doped and nonlinear applications is
< 0.5 dB m~! attenuvation in a single mode fibre; in order to determine if this target can
be met in GLS and GLSO glasses, it is crucial to investigate the presence of the weak
absorption tail, which limits intrinsically the transparency of other sulphide glasses.

Another issue of great practical relevance is the behavior of GLS based glasses under
heavy irradiation at near-IR wavelengths. High signal and pump intensities are generally
required for fibre devices, especially in presence of a measurable background attenuation.
The response of GLS to high pump powers has not yet been studied in detail, but
from studies of related glass systems it is well known that both permanent damage and
photorefractive effects can occur. It is therefore necessary to investigate the occurrence
of these effects in GLS based glass and to determine possible thresholds for both types

of photoinduced damage.

Besides the present introduction, this thesis is structured in six chapters plus the con-

clusions.
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e Chapter 2 discusses the application of GLS based glass for the 1.3 um PDFA and
for the all-optical switch. The aim for this chapter is to identify the principal
issues related to the application of sulphide fibres and to set out practical targets

for the fabrication.

e Chapter 3 is dedicated to the fabrication and characterisation of GLS glasses and
fibres. Although a lot of effort had been devoted to the fabrication process prior
to this work, considerable improvements are still required for practical devices.
Here, directions of activity are identified and results are presented, especially in
the area of fibre characterisation. The fibre properties measured in this work are

summarised in Appendix A.

e Chapter 4 describes the application of laser absorption calorimetry for precise
measurements of the near-IR absorption of bulk GLS and GLSO samples. The
free-electron laser source at the Thomas Jefferson National Accelerator Facility
(Newport News, USA) was employed to access the region around 1.5 pm. Also
presented is the project and commissioning of the calorimeter utilised in the mea-
surement. The use of a FEL for laser calorimetry is novel and a quantification of
the optical absorption of GLS and GLSO at telecom wavelengths had never been

achieved before.

e Chapter 5 presents a very exhaustive theoretical description of laser absorption
calorimetry. Although the technique is well established, it was found that the
theoretical description presented to date was not completely adequate, hence a
novel and more general model was formulated and is presented here. The model
is well adapted to measurements of glasses with low thermal conductivity (such
as GLS) and includes the use of a sample holder in the description. A novel
procedure for the solution of the boundary value problem of heat diffusion in
thin, 2-d, composite multilayers is presented in section 5.5 and the results are also

summarised in Appendix C.

e Chapter 6 investigates the transmission loss of GLS based glass, with particular
emphasis on the near-IR region. The chapter is divided into two parts. In the
first the loss mechanisms are analysed, the absorption/scattering components are
quantified, and the presence of a weak tail is studied. In the second part it is
demonstrated that the transmission loss of GLS can be significantly affected by
temperature and, especially, by bandgap illumination. The photodarkening effect
of GLS and GLSO fibres is thoroughly investigated. The results presented in this
chapter provide novel and valuable information on this optical process in GLS and
GLSO.

e Chapter 7 presents a study of the response of GLS and GLSO fibres under high-
intensity irradiation at 1.06um. This issue is of great practical relevance for the
1.3 um PDFA. The occurrence of photorefractive effects and damage thresholds
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will be investigated. The results presented here are entirely novel and have indi-

cated a fruitful area of future research.

¢ Finally, chapter 8 draws the conclusions and identifies the topics that might provide

the basis for further studies.



Chapter 2

Near-IR Photonic Applications of
GLS-based Glasses

2.1 Introduction

Broadly speaking, the practical applications of chalcogenide glasses and fibres can be
classified into passive and active applications (17). The passive applications utilise an
optical fibre as a light conveyor which does not induce any modifications, other than
attenuation, wavelength dispersion and end-face reflection losses. Examples of passive
applications are laser power delivery, remote chemical sensing and IR thermal vision.
The main advantage of chalcogenide glasses for passive applications is their mid-IR
transmission beyond the 2 pm limit where silica and most of the oxides become opaque;
using chalcogenide glasses then allows accessing to regions of crucial importance for
industrial, medical, sensing and military applications, such as the output wavelength of
high- power IR lasers (CO at 5.4 um, CO, at 10.6 um), the atmospheric transparency
window (3-5 um), and the MIR vibrational bands of most gases and hydrocarbons. The
active applications include all the devices in which the light originally coupled into a
fibre or waveguide is modified by some property of the constituent glass; examples in
the latter class include fibre lasers and amplifiers, gratings, optical switches, modulators
and so forth. Here the advantage of chalcogenides lies in their low phonon energy, their
high refractive index and high third order nonlinearity.

The focus of the present chapter is on active applications of GLS-based glasses and,
in particular, on the 1.3 pum Pr3*-doped optical amplifier and on nonlinear devices.
Here the basic device concepts will be reviewed and the parameters of operation will be
presented and discussed in detail, aimed at defining precise targets for the fabrication
and at identifying the main issues related to the application of GLS glasses.

13
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2.2 Rare Earth-doped Ga:La:S glasses for Optical Ampli-

fiers

2.2.1 Principles of Operation

The operation of optical fibre amplifiers is similar to that of the laser, but with some
important distinctions. As in the laser, it is based on an active optical medium with a
gain transition between two of its energy levels. In the present case, the active medium
consists of trivalent rare earth ions, which are embedded in the glass host. A pump
signal is used to create and maintain the population inversion between the two levels.
Under this condition, signal photons traveling in the system with wavelength close to
the gain transition induce the stimulated emission of other in-phase photons leading to
optical amplification. As opposed to lasers, optical amplifiers have no optical cavity,
which implies that the amplification process takes place in a single pass, and also that
it can occur over a wide interval of wavelengths. Photons from the gain transition can
also be emitted spontaneously; in this case, however, they are not phase-related to the
signal and constitute noise. Spontaneously emitted photons can induce the emission of
other photons and thus be amplified, producing the Amplified Spontaneous Emission
(ASE).

A general representation of the process is shown in figure 2.1: jons from the ground state
G are pumped at ), into the metastable excited level E; they decay quickly to the third
level A, which must have a long lifetime. The gain transition is between the level A and
B, and subsequently the ions decay back to the ground state, and become available to be
pumped back to E starting the cycle once again. Such an amplification scheme, where
the gain transition happens between two intermediate metastable states, is commonly
indicated as a four-level system. The case of the 1.3 pm praseodymium doped amplifier
is slightly different, as also shown in figure 2.1, since the levels A and E in fact coincide
with the same energy level (}Gy) of the Pr3* ion. Although just three levels are involved

£l ‘ ; —1 'Gy . ]
fast relaxation
o gain A signal
) NN\ transition ~ "\/\f\p stimulated pump (As=1310nm)
signal ) emission (A,=1017nm)
gn: YWe ) | | .
(As) . — S
fast relaxation elaxation
Pr:ZBLAN

FIGURE 2.1: Diagram of a generic four-level optical amplifier and of the Pr3+* energy
levels in the 1.3 um optical amplifier.
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in the process, the Pr3+t scheme is still indicated as a four level system. In a three level
system, the level B is not metastable and coincides with the ground state, which leads
to substantially different equations for the gain (57).

The energy difference between the two levels involved in the gain transition determines
the wavelength of operation of the amplifier. Amplification schemes based on rare-earth
doped materials exploit transitions between 4f electronic levels of the triply-ionised
rare-earth ions. Each 4f level has a fine structure of energy states with small energy
separation due to the Stark splitting caused by the local electric field around the ion
site. Rare-earth ions can occupy different inequivalent sites in the glass network, where
the local variation of symmetry or electric charge around the ion results in a statistical
distribution of Stark splittings. The amplitude of this inhomogeneous broadening of
energy separations depends on the host, but in glassy materials is comparable to the
magnitude of the Stark splitting itself; consequently, the sublevels are not resolved and
the optical transitions appear as a single broad band, typically several tens of nm wide.
This also implies that optical amplifiers based on rare-earth doped glass can operate

over wide wavelength intervals.

From the simplified diagram in figure 2.1, it is clear that the success of any amplifica-
tion scheme depends to a large extent on the metastable level A (!G4 in the case of
praseodymium) having a long emission lifetime; this condition is necessary to allow for
the population inversion. The lifetime of a particular energy state is determined by the
various ways in which the excited ion can give up energy. The decay process can either
be radiative, i.e. the excitation energy is converted into a photon, or non-radiative. A
very meaningful way to express the efficiency of a transition is through the ratio between
the radiative transition rate and the total transition rate, which is commonly called the
radiative quantum efficiency (RQE). If 7 is the total lifetime of the excited state and 7,
is the radiative lifetime, the radiative quantum efficiency @Q is expressed by:

Y
1/ T (2.1)

Q

High RQE of a metastable level, such as the one depicted in fig. 2.1, implies that it decays
preferentially through the gain transition rather than in any other possible way; in a
purely radiative transition Q is obviously 100%. When several radiative transitions can
originate from the same metastable level, each transition is characterised by a branching
ratio ﬂx, i.e. the ratio of radiative transition rate at a certain wavelength to the total

radiative transition rate:

(2.2)
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(7',.X is the radiative lifetime of the transition at the wavelength )).

The quantity:

Qx (2.3)

is indicated as the radiative quantum efficiency of the transition at wavelength A. The
RQE of an electronic level is usually less than 100% due to the presence of non-radiative
decay mechanisms, where the excitation is lost as a result of energy transfer from an ion
to the host or to other ions, without the emission of any photons; the RQE of an optical
transition is further reduced by the other competing transitions. Non-radiative decay
mechanisms include the multiphonon relaxation and quenching of the excited state due
to ion-ion interactions such as concentration quenching and impurity quenching and will
be discussed in more detail for the case of Pr3* in the next section. Also excited state
absorption (ESA) can effectively reduce the RQE of a level; with reference to fig. 2.1,
in ESA ions from the excited state E can be promoted, by the absorption of pump or
signal photons, to a higher energy level, from which they can decay through different
channels; the process then depletes the level E without any signal photon being emitted.

The gain of an optical amplifier is usually quoted in dB and defined as:

G =10-log (];jf(ﬁ))) (2.4)

where Pg(0) and P;(L) are the power of the incoming and amplified signals respectively.
In log units, the output power is then simply given by:

P2 [dBm] = P*[dBm] + G[dB] (2.5)

(where P[dBm| = 10 - log(P[mW])). The gain of an optical amplifier depends on sev-
eral variables, firstly on the properties of the active ion and on the amplification scheme,
which generally involves transitions between numerous energy levels and is strongly influ-
enced by the glass host. The design and length of the optical waveguide, its background
attenuation and the pumping scheme are also very relevant. For a fixed amplification
scheme, the gain is dependent on the wavelength, on the input signal intensity and
on the pump intensity. It can be proved that, in the limit of small input signals, the
gain is approximately proportional to the amount of absorbed power, which allows the
definition of an overall efficiency factor F’

G (vi P Pp) "= F - [B(0) - Fy(L)] = F - P 29
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FdB/mW] = lim oG

Ps—’o apabs (2.7)

The small signal figure of merit, or efficiency factor, F' is usually quoted in dB per
milliwatt of absorbed power and is a function of the wavelength (within the bandwidth
of the amplifier). For larger signal intensities, the gain is not proportional to the absorbed

power and gain saturation occurs.

The key requirements in order to achieve optical amplification with high gain character-

istics can be summarised as follows:

e High radiative quantum efficiency of the gain transition.

High stimulated emission rates of signal photons.

Efficient pumping scheme.

Low background loss of the active medium.

The first condition is determined by the properties and concentration of the rare-earth
ion, and by the properties of the host glass. Furthermore, since both the rate of stimu-
lated emission of signal photons and the pump absorption rate are proportional to the
optical intensity (58), an effective strategy for meeting conditions two and three is by
spatially confining both signal and pump in a small active volume, such as the core of a
single mode optical fibre or waveguide. Doping levels in the core and the length of the
device should be optimised to ensure an efficient transfer of the pump power to the ac-
tive ions, without compromising the quantum efficiency due to ion-ion interactions. The
use of optical fibres allows longer interaction lengths, gives more flexibility in the doping
levels and leads to higher gains than waveguides, provided that the overall attenuation
of the fibre can be kept low.

Figure 2.2 shows the basic configuration of a rare earth-doped optical fibre amplifier. The
active medium is the core of a segment of fibre, with optimised length and concentration
of active ions in the core. In EDFAs the active fibre is still a silica fibre and can be fusion
spliced in line to the system to minimise the insertion loss. The pump power, provided
by a laser diode, is injected through a wavelength-sensitive fibre coupler. Travelling light
signals are amplified through an all-optical process. One or more optical isolators are
generally inserted to prevent undesired back-reflections and possible laser oscillations
and optical bandpass filters suppress the ASE at wavelengths different from the signal.

Optical fibre amplifiers play a crucial role in todays telecom systems. In long-haul
terrestrial and submarine communication links, amplifiers are employed to compensate
for the fibre loss. In-line amplifiers are placed at regular equivalent intervals of about 10
to 20 dB, with the actual length spacing depending on the fibre attenuation (typically
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FIGURE 2.2: Rare-earth doped optical fibre amplifier.

spacing is several tens of km to two hundred km). Optical amplifiers are also used in
a range of other applications, including lossless splitters, post-amplifiers or ‘boosters’
(placed after a transmitter to increase its output power) and pre-amplifiers (placed
before a detector to increase its sensitivity).

A very useful characteristic of amplifiers is broadband operation; a broad, wavelength
independent gain spectrum is highly desirable as it enables operation at several different
wavelengths with the same device. This is the basis for wavelength division multiplexing
(WDM), where multiple channels of information are carried by the same fibre, each using
an individual wavelength. Modern dense-WDM (DWDM) systems are based on EDFAs
operating in the C band (1530-1565 nm) and in some cases also on gain-shifted EDFAs
operating in the L band (1565-1625 nm); channels are allocated at fixed wavelength
intervals. Interference or ‘crosstalk’ can only occur due to weak nonlinear effects, thus
the spacing between channels can be kept as small as a few nm.

2.2.2 1.3 ym Pr3®t-doped fibre amplifier (PDFA)

The energy level diagram of the praseodymium ion (Pr3%) is shown in figure 2.3. The
Pr3+ jon has a transition at about 1.3 um between the levels 1G4 and the 3Hs; this tran-
sition is dominant over the other two radiative transitions (1G4 —°F3 and 1G4 —3Hy),
having a branching ratio of 52% to 65% depending on the glass host. Optical pumping
around 1.02 pm accesses the !G4 metastable level directly, providing a four-level-like

system.

One important problem concerning the amplification process in Pr3t is represented by
the non-radiative decay of the !G4 level. The energy separation AE between !G4 and
the next-lower lying level 3Fy is relatively small (about 2900 cm™!). De-excitation of the
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FiGURE 2.3: Diagram of energy levels of Pr3* in GLS glass showing the transitions
relevant to the 1.3 um amplification process.

1G4 can also take place through the creation of vibrational quanta (phonons). Energy
is transferred from the ion to the host glass network without the emission of photons.
This process, called multiphonon relaxation, is particularly effective in hosts with high
phonon energy. In fact, high-order multiphonon decay processes occur predominantly
through the excitation of phonons from the highest-frequency vibrational bands of the
glass host, w™?*, and a crucial parameter in determining the multiphonon decay rate is
the minimum number, p, of high energy phonons required to bridge the energy gap AE
between the two levels involved (59; 60). This rate can be expressed as:

Wmp = B [N(w) + 1P e=% (2.8)

where B is a material parameter dependent on the glass host, w ~ ™ N(w) is the
phonon occupation number expressed by the Bose-Einstein distribution and the quantity
between brackets expresses the temperature dependence of the process, and « is directly
related to the electron-phonon coupling constant v (y = exp(—a)). As w =~ w™**, and
AE /fAw equals the phonon number p, equation 2.8 shows that a small value of p leads to
high rates wpyp. Assuming that multiphonon relaxation is the only non-radiative decay
mechanism, the total lifetime and radiative quantum efficiency of the !G4 of Pr3t can

be expressed respectively as:

r= (i + i) o (2.9)

Tr  Tnr 1+ Wiy Tr
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FIGURE 2.4: Multiphonon decay rates as a function of energy separation (from ref.
(66; 67; 50)).

Q=L-_—

= 2.10
Tr 14+ WmpTr ( )

The equation 2.10 shows that, due to the small energy separation AE between the 1G4
and 3F4 levels, the choice of a glass host with low phonon energy is essential in order to
have a high RQE of the !G4. The dependence of the multiphonon decay rate for various
glass hosts is reported in fig. 2.4. Silica has the highest-energy phonon band peaked
at about 1100 ¢cm™!; the multiphonon decay of the Gy level is accomplished through
the emission of only a few phonons and is favoured over the radiative transition to 3 Hs,
which is not observed in Pr**-doped silica. In fluorozirconate (ZBLAN) or fluorogal-
late glass (InF3:GaF3), with a maximum phonon energy of about 600 and 500 cm ™!
respectively, the multiphonon decay rate of !G4 is over two orders of magnitude smaller
than in silica, leading to a RQE of 3 to 5% (61). Pr3*-doped fibre amplifiers based on
fluorozirconate glass were first reported in 1991 (62) and extensively investigated and de-
veloped in the successive years. Exploiting the well-established fabrication technologies
of ZBLAN optical fibres (13), gains as high as 38 dB, with output power of 18 dBm have
been achieved in device prototypes pumped at 1.017 pm using a Ti-sapphire laser (63);
however, due to the low quantum efficiency, a large pump power in excess of 300 mW
was required to obtain this sort of gain. The typical efficiency factor in optimised de-
vices is 0.24 dB/mW (0.4 dB/mW with dual pumping scheme) (64), which compares
unfavorably to the 11 dB/mW best value reported for an EDFA (65).

An obvious way to increase the RQE of the !G4 level is to choose a glass host with
even lower phonon energy than fluorozirconate glass. Heavy metal halides such as Cd-
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FIGURE 2.5: Representation of non-radiative ion-ion energy transfer processes in Pr3+:
cross relaxation (a) and cooperative upconversion (b).

mixed halide glasses (68; 69) and chlorosulphide glasses (70) meet this requirement, but
they are very hygroscopic, which hinders any practical application even for the glass
compositions that are stable enough to be drawn into fibres. Chalcogenide glasses, on
the other hand, have in general better durability and stability and also show very low
phonon energy (350-400 cm™!); consequently, the multiphonon relaxation rates of 'Gy
are reduced, as shown in figure 2.4, leading to increased lifetimes, of about 300 us, and
RQEs of 50-70% (see table 2.2).

Despite the high RQE, the application of a chalcogenide glass host for a PDFA must
also address other difficulties. The pump ground state absorption (GSA) cross section
of Pr3t at 1.017 um is in fact low; efficient power transfer to the active ions then re-
quires long interaction lengths or very high doping concentrations. This second option
is impractical because the level !G4 suffers from concentration quenching due to ion-
ion interactions. In these non-radiative phenomena (see fig. 2.5) energy is transferred
between neighboring ions through a phonon-assisted process. In particular, cross re-
laxation occurs when energy is partly transferred from one ion in the excited state to
another ion in the ground state, leaving both ions in an intermediate state. Two possible
channels for cross relaxation are represented in figure 2.5. When the transfer involves
two excited ions, the energy transfer is termed cooperative upconversion (also shown in
fig. 2.5). Upconversion, which is observed at high pump powers, results in one of the
two ions being promoted to an upper level, and the second being de-excited to a lower.
Both cross-relaxation and upconversion have the net effect of depleting the 1G4 level

and thus lower its quantum efficiency.
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Ficure 2.6: Simplified amplification scheme for the PDFA.
2.2.3 Efficiency of the PDFA

Numerous radiative and non-radiative transitions contribute to the 1.3 um amplification
process in PDFAs. The prediction of the amplifier performance and the optimisation of
its design require a theoretical description that takes into account, apart from the tran-
sitions directly responsible for the amplification process, the other mechanisms shown in
fig. 2.3 such as signal ASE, signal GSA, pump and signal ESA and cooperative upcon-
version. General models have been presented by Ohishi (64) for the fluoride PDFA and
Van Osch (71) for both fluoride and sulphide PDFAs, the latter based on Ge:Ga:S glass.
The standard approach to this problem involves as a first step writing the rate equa-
tions for the ion population densities of the energy levels, and finding the steady-state
solutions of these equations; then, the steady-state populations must be substituted in
the differential equations describing the propagation for the pump and the signal pow-
ers along the fibre; the resulting equations also depend on the amplifier configuration,
including fibre parameters, pumping scheme and the like. Although the procedure as
outlined above is straightforward, the result is a system of coupled differential equations
for Ps(z) and Pp(z) that in general can only be handled numerically.

On the other hand, by selecting a limited set of transitions, the analysis can be consid-
erably simplified and closed expressions are obtained for the small signal figure of merit
and the gain saturation characteristics, which provide good physical insight into the am-
plification process and a simple way to compare the characteristics of PDFAs in different
glass hosts. Simplified models have been presented by several authors, involving differ-
ent degrees of approximation (72; 73; 74). Here we apply to the Pr3* four-level scheme
a modified version of the method presented in reference (75) for the Neodymium-doped
fibre amplifier (NDFA).

The set of transitions considered in this model is shown in figure 2.6. The four-level
system is pumped at 1.02 um (3Hy — 1Gy), the gain transition is at about 1.3 um
(1G4 — 3Hg), and the 3Hj relaxes to the ground state by fast decay. Among the gain-
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limiting effects, only the signal ESA (!G4 — 'Ds) is taken into account in this model.
Other transitions, such as signal GSA and pump ESA are supposed to be negligible
at the wavelengths involved, and ion-ion interaction effects are also supposed to be
negligible. Furthermore, the spontaneous emission at the signal wavelength (and at any
other wavelength) is not amplified, that is, the model assumes that no ASE can occur.
The level ' Dy, populated by the signal ESA transition, relaxes preferentially through
decay to the 3F3:3F, doublet and hence to the ground level; therefore, we assume that
after signal ESA the excitation is completely lost through fast decay to the ground state.
Under these simplified hypotheses, only the !G4 and the *Hj levels are populated, and
the rate equations for these populations are:

(2.11)

dny _ _dno

{ %@tz = wpm — (ws +wesa + 1/7) 1o
dt dat

where n; and ng are the population densities of 3 Hy and the G4 respectively, while wy,
ws and wgsa are the stimulated transition rates relative to the pump, signal and ESA
transitions. The stimulated rates are proportional to the photon intensities, which in
general vary from point to point within the fibre; thus, the above equations are local or
microscopic and n; = n;(r, 8, z). The steady-state solutions are:

Fn — _Wp ,

N2 = GoFwstwpsati/s " (2.12)

Ty = ws+wpsa+l/T :
1= wptws+wesa+l/7

where n is the total dopant concentration (in ions-erm™3). The equations expressing the
local variation of pump and signal photon intensities along the fibre are:

%13 (r,0,2) = —opm (r,0,2) Iy (1,0, 2) (213)
dls (1., 2) = (05 — oBsa) P2 (1, 0, 2) I (r, 6, 2) :

where 05, 05 and ogga are the cross sections for the stimulated pump, signal and ESA
transitions respectively. It is important to note that no background attenuation of signal
and pump intensities is taken into account in the above equation. In order to obtain
the total pump and signal power in the fibre as a function of the longitudinal coordinate
z, it is necessary to integrate the two differential equations term by term over the
transverse coordinates. To perform the integration, some assumptions concerning the
dopant density and the propagation of the pump and signal light must be made. Here
we assume that the Pr3% ion density has a ‘top hat’ distribution with uniform density
in the fibre core. This hypothesis fits well the case of most compound glass fibres, while
in the case of MCVD-deposited silica the doping profile in the core can also be varied
radially. Furthermore, it is convenient to assume that the fibre is monomode at the
signal wavelength, while the pump propagates with several modes and its power intensity



Chapter 2 Near-IR Photonic Applications of GLS-based Glasses 24

distribution can be approximated by a uniform distribution. Under these conditions, the
transverse integration of the equations 2.13 can be performed analytically and yields the
following result (75):

dp, _
& (2) = —op71 (2) By (2)
{ 1% (2) = 05 (1 — €) T2 (2) 2P, (2) (2.14)

where we have introduced the ratio € between the ESA and signal scattering cross

sections (at the signal frequency vg):

_ oesa(vs)
AR (2.15)

Also, A is the area of the core (A = ma?, where a is the core radius) and A.s; is the
effective area of the signal mode; assuming a gaussian envelope approximation for the
latter (76), with mode field radius wg, it follows that:

A
1 —exp [—2 (a/ws)Q]

Acrp = (2.16)

The quantities 7;(z) and Ty(z) are defined as in equation 2.12, where however the
‘local’ stimulated transition rates (w(r, 8, z)) are substituted with the following ‘integral’

transition rates:

wp(2) = B P (2)
we(2) = %Ps(z) (2.17)

wpsa(z) = LAY p ()

Ajrhvs 18

The two coupled equations 2.14 can be combined into one single equation, yielding:

1—¢ v, dP, B% | 4P,
N =1+ = .
Tve v a2 O { + Ps(z)/hyJ z ¥ (2.18)
where B%% is the saturation parameter:
poet = feit (2.19)

By integrating equation 2.18 between z = 0 and z = L, the following equation is
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obtained:

1—¢ Vg _ sa P(L)
22 P = [P - PO+ B 1 | ) (220)

In the latter relationship it was defined that: Py = Fp(0)—Fp(L). Before analysing and
discussing the result, it is worth summarizing all the assumptions made in this model:

¢ Among the gain-limiting effects, only the signal ESA is taken into account; signal
GSA and pump ESA are neglected, as well as ion-ion interaction effects.

e ASE is neglected, i.e. spontaneous emission of signal photons is not amplified.

e The fibre is monomode to the signal and multimode to the pump, which is ap-
proximated with a uniform power distribution.

e The concentration of Pr3* ions in the fibre has a “top hat’ distribution and is

uniform in the core.

e The fibre is assumed perfectly transparent to both the pump and the signal wave-
lengths, i.e. no background loss is considered.

¢ The pump is assumed to be co-directional with the signal.

Equation 2.20 can be solved by any standard technique for transcendental equations,
providing the output signal power and hence the gain over a length L of fibre {eqn. 2.4)
as a function of the absorbed power P, and of the input signal power P, = P,(0).
However, both in the small-signal regime (P;(z) < 1/hvsB**®) and in the large-signal
regime (Py(z) > 1/hvsB%%), eqn. 2.18 can be simplified, by neglecting respectively the
first and the second term between square brackets. This leads to explicit expressions
for the output powers and the small signal and large signal gains can be expressed

respectively as:

G= m h;; X";f Pops small signal
(2.21)
G = 10log [1 + 1= zl’j” %ﬁ—} large signal
The first relationship in eqn. 2.21 states that the small signal gain is, as expected from
eqn. 2.6, proportional to the absorbed power, and also provides an expression for the
figure of merit of the amplifier (eqn. 2.7):

10 1—¢ 105

F =
In(10) hvp, Aeyf

(2.22)
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F1Gure 2.7: Theoretical gain curves of a fluoride PDFA for different input powers
(material & fibre parameters as in Table 2.1).

TABLE 2.1: Input parameters for the calculation of the theoretical gain curves.

r Pr3t.ZBLAN Pr3t+.GLS

os (1075 m?) 3.5 10.5
opsa (10725 m?) 0.7 1.3

T (us) 110 300

vs (10 Hz) 2.288 2.254

Vp (10* Hz) 2.948 2.048

a (um) 1.5 1.5
NA 0.3 0.3

ws  (um) 1.767 1.781
Acss  (pm?) 9.26 9.32

This expression shows that, for fixed fibre parameters (determining A.s¢), the efficiency
of the Pr3+-doped amplifier is determined by the product between the lifetime of the
excited state !G4 and the radiative scattering cross section of the gain transition, 7o;
since the latter is largely determined by the host, relationship 2.22 gives a simple cri-
terion to compare different glasses. As expected, the ESA always reduces the amplifier
efficiency. The above relationship also states that, for a fixed value of 704, the small
signal gain over an assigned length of fibre can be increased by choosing a small core
dimension and large NA for the fibre, both of which reduce A,;; this is of course valid
only as long as the fibre loss is not considered. In practice, for very small core radii and
high NA the optical loss becomes unacceptably high and some trade-off is necessary.
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Ficure 2.8: Comparison between theoretical gain of the fluoride (ZBLAN) and sul-
phide (GLS) PDFA (input power: -20 dBm, other parameters as in Table 2.1).

Figure 2.7 shows the theoretical gain curves, calculated using eqn. 2.20 and the typical
parameters of a fluoride {(ZBLAN) PDFA reported in table 2.1. Also shown in the
figure are the approximations for small and large signals (eqn. 2.21); the latter curve is
calculated for 0 dBm signal input power. A comparison between the theoretical gains
of sulphide and fluoride PDFAs are shown in figure 2.8; the input power is fixed at
-20 dBm (small signal regime), and the other relevant parameters are as shown in table
2.1. According to the present model, the small-signal theoretical gain of the sulphide
PDFA exceeds that of the luoride PDFA by approximately a factor of ten.

2.2.4 Sulphide vs. fluoride PDFA

The 1.3 um PDFA requires a low-phonon energy host, such as fluoride glass or sulphide
glass. Other chalcogenides, such as selenide and telluride glasses, are not suitable, with
very few exceptions, due to their poor transparency in the near-IR and especially at
the pump wavelength. A comparison of the key properties of several glass hosts is
presented in table 2.2. While the fabrication technologies of fluoride optical fibres are
more developed, sulphide glasses have potential for more efficient devices. Their phonon
energy is lower than fluorides, leading to longer radiative lifetimes and higher RQEs.
Sulphide glasses also have very high refractive index (2.2-2.45), which gives stronger
local electric fields around the rare-earth ions and leads to larger cross sections for
stimulated emission. The advantage of the sulphide over the fluoride host is evident
through the large values of the product 47 shown in table 2.2.
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TABLE 2.2: Spectroscopic parameters of the !G4—3Fy transition of Pr3* in various

glass hosts.

\peak T Q Bs Qxpfs Os OsTs
Host om) us] 1% Do o mis | N
Halides
ZBLAN 1322 110 3.4 0.64 2.2 3.48 3.83 (64)
InF:GaF 1320 18 86 0.64 5.5 4.40 8.18 (78)
Cd:Halide 1310 327 115 4.15 13.6 (69; 79)
Chalcogenides
GLS 1334 300 60 0.60 36 10.8 32.4 (41)
Ge:Ga:S 1344 360 70 0.58 41 13.3 47.9 (80)
Ga:Na:S 1332 370 56 0.57 32 10.8 40.0 (81; 82)
As:S:Ga 1336 250 - - — — - (83)
Chalcohalides
Cs:Ga:S:Cl 1312 2460 24 0.42 10 1.98 48.71 (70)
Ge:S:I 1340 368 - — — — - (84)

However, the increase in the lifetime of levels with small energy separation plays an
adverse rather than a positive role on the level 3Hs, i.e. the terminal level of the gain
transition. In ZBLAN the lifetime of ®Hj is short, hence its population plays a very
minor role in the amplification process. In the low phonon sulphide hosts, however, the
increased lifetime of 3 Hj can cause a bottlenecking effect and reduce the available gain.
The problem has been studied in detail by Quimby et al. (77) and can be alleviated by
co-doping or dual pumping schemes.

Another drawback of the sulphide host is the shift to longer wavelength of the fluo-
rescence bands due to the nephelauxetic effect (33). The fluorescence of the 1Gy—3F,
transition peaks at about 1.34 pm (as compared to 1.32 pum for fluorides), leading to a
poor overlap between the gain bandwidth of the sulphide PDFA and the O-band; the
application for devices operating at wavelengths close to that of zero chromatic disper-
sion of telecom networks (1.31 yum), apart from the reduced efficiency, must also address

a severe issue of gain flatness.

Sulphide hosts have similar values of refractive index and phonon energy; with only
small differences in the position of the fluorescence peak AP and close values of the
product os7 (see table 2.2), they are substantially equivalent from the spectroscopic
point of view. Fibre fabrication then becomes the crucial point, and the possibility to
achieve a high purity glass and to draw it into single mode fibres are decisive in order
to establish the best sulphide host.

Among the most extensively investigated sulphide glass systems are As:S and Ge:S.
These glasses are thermally stable, and fibre fabrication is well established (5). As:S
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TABLE 2.3: Glass systems for 1.3 ym PDFAs.

Host /\geak Pros Cons SN fbre Device F Ref.
{nm] fabricated demonstrated | [dB mW 1]
ZBLAN 1300 | rab developed | Low €, durability Yes Yes 0.24 (64)
InF.GaF 1300 | Betters ZBLAN | Low @, durability Yes Yes 0.29 (78)
GLS 1340 High @ Thermal stability | short lengths No — (12)
Ge:Ga:S 1340 High @ Therma! stability No No — (80)
Ga:Na:S 1340 High Q Durability Yes Yes 0.81 (82)
As:S:Ga 1340 High @ RE solubility Yes No - (87)
Cs:Ga:5:Cl | 1310 Good Q@ V. hygroscopic No No - (70)

single mode fibres have been achieved with 0.6 dB - m™! loss around 1.5 um (23).
Unfortunately, they both suffer from poor rare-earth solubility: the solubility limits of
Pr3+* are about 500 ppm in As:S (85) and 400 ppm in Ge:S (86) and in both systems
ion clustering occurs for Pr concentrations of a few tens of ppm. They are therefore
unsuitable as hosts, unless their composition is modified by the addition of other sulphide
or halide compounds. While these sulphide glass systems with good thermal stability are
hindered by low RE solubility, the systems with higher solubility tend to be less stable
and thus more difficult to draw into fibres. This is the case for glass systems based on
gallium sulphide, such as GLS, Ga:Na:S and Ge:Ga:S. RE solubility is excellent in
these materials, especially in GLS, where, due to the presence of lanthanum in the glass
network, up to 1-2% of Pr3* can be incorporated. The fabrication of single mode fibres
suitable for amplifiers requires, on the other hand, many thermal steps, which increases
the chance of devitrification and thus the formation of defects that compromise the
ability of the fibre to transmit light. To date, among gallium sulphide-based glasses,
only Ga:Na:S have been fabricated in single mode fibres with low loss comparable to

the most stable sulphide glasses (82).

The issue of optical attenuation is paramount for the realisation of both fluoride and
sulphide PDFAs. In fact, as pointed out previously, the 1.3 um amplification scheme
with Pr3¥ has its weakest point in the low pumping efficiency of the gain transition. A
fibre geometry with long device lengths (10-20 m) is then required for practical devices.
In fluoride PDFAs, due to the low intrinsic quantum efficiency, the effective mode area
must be small (see equ. 2.22) in order to achieve a reasonable gain. Small effective
areas are obtained by reducing the core diameter (<2 pm) and increasing the numerical
aperture; however, by doing that, the scattering from defects in the core and at the
core/clad interface also increases, leading to an higher overall attenuation of the fibre.
For instance, although large mode area ZBLAN fibres can achieve a minimum loss of a
few dB - km™! (at 2.4 um), the typical loss for small area fibres at 1.3 um goes up to
about 100 dB - km ™!, owing to the increased scattering.
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FIGURE 2.9: Corrective factor of the PDFA small signal efficiency as a function of the
background loss.

In sulphide PDFAs loss reduction is even more important. Its quantum efficiency is
higher, but, as will be discussed more into detail in the next chapters, the sulphide hosts
are intrinsically less transparent than the fluorides at near-IR wavelengths. In most
sulphide glasses the transparency limit is believed to be a2 0.5 dB - m~! (5). Also, ion-
ion interactions are stronger, due to the higher refractive index. In Pr3t doped GLS, for
instance, concentration quenching starts to become effective at doping concentrations
as low as 100 ppm, and poses a limit to the maximum concentration of below 1000 ppm
(50). This constraint cancels out the positive effect of the higher cross section of the
pump transition (also due to the high refractive index), and implies that sulphide PDFAs
too have to rely on fibre geometry and long (5-10 m) device lengths.

The amplifier model which was formulated in the previous section assumed a loss-less
fibre. The effect of the background attenuation on the small signal figure of merit (eqn.
2.7) can be estimated by multiplying the factor F' (eqn. 2.22) by a correction factor
(88):

Q;

F=F.
o + &

(2.23)

where o is the background attenuation and o; is the ionic absorption of Pr3* ions at the
pump wavelength. We measured o; = 4 dB-m™! in an unclad GLS fibre doped with
1000 ppm of Pr3+. The value of the corrective factor (2.23) is shown in figure 2.9 as a
function of the fibre attenuation; it is evident that, in order to retain the advantage of
the better spectroscopic properties, a sulphide PDFA requires the fibre loss to be below
1dB-m™1

A point worthy of particular attention, and to date not extensively investigated, is that
concerning nonlinear and photoinduced effects. Sulphide glasses have a third order
nonlinearity a few hundred times stronger than ZBLAN (table 2.6); they also show pho-
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toinduced effects, which are not observed in fluorides. Both these phenomena increase
with increasing power intensity in the core, i.e., again, with decreasing the effective
mode area of the fibre, and deteriorate the amplification process in diverse ways. Non-
linear effects cause interference between signals at different wavelengths (the ‘channels’
in DWDM systems); photoinduced effects affect the transparency of the host glass and
are equally to be avoided in amplifiers. Thus, apart from the loss issue, maximisation
of the gain through reduction of the mode area in sulphide PDFAs must also avoid the

onset of these effects.

To summarise the results of this section: sulphide glasses, especially a few systems based
on gallium sulphide (such as GLS) have potential for more efficient PDFA devices, as
compared to the commercially available fluoride PDFAs, provided that:

e It is possible to achieve a thermally stable and durable glass composition with
transparency close to the intrinsic limit (< 0.5 dB - m™1).

e The thermal stability is sufficient to allow drawing of single-mode fibres with small
core radii (<2 pm) and high NA, without compromising the transparency of the
base glass.

s Fabrication-induced fibre attenuation, nonlinear effects and photoinduced effects

can be minimised.

2.2.5 Pr3":GLS glass for optical amplification around 1.3 um

The spectroscopic properties of Pr3*:GLS are shown in table 2.2 and place it among
the most suitable glass systems for the sulphide PDFA. The lifetime of the 1G4 level is
300 ps, leading to high RQE, and the product o7 is almost one order larger than in
ZBLAN; however, the fluorescence peaks at 1.34 um, well off the center of the O band.

Since the early work by Becker et al. (38) it was recognised that the most serious issue for
this material is the thermal stability. GLS has a strong tendency towards crystallisation
at temperatures above the glass transition T, as will be discussed in Chapter 3. The
separation between the temperature for fibre drawing and the temperature for which
the crystallisation rate is maximum amounts to only a few tens of degrees. GLS glass
cannot be subjected to repeated heat treatments above T, without compromising its
transmission properties. This inability to process GLS by a series of thermo-mechanical
steps automatically excludes some of the standard techniques for fibre drawing from
preforms, such as the rod-in-tube technique used for the fabrication of single mode
fluoride fibres. The rod-in tube technique was employed in early trials to prove in
principle the ‘fiberisability’ of GLS and and produced only multimode fibres (44), with
large core/clad ratios and, unfortunately, with very high loss.
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The problem of glass stability can, at least in principle, be tackled in two different
ways. Firstly, modifying the glass composition can improve the stability and alleviate
the problem. Secondly, the fabrication process can be adapted in order to reduce the
number of steps utilised for preform fabrication and fibre drawing. Apart from these
more practical aspects, since in a glass with limited thermal stability the fibre fabrication
is always likely to introduce an amount of extra loss, it is also important to establish what
is the intrinsic transparency limit of the material. This is a difficult and much debated
issue not just for GLS but for chalcogenide glasses in general, as these materials show
attenuation mechanisms that are not common to other glasses (such as oxide and fluoride
glasses). In GLS the question of what is the transparency limit in the near-IR is still
substantially open. Brady et al. (89) applied the V-curve model originally proposed by
Shibata et al. (20); they determined the electronic and multiphonon absorption edges
by transmission measurements, and assumed theoretical expressions for the Rayleigh
scattering from small-scale density and refractive index fluctuations. A minimum loss
of 0.51 dB km~! at 3.5 wm resulted resulted from this model; the loss in the near-
IR was about 0.05 dB m™! and was due to scattering. These estimates, however, did
not take into account the weak absorption tail (WAT) (90), which has been observed
in many chalcogenide glass systems, including As:S and Ge:S. The total attenuation
of GLS is also determined by fabrication-related loss mechanisms, such as the impurity
from transition metal impurities and the scattering from crystals, defects and inclusions;
consequently, it is very difficult to separate the various contributions, hence to investigate
the presence and magnitude of the weak tail.

Stabilisation of GLS through compositional modification has been extensively investi-
gated (see section 3.2.2 for a more detailed discussion). Addition of other sulphide
compounds does not result in a noticeable improvement of thermal properties. Mod-
ification through halides lead to some improvements, particularly with group-I metal
halides (91); however, these materials are very hygroscopic, which negatively affects the
glass purity and durability. Oxide addition leads to a marked improvement of the ther-
mal properties of GLS, providing wider glass forming regions, reduced critical cooling
rates and better stability upon reheating above T,. The role of oxide was first inves-
tigated and reported in the early studies by the group of Flahaut (25). The addition
of oxide is not only beneficial, but essential to glass formation of GLS, and this was
only pointed out much later by Hewak (92) and Li et al. (48). Compositions with less
than 1-2 wt% of oxygen, either contained as an impurity of other components, or added
intentionally as LasOs or GasOs, produce on quenching a mixture of crystalline and

glassy phases.

On the other hand, oxide addition also induces strong modification of the optical and
spectroscopic properties. The position of the UV-Visible electronic edge is blue-shifted
with increasing oxide fraction; in GLSO glass, where all the lanthanum sulphide com-
ponent is replaced by lanthanum oxide, the shift is up to about 50 nm. Spectroscopic
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properties are radically modified. Oxide bonds act like high-phonon energy channels
for non-radiative de-excitation of RE ions. Consequently, the RQEs are progressively
reduced with increasing amount of oxygen introduced in the glass network (93). As
lanthanide ions have a very large average coordination number (&~ 8), and oxygen-
lanthanide bonds are favored over sulphur-lanthanide bonds due to the larger difference
of electronegativity, even a small amount of oxide of a few percent produces a notice-
able effect. Oxide sites are energetically inequivalent to sulphide sites, the spectroscopic
properties of rare earths becomes markedly wavelength-dependent (94), i.e. pumping at
slightly different wavelengths inside the GSA bands accesses different groups of ions and
hence results in a different fluorescent response.

Although the reduction in the RQEs caused by the oxide has generally been considered
a disadvantage for devices, work carried out at the ORC (95) has shown that this is not
necessarily the case for GLS. Oxide addition has advantages as well as drawbacks. The
disadvantages are the reduction of the RQE and the increase of the signal GSA due to
the progressive shift of the ® H4—3F} transition with increasing oxide content (reduced
nephelauxetic effect). The advantage are better thermal stability, a broadening of the
emission at 1.3 pm, the wider range of pump wavelengths and a potential for efficient
high-power amplification through the reduced lifetime of lower-lying levels (*Hs, 3 Hg)
causing bottlenecking. All these pros and cons must therefore be carefully considered, as
oxide addition in limited amounts may prove beneficial, at least for certain applications.

2.2.6 Alternative candidates for the 1.3 um optical amplifier
2.2.6.1 Pr3* amplifiers based on other glass systems

Amplification at 1.3 um was first demonstrated in Pr- doped fluoride glass (ZBLAN)
(96; 62; 97). The fluoride PDFA was successively developed particularly by scientists at
the BT Labs (UK) (98) and NTT (Japan) (64). Most efforts were devoted towards in-
creasing the gain through waveguide optimisation (63) and towards improving the pump-
ing efficiency. The best efficiency reported in Pr: ZBLAN is 0.24 and 0.4 dB mW ™!
for a single and dual pass pumping scheme respectively. The efficiency is slightly better
in InFs-based devices. The gain bandwidth of the fluoride PDFA, with its center at
1.31 pm is perfectly matched to the O band. However, due to its low intrinsic efficiency,
the fluoride PDFA requires a high pump intensity: a 30 dB gain requires over 300 mW
of power at 1.02 ym. Compact, cheap and reliable sources are not readily available
at this wavelength and level of power. Device prototypes were originally demonstrated
using T"-sapphire or neodymium lasers as the pump source, which however are not suit-
able for practical devices. Diode pump modules were later developed, based on InGaAs
strained quantum well laser diodes (99). PDFA commercial modules, based either on
ZBLAN and InFj;- fluoride, and pumped with a compact, diode-pumped Nd:YLF, are
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currently available froma NTT Electronic Corporation (100). The insertion of fluoride
PDFA modules into the standard networks poses further challenges; due to the huge
difference of melting points, fluoride fibres cannot be fusion spliced, and must therefore
be butt-coupled, to silica fibres; the difference of refractive index and mode mismatch at
the interface produces extra loss and unwanted reflections. The problem of connections
of fluoride PDFAs to conventional fibres is addressed in ref. (101). Despite the continued
improvements, the fuoride PDFA has only had limited technological applications as an
optical power amplifier rather than signal amplifier for telecom networks.

Amplification around 1.3 pm has also been demonstrated in Pr3*-doped Ga:Na:S by
Toratani and co-workers at Hoya Corporation (Japan) (82). These authors have suc-
cessfully fabricated single mode fibres with small core radius (2-2.5 um), high NA (0.31)
and low loss (1.2 dB m™!) at 1.31 wm, and their result is the best reported so far for a
PDFAs based on a sulphide host. They used extrusion to fabricate the preforms from
which optical fibers were subsequently drawn. Extrusion allows mechanical processing
of glass at lower temperatures than most other techniques, which proves particularly
useful in the case of glasses with limited thermal stability. The Ga:Na:S, originally
reported by Palazzi (102), has the longest lifetime ever reported for the level 'Gy of
Pr3* and also the shortest emission wavelength (1.332 m) among the sulphide glasses
(see table 2.2); one drawback is caused by the sodium sulphide being very hygroscopic
(103). Using a bidirectional pumping configuration, the group at Hoya achieved a low
signal gain coefficient of 0.81 dB mW ! at 1.34 um in a 6 m long device (82), which
more than doubles the efficiency of the best fluoride PDFA; this prototype delivered
30 dB net gain with less than 100 mW input power. The efficiency was some 40% lower
(0.51 dB mW 1) at the preferred wavelength of 1.31 um.

Table 2.3 reviews the state-of-the-art of the glass systems relevant to 1.3 um PDFAs; the
first two columns summarise the main advantages and drawbacks of each system, the
second two show respectively for which system single mode fibres suitable for practical
devices and device prototypes were achieved, and the fifth reports their efficiency.

2.2.6.2 RE-doped amplifiers based on other rare earth ions

Neodymium was first proposed as the active ion for a 1.3 pm fibre optical amplifier
(NDFA) (104). A diagram of the main energy levels is shown in figure 2.10; neodymium
constitutes a four-level system, where the gain transition Fj /2—>4I 13/2 is purely radia-
tive (i.e., the RQE is almost one). The pump wavelength of 800 nm conveniently falls
within the output range of commercially available AlGaAs laser diodes; furthermore,
the radiative cross section of the pump transition, unlike in the Pr3*, is large, opening
the possibility of high pump efficiency and shorter device lengths. The 1.3 ym amplifi-
cation scheme in Nd3t has however a fatal drawback caused by signal ESA. Indeed, the
gain transition is almost resonant with the 4Fj /2—+4G7/2, which is centered at slightly
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FIGURE 2.10: Diagram of the energy levels of Nd3* relevant to 1.3 um amplification.

higher energies. ESA depopulates the lasing level, and generally leads to loss, rather
than gain, around 1.3 pm, and the gain peaks at longer wavelengths, resulting in a
poor overlap with the O band (105). In Nd®*-doped silica, for instance, ESA prohibits
gain below 1.36 pm. Choosing a fluoride or fluorophosphate host causes only a slight
improvement, with the fluorescence emission peaking at 1.34 pm. The glass host for
which the best overlap with the O band results is fluoroaluminate, where the emission
peaks at 1.317 pum (106); however, fluoroaluminate glass is far less stable than fluo-
rozirconate and fibre fabrication is difficult (107). Another problem of the neodymium
amplification scheme is the existence of other spontaneous transitions from the “Fj /2
level, at 0.88 um (*F3/3—*Iy/2) and 1.06 um (*F3;a—*11/,), actively competing with
the gain transition; as their branching ratio is higher, they equally contribute to de-
pleting the lasing level through strong ASE, hence they reduce the available signal gain
at 1.3 um, unless they are filtered out. Optical amplification has been demonstrated
in a Nd3T-doped fluorozirconate fibre, though with a maximum net gain of 10 dB at
1.33 pm (108). Positive net gain at 1.317 pm has also been recently demonstrated in
an Al:F3-based Nd3t-amplifier employing a waveguide geometry (109). The limitations
imposed by ESA and ASE remain unaffected if a chalcogenide is chosen as host; on the
contrary, the nephelauxetic effect shifts the 4Fyo—*I;3/, fluorescence further away from
the center of the O band. In Nd®*+-:GLS, for instance, the fluorescence peaks at 1.36 um
(50). Lasing in Nd3*+: GLS (both bulk and fibre) has been observed only at 1.08 um
(45; 46). Tt is also important to note that the attenuation at the pump wavelength
is higher in the chalcogenides than in fluorides, due to the proximity to the electronic
absorption edge and the presence of the weak tail, which reduces the pumping efficiency
at 0.8 um. Optical amplification at 1.08 pum has only been reported for one multicom-
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FIGURE 2.11: Diagram of the energy levels of Dy3t relevant to 1.3 um amplification.

ponent chalcogenide system (Ge:As:Ga:Sbh:S) (110) but, due to the high attenuation,

no net gain could be observed.

Another candidate for O-band amplification is dysprosium. The transition of interest
(see fig. 2.11) is from the doublet 6H9/2:5F11/2 to the ground state 6H15/2 (111). Due to
the very small energy separation (=~ 1800 em™!) between the 6 Fy; /2 and the next-lower
lying level, this transition is subject to strong non-radiative quenching from multiphonon
decay, and is not observed in oxide or even in fluoride glasses. Thus, the Dy-doped
amplifier requires a chalcogenide as the host. In Dy3*-doped GLS the 1.3 um transition
has slightly less than 30% RQE (111), which is suitable for optical amplification. Unlike
the PDFA, the metastable level ®Hg 5:%F1 /5 can be accessed by several different pumping
schemes; a number of bands are available, all characterised by high GSA: at 0.81, 0.9,
1.1 and 1.25 pm. The shorter wavelength bands (0.81, 0.9 pm) provide a three-level
scheme and are conveniently matched to the output of commercial laser diodes. The
in-band pumping scheme at 1.25 um, due to the larger absorption cross section, opens
the possibility of short devices (42).

The biggest drawback of the dysprosium amplifier is the presence of two intermediate lev-
els (3H11/2 and 3H15/2) with longer lifetimes (~ ms) as compared to 6H9/2:6Fn/2 (59 us
for GLS). Significant ion populations are trapped in these intermediate levels (‘bottle-
necking’}, which limits the available gain and further reduces the efficiency through ESA
to the higher levels ®Hg/, and F5 /5 (see fig. 2.11). Samson et al. (42) have investigated
a codoping scheme with high concentrations of 7'b (42; 115); this scheme relies on ion-ion
energy transfer from Dy®t to Th%+ to deplete the intermediate levels and alleviate the
bottlenecking problem. In GLS, however, the presence of oxide, necessary in small quan-
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TABLE 2.4: Comparison of spectroscopic parameters of the 1.3 um transitions of Pr3+

and Dy3+.

Host Apeak T Q Bs Q x Bs Os OsTs Ref

[nm]  ws] (%] %] [107%5 m?] 1072 m?] '
Pr3+.ZBLAN 1322 110 34 0.64 22 3.48 3.83 (64)
Pr3+.GLS 1334 300 60 0.60 36 10.8 32.4 (41)
Dy3+:GLS 1320 59 29 0.93 27 38.0 22.4 (111)
Dy**:Ge:Ga:S 1340 17 38 0.90 34 43.5 16.5 (112)
Dy®+:Ge:As:Ga:Se 1340 300 94 0.90 85 27.0 81.0 (113)
Dy®*+:Ge:Ga:S:Cs:Br | 1310 1580 93  — - - - (114)

tities in order to form glass and to draw fibres, imposes a further complication, as was
pointed out only recently by Schweizer et al. (116). The 1.3 yum transition of dysprosium
is an ‘hypersensitive’ transition, where the cross section is highly sensitive to the local
structure and bonding environment surrounding the Dy** ions (117). When hosted in
GLS, Dy** ions distribute themselves over two groups of sites with markedly different
spectroscopic properties, which Schweizer et al. name the ‘sulphide site’ and the ‘oxide
site’. Dy3* ions in the oxide site experience a high phonon-energy environment which
quenches non-radiatively the 1.3 um transition, hence they only play a detrimental role
in the amplification through pump GSA and signal ESA. Due to the chemical affinity
between oxygen and RE metals, a considerable fraction of Dy** ions occupies oxide sites

even for low (< 5 wt%) oxide levels.

As compared to GLS, selenide glasses in the system Ge:As:Ga:S (113) and alkali halide-
modified Ge:Ga:S glasses (114), appear more promising for Dy3*-doped devices. The
high values of radiative lifetimes and RQEs, which in these hosts approaches 100%,
indicated very low non-radiative quenching of the level 6Hg/5:%Fy; /5 (see table 2.4).
Consequently, the bottlenecking effect is expected to play a far less critical role in the
amplification process at 1.3 um than in GLS. Although selenide glass has been fabricated
into single mode fibres with less than 5 dB - m™! attenuation, no demonstration of a

practical amplifier has been reported to date.

2.2.6.3 Raman amplifiers

The idea and first demonstration of Raman Optical amplifiers (RAs), based on the
stimulated Raman scattering, dates back to the 70s (118; 119); however, it was only in
recent years that the progress achieved in high power pump LDs and cladding-pumped
fibre lasers has made this type of device feasible. Raman amplification is attractive
because it exploits conventional silica fibre as the amplifying medium; by turning the
passive transmission line into a distributed gain medium, it provides an effective way to
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TABLE 2.5: Characteristics of technologies for 1.3 wm amplification.

Device Technology Materials Efficiency Advantages Disadvantages
Py-fluoride 0.4 dB,'mW aHigh power conv. efficiency eCost of materials
RE-doped Optical fiber 38 dB max eLow noisc figure eDurability
amplifiers (non-oxide) Pr-sulphide 0.8 dB,/mW eHigh gain and satur. power eInsertion loss
> 30 dB max (potentially) eRecliable devices achieved
Dy-chalcogenide - eGood overlap with O band in low efficiency fluoride
a‘All silice solution’
Raman Optical fiber Silicate glass ~ 38 dBmax eWide bandwidth eHigh pump power
amplifiers (sllica) » ¢Good coupling to eExpensive pump sources
standard fibres Long device length
eDistributed amplification
e Possibility of integration
Planar InGaAsP/InP, ~ 38 dBmax e Possibility of hzbrid devices sHigh insertion loss
SOAs (gemi- AlInGaoAs/InP (electronictoptical) eWavelength crosstalk
conductors) MQWs e Possibllity of production sPolarisation sensitivity
in large numbers

compensate for the fibre attenuation within the fibre itself {repeaterless transmission).
RAs can upgrade existing transmission links with little modification. Besides, Raman
gain is non-resonant and can in principle be achieved at any wavelength, provided a
suitable pump source is available; this opens the possibility for devices spanning the
entire window of low attenuation of silica. RAs can operate either as distributed or as
discrete or ‘lumped’ devices. Distributed amplification is less sensitive to degradation of
the signal-to-noise ratio and to nonlinear distortions, which is very desirable in DWDM
systems with closely spaced channels; hence, distributed RAs are used to improve the
performance of conventional, EDFA-based systems operating in the C and L bands.
Discrete RAs, on the other hand, can be used to open up new operation bands and
increase the system capacity (120).

Since however stimulated Raman scattering is a weak nonlinear effect, amplification is
inefficient leading to the requirement for high pump power. Powers of several hundred
mW are required in order to obtain a ~ 25 dB gain; as far as pumping efficiency at
low signal powers is concerned, a RA 1is inferior even to a fluoride PDFA. The high
operation power poses a problem of availability and reliability of suitable pump devices.
At wavelengths where laser diodes are available (e.g. for operation in the C and L bands),
several modules are generally necessary to deliver the required pump power reliably.
Concerning amplification around 1.3 um, since in silica the Raman shift is &~ 450 em ™!,
the pump wavelength for operation in the O-band is & 1.24 ym . This wavelength falls
outside the output of laser diodes, hence cascaded Raman fibre lasers, pumped with
Yb-doped fibre lasers, have been used as pump source for 1.3 um RA device prototypes
(121). The second penalty of RAs is that they require long device lengths; although
a disadvantage for lumped devices, it can be counterbalanced by combining gain and
dispersion compensation. Despite these difficulties, RAs for operation in several bands
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have been developed at an impressive speed over the past few years; at present, devices
operating in the C and L bands are already in use in long-haul transmission systems,
and modules for the S band are also quickly becoming available.

2.2.6.4 Semiconductor optical amplifiers

Semiconductor optical amplifiers (SOAs) have been investigated for several years as
an alternative to RE doped fibre devices (122). These devices are based on Group
ITI-V compound semiconductor heterostructures, which offer considerable flexibility in
tailoring the operating wavelength. The other strong points of SOA devices lie in their
compactness, opening the possibility of monolithical integration of multiple devices, in
the low power consumption and in the possibility of large scale production. Historically,
the application of SOAs has been hindered by serious limitations such as their high
insertion loss, leading to poor signal-to-noise ratio and fibre-to-fibre gain, nonlinear
distortions and wavelength crosstalk. In spite of the overwhelming success of the EDFA|
progress in the field of heterostructured semiconductors has now provided solutions for
many of these problems. SOA operating both in the 1.55 and 1.3 um bands are currently
available on the market, and are viable as in-line amplifiers for telecom systems in the
O band, where fibre devices have not provided, as yet, a device performance comparable
to that of EDFA (123). SOAs operating at 1.55 pum can also be used in integrated
optical circuits for other WDM operations such as all-optical switching and wavelength

conversion (123).

2.3 Ga:La:S and Ga:La:S:0 glasses for nonlinear applica-

tions

2.3.1 All-Optical Switching: principles and materials

Modern optical fibre telecommunications systems require components capable of high-
speed manipulation of optical pulses. Several operations can be achieved through the
use of nonlinear optical materials, where the propagation of a signal beam is controlled
by means of another beam in an all-optical process. All-optical signal processing can
achieve much faster rates than electronic-mediated signal processing, hence a variety
of nonlinear materials and device schemes has been investigated; applications include
all-optical modulators, wavelength converters, demultiplexers and, especially, all-optical
switches (AOSs).

The refractive index of a nonlinear material is composed of a linear and an intensity-
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dependent part, as in the following relationship:

n(f) =ng+ nal (2.24)

where I is the optical power intensity (W - m™2), ng is the linear refractive index and
ny is the nonlinear refractive index (m? - W™1). Optical nonlinearities are observed,
for instance, in crystalline semiconductors, inorganic glasses and in some polymers. As
nonlinearity can arise due to a variety of effects, it is important to establish appropriate
figures of merit to enable a comparison between different materials. An useful criterion
is to consider the ratio of the maximum nonlinear index change to the thermally induced

index change, through the following quantity (124):

ﬂu=ﬂﬂﬁi} (2.25)

where p - Cp is the heat capacity, dn/dT is the temperature coefficient of the (linear)
refractive index, 7 is the response time of the nonlinearity and « is the total absorption
coefficient, which includes both linear and nonlinear (i.e., two-photon) absorption:

a(l) = ag + ol (2.26)

It is obvious from equation 2.25 that a nonlinear optical material should ideally have
a large nonlinear refractive index, fast response and low absorption at the wavelength
of interest. Semiconductors have large nonlinear coefficients at near-IR wavelengths;
however, such nonlinearity is associated with the excitation of electron-holes pairs, hence
with high absorption and slow relaxation times. Glasses are also good candidates for
nonlinear devices, due to their high transparency, durability, high threshold to damage
and ability to be fabricated into optical fibres and waveguides; a waveguide structure is
essential to achieve high power densities with low operation powers. The nonlinearity of
glasses arises from the third order susceptibility, i.e. it has very fast response (sub-ps),
but also the penalty of being orders of magnitude smaller than in semiconductors. For
instance, silica glass has very low absorption in the near-IR, but the nonlinear refractive
index is also very small (ny = 2-3-1072° m2W~1). Consequently, extremely high optical
powers are necessary for short AOS devices (125) or, alternatively, very long lengths
are required in order to keep the operation power sufficiently low (126). Long device
lengths are only acceptable for applications that can tolerate long delays and are also
undesirable due to birefringence and dispersion effects.

A possible solution to this problem is to use glasses with higher nonlinearity (127).
For instance, heavy metal oxide glasses, such as lead oxide and tellurite glasses, have
nonlinear refractive indexes ny up to 50 times greater than silica (see table 2.6). More



Chapter 2 Near-IR Photonic Applications of GLS-based Glasses 41

[N

2
1
1
!

Silica
E!PO+30TiOz
SF-6, SF-59
Pd-Bi-Ga Ox.
901‘&0210Nk’205

Bi O -based
U

Ga:La:S | d

10 E-"““h“

.ﬁuszs3
AsGeShS
Ga:La:S
Ga:La:S:0
Ga:Na:S

As § Se
40 40 20

As Se

2 3
Ge S

25 75
Ge-Sb-Se
As-S-Te
Ge-Se-Te
Ge-As-Se-Te

[}
im

(102 m%w)
P
J
3
4 P
(]
H
'09‘
1
E 4> ¢ H @ X h 4 F ¢ 0

ST o .4 PO -

Nonlinear Refractive Index n

10

°
-
¢+ H o0 E

1 10

n -1
0

Ficure 2.12: Correlation between linear and nonlinear optical properties (at 1.5 um)
for various glass systems.

generally, it was observed (128) that a correlation exists in optical glasses between a
high linear refractive index and a high third-order nonlinearity at near-IR wavelengths.
Several empirical relationships have been proposed in order to predict the dependence
between the linear and nonlinear properties (129; 128); the following power dependence
(130):

na o¢ (nd +2)°(nd — 1) (2.27)

was found to describe the dependence for several families of oxides and chalcogenide
glasses. The correlation between ng and ng (at 1.5 pm) is clearly shown in figure 2.12
for several glass systems. Chalcogenide glasses have very high refractive index (ng > 2.3)
and the highest nonlinearity among optical glasses; it can also be seen from figure 2.12
that the ny of chalcogenides is in general higher than oxides with approximately the
same ng. This is believed to be a consequence of the large polarizability of the chalcogen
ions (131). Among the chalcogenide glasses, the nonlinearity generally increases with
increasing atomic number of the chalcogen (fig. 2.12); thus, the no of some selenide
and telluride glasses is ~ 1000 times larger than silica (132). This, however, does
not automatically mean that selenides and tellurides are the best nonlinear glasses, as
nonlinear absorption increases too with the Z of the chalcogen.

In comparing nonlinear materials for all-optical switching, as seen from eqn. 2.25, it is
necessary to take into account both ns and the material's absorption. Even neglecting
the linear absorption, two-photon absorption can still significantly reduce the device
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efficiency. It is therefore convenient to refer to the following nonlinear figure of merit:

N2
FOM = — 2.28
%) (2.28)
where )\ is the wavelength of operation and ns and f» are measured at A\. The design of
an efficient AOS requires the above FOM to be large; more specifically, the following
criterion should be verified {133):

FOM > cqy (2.29)

where cgy, is a numerical constant of the order of unity, and the value of which is
determined by the specific design of the switch (e.g. c¢sw, = 2 for a nonlinear coupled
wavegnide switch, cg, = 0.1 for a nonlinear Fabry-Perot filter and ¢g,, = 5 for a nonlinear
Mach-Zenhder interferometer (134)). In semiconductors, the wavelength dispersion of
ng and [ is characterised by a resonant enhancement at frequencies close to half the
bandgap. Hence, both quantities increase for A & Agap/2, but, since B increases more
rapidly than ny, the FOM (2.28) decreases. As Agqp =~ 0.7-0.8 um in most Se- and
Te-based chalcogenides, their FOM at A = 1.5 um is low (see table 2.6) and sulphide
glasses are in general better candidates for nonlinear applications.

2.3.2 Feasibility of GLS-based glasses for AOS devices

The nonlinear optical properties of optical glasses in the 1.5 um region have been re-
ported by Canioni, et al. (135), Cerqua-Richardon, et al. (139), Requejo et al. (54), Jha
et al. (8), Harboldt et al. (140; 141) and Quemard, et al. (131); the values of n,, ns, G2
and the FOMs (2.28), taken from these references, are presented in table 2.6. It must
be noted that large variations exist in the nonlinear properties reported by different
authors for certain material (e.g. As253); these variations can probably be attributed to
differences in the glass composition and preparation, and perhaps also on the different
precision/accuracy of the techniques used to measure ny and ;. While the nonlinear
refractive index increases passing from oxides to sulphides, selenides and tellurides, the
maximum values of the FOM are found in sulphide glasses and selenides of the group
As-S-Se and Ge-As-Se. Both Ga:La:S and Ga:La:S:0 have a large nonlinear index
(na/nHe® ~ 100) and very low two-photon absorption at 1.5 um (54), leading to a high
FOM; in particular, the condition 2.29 is verified, making them suitable for all-optical

switches.

Asobe and co-workers reported the fabrication and characterisation of all-optical switches
from As:S fibres; these studies are summarised in reference (23), and offer a good in-
sight into the device requirements and the main issues related to AOSs in sulphide
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TABLE 2.6: Linear and nonlinear refractive index and nonlinear absorption coefficients

of optical glasses measured at 1.5 um.

Glass " 2 & FOM Reference
[1072m2W Y [107*mW 1] :
Silica (Herasil) 1.42 1.2 - - (135)
Silica (Suprasil) 1.46 2.5 - - (135)
Borophosphate-307%0; | 1.61 13.3 - - (135)
SF-6 (40Pb0-605i02) | 1.80 22 - - (135)
SF-59 (55Pb0-455i0,) | 1.95 32 - - (136)
Pb-Bi-Ga oxide 2.43 37.9(1) - - (53)
TeO»>-based 2.05 38 - - (137)
90Te02-10Nb2 05 2.14 69.3 ~ - (135)
TI-Bi-Ga oxide 2.47 58.1(1) — - (53)
65Te02-35T1>0 2.09 89.0 - - (135)
Bi303-B203-510- 2.02 96.5 - - (138)
As2S3 2.4 2102 6-1072 200 (23)
2.38 0.4 - 102 0.3 1 (139)
2.45 5.4-102 <03 > 12 (140)
As283-GeS2-Sby Ss 2.4 1.8-10? - - (137)
Geis.4A830.6554.8 - 3.2-10? <0.1 > 21 (141)
Ga:Na:S 2.14 1.0 - 102 <0.1 > 7 (54)
Ga:La:S5:0 2.25 1.8-10° <0.1 > 12 (54)
Ga:La:S 2.41 2.2 - 102 <0.1 > 14 (54)
Asa0Sa0Sen 2.47 0.8- 102 <01 >5 (139)
2.55 7.4-102 0.6 8 (140)
As24S38Seas 2.32 1.75 - 10? <0.5 >2 (139)
GezsSers 2.4 3.1-102 1.0 2 (142)
AsySes 2.78 1.3-102 4.3 2 (142)
- 1-103(%) 0.1 64 (131)
2.81 2.3-10% 1.4 11 (140)
GezoAsspSeqn - 0.85 - 103(*) 0.1 59 (131)
Gei As2Sers - 1.3-108 0.3 28 (141)
Ge23Sbr2Seso 2.61 9.4 - 102 2.1 (142)
Asas SssTeao 2.52 1.2-10% 1.5 5 (140)
GeasSessTero 2.5 5.7-102 3.7 (142)
Geso AsiiSessTero 2.5 1.1.102 1.6 0.5 (139)
(1) measured at 1.25 um
(*) measured at 1.43 um
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fibres. Firstly, he found that the background attenuation at 1.5 pwm is a considerable
drawback; in order to keep the switching (peak) power below 1 W in a device length of
a few meters (2-4 m), the attenuation had to be reduced to below 0.5 dBm ™! in a fibre
with &~ 2.5 um core diameter. Further loss reduction was considered difficult due to the
scattering loss of fibres and the intrinsic limitation of the weak absorption tail (WAT).
The second problem investigated by Asobe was the very high group velocity dispersion
(GVD) of the sulphide fibre at telecom wavelengths. The GVD causes the spectral
broadening and walk-off effect of pump and signal pulses, which limits the interaction
length. Dispersion compensation requires either the modification of the fibre structure,
as is done for silica fibres, or the inscription of gratings in the sulphide fibre, which was
also reported by Asobe (23). Finally, the high intensity required to operate the sulphide
AOS could induce degradation of the fibre, either as permanent damage or in the form
of photorefractive effects; the possibility of photodarkening (PD) was mentioned, i.e. a
red-shift of the material’s bandgap producing an increase of the near-IR absorption loss.
PD can arise in AsyS3 glass as a consequence of two-photon absorption (143) and was
also observed in As-S-Se glass (140).

Since GLS and As-S glasses have very similar nonlinear properties (see table 2.6), the
analysis made by Asobe provides useful information. It is clear that a first requirement
for nonlinear applications of GLS glass is the possibility to fabricate low-loss single-mode
fibres. As the loss in the best unclad GLS fibres (= 1 — 2 dBm™!) is higher than the
target value established by Asobe for single mode fibres, a considerable improvement of
GLS fabrication is necessary. Glass stabilisation through high-oxide addition (section
2.2.5) could be viable, as it does not affect the nonlinear properties of GLS (as opposed
to the fluorescent properties): as seen in table 2.6, the Ga:La:S and Ga:La:S:0O have
similar ny and FOM . Besides the fabrication, it is also important to look at the intrinsic
properties and to establish the loss mechanisms in GLS and GLSO, in order to ensure
that the transparency limit is compatible with the target loss of =~ 0.5 dBm 1.

Another important point concerns the damage thresholds and the occurrence of photore-
fractive effects. Both these issues have not been investigated in detail in GLS glasses,
hence little is known about the behavior of these materials under irradiation with high-
intensity optical pulses. Generally speaking, one can observe that GLS based glasses
have higher softening points as compared to most other chalcogenides; however, this
might not relate directly to a high damage threshold, since damage can arise from de-
fects and inclusions in the glass. In conclusion, the stability of GLS glasses under high
intensity irradiation at near-IR wavelengths is of great practical relevance and should

be investigated.
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TABLE 2.7: Nonlinearity factor ynr.

Fibre yn [W™im™Y Loss [dBkm~!] | Reference
Silica DSF 2.7 0.15-1073 (144)
High-GeO, Silica 20 - (145)
Silica HF 60 —~ (146)
BiyOs-based 64 <08 (144)
SF-57 HF 550 3 (147)
As-S 600 3 (148)

2.3.3 Microstructured fibres for nonlinear applications

The microstructured ‘holey’ fibres (HFs) are a recent development in optical fibre tech-
nology (56). In these structures light modes are confined in the core and guided due
to an effective index difference between the solid core and an holey cladding. Holey
fibres are important for nonlinear applications as they enable a different approach to
obtaining high nonlinearity. In fact, the nonlinearity of an optical fibre is commonly
described through the yyr parameter:

_ _ 271'712
L [W Ykm, 1] = AT

(2.30)

where A¢f7 is the effective mode area of the fibre. In holey fibres mode areas as small
as a few pum? can be achieved, hence the effective nonlinearity is increased due to the
tight confinement.

The values of vy for different types of fibres are shown in table 2.7; all-silica holey
fibres can achieve over 20 times larger nonlinearity than conventional silica fibres, while
lead-oxide HF's have the same nonlinearity as the As:S fibres studied by Asobe, et al.
(148). Recently, the first chalcogenide holey fibre (Ga:La:S:0) was reported (55); while
much improvement is still needed in the fabrication, the feasibility of microstructured
chalcogenide fibres opens up the possibility of very short device lengths (=~ ¢m). A holey
structure might also have an advantage over a traditional fibre structure as far as fabri-
cation is concerned. In the latter light guiding is a consequence of the index difference
between core and clad glass; thus, a suitable pair of slightly different compositions is
required, and this may lead to a difficult trade-off between optical properties on one
hand, and thermal stability and expansion coefficient on the other. In contrast, in a
holey fibre the same material can be used for both the core and the clad, as it is the size
and the position of the holes which causes the index difference. Holey fibre preforms
can be obtained by extrusion or stacking, which might prove advantageous in the case
of glasses with limited thermal stability, such as GLS-based glasses. Another important
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aspect is that dispersion properties of holey fibres are also strongly dependent on the
size and arrangement of the holes, which means that the material dispersion can be
engineered by modifying the fibre structure, and this might prove crucial in addressing
the problem of the large dispersion of sulphide glass at telecom wavelengths.

2.3.4 Sulphide fibres for Raman amplification

Highly nonlinear fibres are also attractive for Raman amplification and the application of
sulphide fibres will be briefly discussed here. It was stated in subsection 2.2.6.3 that one
main limitation of silica-based Raman amplifiers is the small gain, which leads to both
high operation powers and long device lengths. The Raman gain G can be expressed

as:

Grox e9TL (2.31)

where ¢ is the Raman gain coefficient, I is the pump intensity and L is the length of
the amplifier. As the gain coefficient ¢ is proportional to the nonlinear refractive index
ny (23), much higher Raman gain Gr can be obtained by using glasses with higher
nonlinearity, giving the possibility for shorter devices and/or lower pump powers. For
instance, the gain coefficient g measured by Asobe (23) in As:S is ~ 200 times that of
silica. To the best of our knowledge, however, no device prototype has been presented
to date. Concerning the use of sulphide and, specifically, of GLS glasses for Raman
amplification, the comments made in section 2.3.2 are still valid, i.e. loss reduction,
transparency limit and response to high pump powers of GLS are the main issues.

2.4 Conclusions

In this chapter the application of GLS-based glasses for the 1.3 um praseodymium am-
plifier and for nonlinear devices was discussed. The 1.3 pm amplifier has been actively
sought to enable the WDM operation in the window of low chromatic dispersion of
standard telecom fibres (O band). None of the devices realised to date has proved as
successful as the EDFA for the C band. The pros and cons of RE-doped fibre amplifiers,
semiconductor optical amplifiers and Raman amplifiers have been discussed. RE-doped
amplifiers still offer the most elegant solution for telecom applications, but the prac-
ticable schemes require a low phonon energy host such as fluoride or sulphide glass.
This poses the problem of developing new fabrication technologies, similarly to what
was done in the *70s for silica, and also the problem of matching the new devices to the
existing technology, almost entirely based on silica fibres. The fabrication of fluorozir-
conate fibres is well developed, but the success of the fluoride PDFA has been limited
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due to the intrinsic low efficiency. Sulphide glass has potential for more efficient devices,
however fabrication is less mature than in fluoride glass. Gallium sulphide-based glasses
are particularly suitable as hosts, but have limited thermal stability. Among these, GLS
glasses have high RE solubility, a high glass transition temperature and good durability;
however, the crucial question is whether these glasses can be fabricated into low-loss,
single mode fibres. To date, this has not been achieved in GLS. The unavailability of
suitable fibres has also impeded a proof of the actual effectiveness of the amplification
schemes. However, encouraging results have been obtained in recent years for a closely
related glass system, i.e. Ga:Na:S glass, where the first demonstration of a sulphide
PDFA has been achieved.

Sulphide glasses, such as GLS, also have potential for all-optical switching due to their
high nonlinear refractive index. Although optical switches have been obtained from
conventional fibres, these devices are very inefficient due to the small nonlinearity of
silica. Heavy metal oxide and chalcogenide glasses have nonlinear refractive indexes 10
to 10 times larger than silica. GLS and GLSO have a large nonlinear figure of merit
(FOM), that is, a large ng and a small 35, at 1.5 um, hence they are both suitable for
AQOSs in the main telecom window.

Although GLS based glasses show promise for these crucial photonic applications, the
demonstration of practical devices has been hindered by difficulties in the fabrication
and, ultimately, by the unavailability of single mode fibres with low attenuation. The
target for practical devices is < 0.5 dB - m™! attenuation in a fibre with core radius
1-2 pum, although previous results in similar glass systems show that losses up to 1 dB -
m~! are tolerable for the demonstration of device prototypes. Since such values of
attenuation can currently be achieved only in unclad fibres of GLS and GLSO, it is
necessary to identify further improvements of the fibre fabrication process to achieve
the goal. In addition, since the limited thermal stability of GLS and GLSO is likely to
introduce a certain amount of loss in any case, it is also important to investigate the
transparency limit of these materials, especially in the near-IR. This requires the study
of the presence of the weak absorption tail and quantification of its magnitude. Finally,
a very important aspect specified in this chapter is the behavior of GLS based glass
under intense irradiation at IR wavelengths. Very little is known about the thresholds
for permanent damage and for photorefractive effects of GLS and GLSO, and these
properties should be investigated for their practical relevance. Results from other glass
systems suggest that a trade-off between fibre attenuation, device length and operational
power must be sought to avoid photorefractive effects. The following chapters will
investigate the fabrication, intrinsic transparency and the occurrence of photoinduced
effects in Ga:La:S and Ga:La:S:0 glasses.



Chapter 3

Fabrication and Characterisation
of GLS and GLSO Fibres

3.1 Introduction

The fabrication of optical fibres based on novel compound glasses involves several steps
and is in general more complicated than the fabrication of silica fibres. In fact, chemical
vapour deposition methods are poorly adapted to compound glass because of the large
differences in the vapour pressures of the various glass components. Therefore, com-
pound glasses, such as GLS, are prepared by powder melting and melt-quenching; four,
strongly interdependent steps are required in order to obtain an optical fibre:

¢ The identification of a suitable glass composition with the required optical prop-
erties, low intrinsic attenuation and high thermal stability.

e The preparation of high purity glass, which generally involves synthesis and/or
purification of the glass components.

e The fabrication of fibre preforms from pieces of bulk glass; this involves the selec-
tion of a suitable pair of compositions for the core and the clad glass.

e The drawing of the preform into an optical fibre.

Appropriate technological solutions for these steps were the basis for the development
of the fabrication technologies of fluoride fibre. A transfer of technology from ZBLAN
fluoride fabrication to GLS fibre fabrication is only possible to a limited extent, as the
two materials are markedly different. Novel solutions are therefore required and a lot of
effort had been devoted to that prior to this work.

A very exhaustive analysis of the fabrication issues was presented in a previous thesis
(51). In his work, Brady addressed the fabrication of high purity glass and presented

48
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an improved method for the preparation of gallium and lanthanum sulphides with low
impurity content. The thermal stability as a function of the glass composition was
also studied, although a detailed study of the crystallisation process was not achieved.
Finally, the fabrication of fibre preforms was also described and extrusion was identified
as a very effective technique. This chapter builds on the results of the previous work by

Brady and investigates areas of further improvement.

3.2 Gallium lanthanum sulphide and oxy-sulphide glasses.

3.2.1 Glass formation and basic properties

Sulphide glasses are broadly classified into As-based, Ge-based and Ga-based glasses,
with GLS obviously belonging to the latter group. In GLS glass, gallium sulphide is
the main component and the glass former, i.e. the base units of the glass network are
composed of Ga and S atoms. Gallium sulphide is a conditional glass former, i.e. it
cannot form glass by itself, but it is a glass former when a suitable modifier is added
to it. GLS glasses were discovered by Loireau-Lozac’h et al. (24), who reported a wide
glass forming region in the binary system GasS3 — LagSs. Defining n as the Ga cationic
fraction (n = [Ga]/([Ga] + [La])), the region ranged from n = 0.50 to n = 0.85, when
the melt was quenched from 1200 °C, and from n = 0.50 to n = 0.75 when the melt
was quenched from 1100 °C at a critical cooling rate of ~ 5 °C. The same group also
found that glasses could be formed between gallium sulphide and lanthanum oxide, and
identified a ternary system, GasS3-LasS3-LasOs, with improved glass formation ability
and thermal stability upon reheating (25).

The role of the oxide impurity was however not fully recognised by these early studies.
In fact, the LasS3; component was obtained from LayOs through a high-temperature
sulphurisation process; as it became clear later, this process led to small quantities of
oxide being unintentionally added to the glass. Following the progress in the synthesis
of glass precursors, it was shown unequivocally (92; 48) that a small amount of LayOs,
in the region of a few molar percent, must be added in order to obtain a crystal free
glass (see figure 3.1). Therefore, while the GaS3-LaxO; (GLSO) is a proper binary
glass-forming system, the ‘low oxide’ GLS belongs to the ternary system Gas.S3-LasSs-
Lay03. A further improvement was achieved by Brady (51), who identified the role of
two different gallium sulphide phases (i.e., GasS3 and GaS) in the glass formation and
stability.

The microstructure of GLS-based glasses has been studied by Raman and IR absorption
spectroscopy (30), and by EXAFS (extended X-ray absorption fine structure) (31), which

allowed the formulation of a model for the short-range arrangement of the atomic species.
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FIGURE 3.1: Regions of glass formation for the ’pure sulphide’ GLS; (a) shows the
region of glass formation described by ref. (24) (after (92)).

In ‘low oxide’ GLS glass, gallium atoms are always fourfold coordinated, with average
bond lengths very close to those in the crystalline GasS3 compound. GaSy tetrahedra
are the glass forming units and the glass network is constituted by GaS, tetrahedra
linked to each other at the corners. These glass forming units result from the reaction
of the GayS3 phase with extra sulphide ions brought in by the addition of the La;Ss.
Inter-unit interstices in the network provide the sites for the lanthanum cations; these
form ionic La-S bonds (as opposed to the covalent Ga-S bonds) and have a large average
coordination number (= 8). In this model, the role for the LasSs is then to provide
the sulphur atoms necessary in order to complete the glass forming units and to provide
charge equilibration. Such a picture is unusual among the chalcogenide glasses, and
rather resembles the structure of alkali silicate glasses (31).

The role of lanthanum oxide in GLS and GLSO glasses has not been studied in great
detail. Due to the chemical similarity with sulphur, it can be assumed that oxygen
substitutes one (or possibly more) sulphur atoms in the glass forming units. The Ga
surrounding was studied by EXAFS in GLS and GLSO glass (149); it was found that,
with increasing LapOs content, oxygen progressively enters in the glass forming units
and modifies their shape into distorted octahedra. In this picture, the LasO3 acts as a

proper network modifier.

Oxide addition has a beneficial effect on the glass formation and stability; however, as
discussed in the previous chapter (section 2.2.5), it also has a strong impact on the optical
properties of GLS. Oxide bonds increase the maximum phonon energy and decrease the
fluorescence quantum efficiency of rare earth ions. Hence, alternative glass modifiers have
been sought, which could stabilise the ‘low oxide’ GLS composition without affecting
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FI1GURE 3.2: Classification of the glass forming systems based on GasSs.

the spectroscopic properties.

3.2.2 Compositional modifications of GLS glasses

Analysis of the other glass forming systems based on gallium sulphide provides a first
insight into some compositional modifications of GLS glass. The compounds that are
able to form glass with gallium sulphide can be classified into four main groups (see
figure 3.2) (26). The first group comprises the rare-earth sulphides, some metal sulphides
(CaS, NayS, Y»S3, AgSs) and heavy metal sulphides (T3S, SnSs, PbS, SbyS3, BiaS3).
In these glass systems, the GasSj3 is the glass former and a small, but critical, amount
of oxide must be added in order to allow glass formation (48; 103). To the second
group of compounds belong the semimetal sulphides GeS, and AssS3. In these systems,
the GasS3 acts as a network modifier, as both GeSs and AsyS3 are themselves glass
formers; the properties of Ge:Ga:S (40; 80) and As:Ga:S (150) have been extensively
investigated. The third group is composed of GaS;_;Te,, where both the sulphide and
and the telluride anions form the glass network. Finally, glass can also be formed by
GasSs-halide systems (such as CsCl and CsBr) (70).

The two possible approaches to the compositional modification of GLS glass are shown in
figure 3.3. The first option is to replace part of the GayS3 with a new glass former. Due
to their chemical affinity, both Al2S5 and In,S3 can substitute the GasSs. Al3S3 is an
excellent glass former with LasS3; however, the AlyS3 is a very hygroscopic compound,
and this instability is inherited by the glass (151). In:Ga:La:S glasses have been studied
in ref. (152); while the addition of IneS3 improves the thermal properties of the glass,
it also decreases the transmission of the glass in the region 0.7-1 um where most of the
pump wavelengths lie. The same drawback was observed to occur when GasSes was
replaced for GaeSs. Ge:Ga:La:S glasses have also been investigated; these glasses have
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FIGURE 3.3: Ga:La:S:(O) glasses and main compositional modifications.

even higher rare-earth solubility than GLS, but there is no evidence of an improvement
of their thermal properties and in fact the fabrication of optical fibres has not been
reported (153). Summarising, the compositional modification of GLS through a partial
replacement of the gallium sulphide does not achieve an overall improvement of the glass
properties for practical applications.

An alternative approach, and potentially with a wider variety of options, is to add a
glass modifier (see fig. 3.3). Sulphide modifiers have been identified above (fig. 3.2);
the addition of these compounds and its effect on the thermal and optical properties
was extensively investigated as a part of two previous ORC research projects on GLS
glass (154; 155). A recent study (156) clarified that sulphide additives do not improve
the glass stability; a critical amount of oxide is always necessary for glass formation. It
was also found that the effect of sulphide addition can be easily overshadowed by their
underlying content of oxide impurity, which, in contrast, has a significant impact on the
glass formation and stability even at low (0.5-2 mol%) concentration.

The addition of halides has a strong effect on the optical properties of GLS glass; both
lanthanum halides (152) and alkali halides (91; 156) were studied as possible modifiers.
It was found that halide addition improves the visible transmission of the glass, by pro-
gressively shifting the fundamental electronic edge to shorter wavelengths; furthermore,
halide-modified GLS retains the low phonon energy and high rare-earth solubility re-
quired for RE doped devices. Wang et al. (91) reported an improvement of the fibre
drawing properties in GLS doped with 20-30 mol% CsCl, i.e. an increase of the sep-
aration between the glass transition and crystallisation temperatures (an indication of
the glass stability), and a reduction of the viscosity (which allowed fibre drawing to
be performed at lower temperatures than in GLS). Also for this case, however, it was
recently clarified (156) that the maximum amount of halide that can be introduced in
the glass depends on the oxide concentration. Hence, halide additives per se do not
improve the glass stability of GLS, although they can be used to modify its viscosity
and refractive index. It must however be remarked that halide addition may raise an
issue of durability of glass; indeed, C's:GLS has poor resistance to moisture attack (157).
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Among the lanthanum halides, LaF3 is less hygroscopic, but it causes a deterioration,
rather than an improvement, of the thermal stability of GLS at concentrations 0-10 %
(158; 152). The effect of LaF3 at higher concentrations and of LaF3-La,O3 modification
of GLS glass is currently being investigated as a part of another ORC project.

In conclusion, a variety of modifications of GLS glass have been investigated in the past.
The aim was to improve the fibre drawing properties and the thermal stability, without
however compromising the low phonon energy and hence the fluorescence quantum effi-
ciency of rare earth ions. It showed that no single additive can replace the role of the
oxide in the glass formation and stability. A critical amount of oxide is essential for glass
formation of GLS and all the sulphide and halide-modified compositions. If sufficient
oxide is present, sulphides and halides can be readily incorporated in the glass and can
be used to modify its viscosity, refractive index or visible transparency. For applications
such as the Pr3*T-doped fibre amplifier, it is necessary to find a compromise in the oxide
concentration, taking both into account the effects on the glass stability and the effect

on the fluorescent properties.

3.3 Synthesis and Purification of Glass Precursors

3.3.1 The conversion of sulphides

GLS-based glasses are prepared by melting batches of the constituent compounds. This
is the standard method of preparation of multicomponent glasses, for which chemical
vapour deposition (CVD) methods cannot be generally employed. CVD methods are
at present not feasible for GLS due to the lack of suitable precursors. As compared to
CVD, powder-melting is far more prone to contamination. It is therefore essential to
utilise raw materials of very high purity and to maintain the high purity during the glass
batching and melting. Impurities can affect both the thermal stability and the optical
properties, and the main sources of contamination have been identified in ref. (51).
Ions of the 3d transition metals (Fe, Cr, Ni, Co, etc.) are well known to have strong
and wide absorption bands in the visible and near-IR. Hydrogen containing impurities
such the hydroxyl group OH~ and SH™ cause strong absorption in the 2.8-3.2 um
region. Phase impurities such as inclusions cause scattering, which equally reduces the
materials’ transparency, and can also act as nucleation centres for crystals. In short,
impurity levels must be kept as low as possible. A previous study (51) has identified the
minimum requirements of purity for a GLS-based glass in order to be useful for practical
applications. For transition metal ions, the ideal target is 0.1 part per million weight

(ppm) or less.

Unfortunately, the purity grade of commercially available gallium and lanthanum sul-
phides typically does not exceed 4N, i.e. 99.99 wt%, and thus the impurity levels are
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TABLE 3.1: Properties of glass components and raw materials from which they are

synthesized.

Density  Melting point  Formation Enthalpy Best available

(kg/m3) °C (kJ /mole) purity
Ga2Ss 3700 1090 516 5N
GaS 3860 965 - 4N
LaySs3 4900 2110 1222 AN
LayOs3 6500 2305 1916 5N
Ga 5910 29.8 276 7N
LaF3 5900 1493 598 4N
LaCl;3 3640 859 - 4N

Data taken from ref. (159) Commercial grade

two to three orders of magnitude above the target value. In addition, these substances,
where available, are very expensive, as they don’t have any particular industrial appli-
cation. The situation is only slightly better as far as lanthanum oxide is concerned; as
Las0s3 is used in the fabrication of high index optical glasses, it is available ‘off the shelf’
with a higher purity (SN or 99.999 %). In practice, commercial LasOs contains up to
=~ ppm of transition metals, hence one order higher than the target. This represents
a severe difficulty, also in consideration that neither of these chemical compounds lend
themselves to any conventional purification route (51). Therefore, it was necessary to
manufacture these compounds in-house, through a dedicated process. In the early ORC
projects (154; 155), sulphide materials were provided by Merck Ltd.; subsequently, a
novel method of synthesis was conceived and established at the ORC. This method in-
volved both a purification pre-treatment of suitably chosen precursors, where necessary,
and their conversion by a sulphurisation process, and is fully described in ref. (51). Here
it will be briefly summarised, especially in relation to possible improvements that have
been identified in the present work. The physical properties and impurity levels of the
GLS precursors is shown in table 3.1.

3.3.2 Synthesis and purification of lanthanum sulphide and oxide

The lanthanum sulphide is obtained through the conversion of lanthanum fluoride under
flowing H3S (51). The conversion is carried out via a multistep process at high temper-
ature (= 1150 °C) in a purpose-built reactor, which employs a silica-lined furnace and
is operated under tightly controlled atmosphere. Lanthanum fluoride is convenient as a
precursor because it is commercially available in an anhydrous state, and because it can
be purified by heat treatment, following the same procedure utilised for the precursors of
ZBLAN glass (51; 13). The control of the impurity content will be discussed in section
3.4.3.
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In addition to impurity control, it is also necessary to ensure that the synthesis process
achieves 100% conversion of the LaF3 precursor into LasSs. If any measurable amount
of the starting material remained unconverted, it would modify the glass composition
with an almost certain impact on the thermal stability of the glass. The utilisation of a
flowing system, which is constantly removing the by-products of the chemical reaction
and prevents them from taking an active part in it, pushes forward the equilibrium point
of the reaction and favours the formation of the final products. This, in principle, should
ensure that the precursor is fully converted, provided the process is allowed to run for
long enough. In practice, this must be checked for every conversion run by comparing
the initial mass with the final (reacted) mass. The conversion reaction of the lanthanum

fluoride into lanthanum sulphide is:

LaFy, 23 gLazSg + (1-1z) LaF;

the percent of conversion is calculated as:

. = Am/my
AM/Mpar,
where m; and my are the initial and final masses, Am = mjf — m; is the mass imbal-

ance, Mrqr, and Mp,,s, are the molar weights of lanthanum fluoride and sulphide, and
AM = %]\/_f LaxSs — Mror,. This type of analysis allows the calculation of the percent
of conversion with a relative precision in the range of 0.1-1 %, depending on the initial
mass. It relies on the assumption that both LaF3 and LasS3 do not sublime out of the
batch and that only the LasSs phase is produced in the reaction (51).

As far as lanthanum oxide is concerned, its conversion proves more complicated. LapO3
is a very stable compound, hence the high value of the enthalpy of formation given
in table 3.1. Some attempts at direct conversion by burning the LasS3 in an oxygen
stream have led to the conclusion that very high temperatures (in excess of 1400 °C)
are required in order to obtain the complete oxidation of the intermediate sulphate
products. The procedure currently employed involves a high temperature treatment of
commercial grade LayO3 under flowing oxygen; this procedure has been shown to reduce
the amount of absorbed moisture, with some indication of reduction in the content of

transition metals.

3.3.3 Synthesis of gallium sulphide

Synthesis of gallium sulphide is based on the direct conversion of ultra-high purity (7N),
electronic grade gallium metal. This is also carried out at high temperature (=~ 1000 °C)
under a constant stream of HyS. The molten gallium is contained in a vitreous carbon
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FIGURE 3.4: GaySs crystals sublimed FIGURE 3.5: Single-crystal XRD pat-
off during the synthesis. tern of the Ga,S3 sublimed material.

crucible. In this case, however, the conversion reaction is more complicated than in the
previous case, as two gallium sulphide phases can exist at the temperature at which the
reaction is carried out, i.e. the reaction is:

Ga H28

% GasSs + (1—y) GaS

The molar ratio of the two phases, [Ga2S3/2GaS], can be controlled, to some extent, by
varying the the time or temperature of the conversion process (51). A good degree of
control of this parameter is necessary, since the thermal properties of GLS and GLSO
glass were found to depend on the [GasS3/2GaS] ratio. Brady (51) proposed a simple
formula to determine [GayS3/2GaS] from the mass imbalance, that is:

m M M
_flzy._Ga?_Ss+(1_y)Aﬂ
mz 2MGa MGG

where m; is the initial mass of Ga metal and m is the final mass and M indicates a molar
weight. This relationship, however, contains two approximations. Firstly, it is impossible
to establish if the reaction has been brought to completion, i.e. whether some unreacted
metallic gallium is left in the batch. Secondly, it assumes that the two gallium sulphide
phases produced from the reaction both have negligible vapour pressure at the conversion
temperature, so that neither of them escapes from the batch. The second hypothesis is
not verified, and some material sublimes and deposits at different points on the silica
liner. Part of the sublimed material had the appearance of white elongated crystals (see
figure 3.4); XRD analysis revealed that these crystals where in fact GayS3 (figure 3.5).
By collecting the deposits on the silica liner, it was estimated that sublimation can cause
a mass loss of & 5% for a process carried out for 24 hrs at ~ 1000 °C. Clearly, running
the conversion at lower temperatures would give less sublimation, but there would be
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no easy way to check if the reaction had reached completion.

A more precise characterisation of the gallium sulphide conversion is therefore neces-
sary; we identified X-ray diffraction (XRD) as a viable method to determine the ratio
[GazS3/2GaS]. A preliminary analysis of the converted material (see figure 3.6) con-
firmed that it was composed only of two phases, i.e. the monoclinic GasSs and the
hexagonal GaS. The characteristic patterns of these two phases, taken from references
(160) and (161), are compared in figure 3.7. Although the two patterns have significant
overlapping of the stronger peaks (as also seen in figure 3.6), an obvious difference exists
in the low angle range, where diffraction peaks with adequate intensity and separation
(marked by arrows in fig. 3.7) could be identified. Although XRD is not a quantitative
technique, it can be calibrated by measuring a set of standard samples where the two
pure phases are mixed in a known proportion (162). Unfortunately, it was not possible,
during the course of this project, to get a sufficient quantity of the the Ga»Ss and GaS
phases to allow for this type of analysis to be carried out. The price of commercially
available compounds was prohibitively high, and direct, in-house synthesis was not feasi-
ble; we undertook sublimation trials from in-house converted gallium sulphide material,
but these failed to produce a sufficient amount of material. Despite these difficulties,
we believe that the quantification of the gallium sulphide phases is worth pursuing and
XRD is well-adapted to routine characterisation of the conversion products.
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FIGURE 3.6: XRD analysis of the final product of the conversion, showing a mixture
of GasS3 and GaS phases.
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FIGURE 3.7: XRD pattern of the GayS; and GaS phases(after (160) and (161)); the
arrows point out the lines suitable for quantitative analysis.

3.4 Glass melting and basic characterisation

3.4.1 The melting technique

The preparation of GLS glass requires long melting at relatively high temperatures
as compared to other chalcogenide glasses. The melting point of the components are
~~ 1000 °C for the gallium sulphides and over 2000 °C for the LayS3 and LasOs3 (see table
3.1). According to the phase diagram proposed by Guittard et al. (27), however, a melt
can exist at temperatures considerably lower (850-900 °C) in the range of composition
where the glass forming region is located. Glass melting is carried out at 1150 °C; at
this temperature, the lanthanum components can be dissolved in the molten gallium
sulphides. Long melting time must be allowed in order to ensure homogenisation of the
melt (24).

Most chalcogenide glasses have lower melting points and can be compounded and melted
at the same time from the constituent elements, using evacuated sealed silica ampoules
and rocking furnaces. Sealed ampoule melting is not well adapted to the melting of GLS
glass, because GLS tends to slowly react with silica (24). However, the vapour pressure
of the glass components is low enough to allow the melting of GLS to be carried out
in an open, controlled atmosphere. Batches of powders with the required composition
are weighed in a nitrogen-purged glovebox, and then transferred in a silica-lined furnace
using a sealed container. Melting must be carried out in vitreous carbon crucibles; using

other ‘traditional’ crucible materials (boron nitride, alumina etc.) invariably ended
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with the melt reacting, more or less violently, with the crucible. Vitreous carbon is
mechanically very resistant and chemically inert up to over 2000 °C in a non-oxidising
atmosphere. The optimum melting schedule was determined by previous studies. The
batches are melted at 1150 °C for about 24 hrs under a constant low of dry argon (500-
1000 ml/min); the temperature is lowered to 1050 °C one hour prior to the quenching,
which is performed by pushing the crucible out of the furnace and into a silica water
jacket. Glass ingots (see figure 3.8) can be remelted into a desired shape, after which

they undergo annealing at temperature close to Tj.

In the following, glass composition will be specified (unless otherwise stated) as GapSs
[mol%]:LasO3[mol%]:LasS3[mol%] for the ‘low oxide’ GLS and as GayS3[mol%]:LasOs
[mol%)] for the GLSO.

3.4.2 Control of glass composition

In the previous subsection it was stated that the GLS components have low vapour
pressure at the temperature at which glass melting is carried out. On the other hand, it
is also known form the synthesis of these compounds that the gallium sulphide phases

FIGURE 3.8: As-quenched GLS (right) and GLSO (left) ingots.
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TaBLE 3.2: Composition of glass batches LD1035 (GLS) and LD1034 (GLSO) as
measured by Rutherford backscattering spectroscopy (RBS).

Plement Composition (GLSO) | Composition (GLS)
nominal measured nominal measured
Ga/La ratio 2.63 2.30 + 0.04 1.86 1.71 + 0.04
[La] at% 11.8 13 £ 2 14.9 16 £ 2
[Ga] at% 31.1 31 £ 3 27.7 27 + 3
[S] at% 39.4 44 + 4 54.2 57 + 6
(O] at% 17.7 12 £ 9 3.2 0+ 10
Glass batch LD1034 LD1035
Mass loss 10.2 wt% 6.8 wt%

are more volatile than the LasOs and LasS3 phases, and measurable sublimation can
occur in a prolonged treatment at high temperature. In fact, a measurable mass loss is
always observed during glass melting. Such mass loss depends on the melting schedule
and on the size and shape of the melt (or rather of the crucible); for the ‘standard’
melting schedule specified in the previous subsection, the mass loss is 5-8 % in GLS and
8-11 % in GLSO. On the other hand, very little or no mass loss is observed if the glass is
re-melted, which suggest that the loss happens due to the more volatile species leaving
the melt before the glass is fully compounded.

It is clear that such a mass loss can have a significant impact on the glass properties.
If the gallium sulphide was preferentially escaping from the melt, the actual Ga/La
ratio would be lower than the nominal. The first effect of such a change would be to
shift the position of the absorption edge and to modify the refractive index of the glass.
Thermal and mechanical properties of the glass would be affected too (see sections 3.3
and 3.4 of ref. (51)). An high degree of control on these properties is especially necessary
for defining the ideal matched pair of compositions for core/clad fibre structures. This
requires a characterisation of the glass composition to identify which changes occur
during the glass melting. This had never been done prior to this work.

We prepared two glass batches with nominal composition 65:2.5:32.5 (GLS) and 72.5:27.5
(GLSO) following the standard procedure and melting schedule described above. The
mass loss measured for the two batches was 6.8% for the GLS and 10.2% for the
GLSO. The composition of the samples was measured by Rutherford Backscattering
Spectroscopy (RBS); the results are presented in figure 3.9 and in table 3.2. RBS mea-
surements were performed by Dr. D. DeSalvador, University of Padova, using the 2 MeV
accelerator facility at the ‘Laboratori Nazionali di Legnaro’, Italy.

RBS is a very powerful technique for compositional measurements of multicomponent
samples in the range of few percent (lower detection limits, up to 0.1 at%, can be
achieved in particular cases). It involves the scattering of an accelerated beam of light
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FIGURE 3.9: RBS spectra from samples LD1034 and LD1035.

ions by the nuclei of the atomic species contained in the sample, which is used as a
target. In this case, a 2 MeV beam of He™ ions was employed. The energy analysis of
the fraction of ions which is backscattered at a fixed angle allows for the discrimination
between different masses; the number of scattered ions, i.e. the signal intensity, is
proportional, through the Rutherford scattering cross section, to the concentration of
each of the atomic species. With reference to fig. 3.9, the sharp steps represent the
signals from the different elements constituting the glass, while their height is related
to their concentration in the samples. The sensitivity of RBS is a strongly increasing
function of the atomic number of the species detected; in fact, the Rutherford scattering

cross section can be expressed as:

CRX LA 2% (3.1)

where Z,4 is the atomic number of the species A and x4 its molar concentration. This
is also evident in fig. 3.9, where the signals from heavier La and Ga are much stronger

than those of O and S.

Analysis of the experimental spectra was performed by a computer code which calculated
the theoretical profiles based on exact formulas (these are also reported in figure 3.9). As
can be seen from the reported results, RBS can determine with very good precision the
concentration of the heavier elements and particularly the Ga/La atomic ratio. RBS
is, on the contrary, much less suited for the quantification of the lighter elements (O
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and S), whose weak signals are superimposed onto those from the heavier elements.
In particular, RBS is rather inadequate for measuring the oxygen content of the GLS
and GLSO samples; as a consequence, the precision of the compositions of the other
elements is only about 10 %. In contrast, the Ga/La ratio can be determined more
precisely (= 2% error), and are significantly lower (8 % for GLS and 12 % for GLSO)
than the nominal values for the two batches. Hence, there is clear evidence that the
gallium sulphide escapes preferentially during the glass melting and, as a result, the
composition is significantly affected. Lanthanum, gallium and sulphur concentrations
were found to be uniform throughout the whole sample.

In addition to the the Ga/La ratio, the oxygen content has also & strong impact on
glass properties. RBS should therefore be combined with another technique, in order to
achieve a more complete characterisation of the composition of GLS and GLSO glasses.
RBS can in some cases achieve high sensitivity for lighter elements, by exploiting res-
onances in the scattering cross section, due to elastic nuclear reactions; this type of
technique is also known as resonant backscattering spectroscopy (rBS). Other possi-
ble techniques for measuring the oxygen concentration are LECO analysis and EDAX

(energy dispersive X-ray analysis).

3.4.3 Control of impurities

Impurity control is paramount in all aspects of the fabrication of glasses for photonic
applications. The available techniques for trace impurity analysis are either based on
atomic absorption/emission spectroscopy or on mass spectroscopy. Techniques of both
types are carried out in ultra-high vacuum chambers, where the ionised atoms are ex-

TABLE 3.3: Trace impurity analysis of raw materials, glass components and GLS glass
performed by GDMS (after (51))

Element Ga GasS3  LaFs LaySs  LaoOs GLS
Na < 0.005 0.04 0.5 0.1 2 14
Al 0.004 0.11 1 1 2 0.66
Si 0.002 14 2 7 12 30
T4 < 0.001 <0.01 0.1 0.18 0.13 0.18
14 <0.001 <005 <0.01 <0.01 0.04 0.05
Cr 0.001 0.3 0.05 0.1 0.05 0.07
Fe 0.001 0.08 0.07 0.1 0.87 0.08
Co < 0.001 0.02 <0.05 <0.05 0.02 < 0.05
N1 < 0.001 0.28 0.01 0.1 0.12 0.08
Cu 0.005 < 0.01 0.18 0.15 0.25 0.1
Impurity concentrations are in ppm weight




Chapter 3 Fabrication and Characterisation of GLS and GLSO Fibres 63

tracted out of the sample, usually either by heat thermalisation, by an electric discharge,
or by an ion beam. The first group of techniques looks at the characteristic absorption/e-
mission bands of impurity ions, while in the other case a fraction of the ions is collected
and analysed by a high resolution mass spectrometer. Both techniques rely on calibra-
tions performed on reference samples, however mass spectroscopy techniques generally

offer higher sensitivity and are also more accurate.

Glow discharge mass spectroscopy (GDMS) was identified as the most suitable for the
impurity analysis of both GLS glass and its precursors (51). This technique has a
detection limit of 0.001-0.05 ppm weight, depending on the element and on the material
in which it is contained, and an overall certified accuracy and precision of at least 40 %.

Table 3.3 reports some typical results of trace impurity analysis applied to the control
of contamination in synthesised raw materials. The data for GayS3, LaFs and LasSs
are relative to the best achieved purification/conversion runs (51); the data for Ga and
Lay03 are relative to the untreated, commercial material; the data for GLS are relative
to the as-quenched material. The table shows that the conversion process adopted can
give sulphide compounds with the required purity; on the contrary, as already pointed
out, the LasOs, which is the commercial grade material, does not meet the specifications.

GDMS cannot determine the content of very light elements, such as oxygen, carbon,
nitrogen. Trace levels analysis of these elements is also complicated because their con-
centration can easily be altered by storage, preparation and handling.

3.5 Thermal stability of GLS based glasses

Thermal stability is a well-known issue for GLS based glasses. The crystallisation be-
haviour upon reheating above the glass transition temperature and slow cooling was first
investigated by Loireau Lozac’h, et al. (24). Later on, when these materials were pro-
posed for active applications, it was also recognised that, despite their potential, their
limited thermal stability was the most serious obstacle for fibre applications (163; 38).
The numerous attempts to stabilise the glass through compositional modification, as
seen in subsection 3.2.2, have failed to identify any viable solution, with lanthanum
oxide the only exception. Therefore, several fundamental studies were carried out in or-
der to determine which glass composition within the GasSs-LagOs-LasSs system could
afford the best chance for making optical fibres.

A basic characterisation of the thermal properties of GLS can be obtained by differential
thermal analysis (DTA). DTA detects variations in the specific heat as a small sample
of glass is heated up at a constant temperature rate (non-isothermal DTA); this is done
by measuring the temperature difference with a reference sample. The glass transition
appears as a step in the DTA curve (it corresponds to a ‘second order transition’),
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the crystallisation appears as an exothermic peak (AT > 0), and the melting as an
endothermic peak (AT < 0) (see figure 3.10). DTA measures the glass transition tem-
perature, T, the onset of crystallisation, T}, the peak temperature of the crystallisation,
Ty, and the onset of melting, Tp,; all these parameters depend on the heating rate. DTA
measurements are usually complemented by measurements of the viscosity-temperature
characteristic curve for the glass, for instance by parallel plate rheometry (164). The
glass viscosity, v, decreases exponentially with increasing temperature, according to
Fulcher’s law:

o(T) = vy exp ( = _b TO) (3.2)

where vy, b and Tp are constants. Especially for glasses which are prone to devitrifi-
cation, fibre drawing should ideally be carried out at the highest practical viscosity, in
order to reduce the chance of crystallisation; the maximum viscosity for drawing from
a preform is approximately 105-107 Pa - s (10%5-108 poise) (165); the corresponding
temperature is indicated as T,. Based on DTA and viscosity measurements, several
criteria are commonly used to gauge the glass stability. For instance, T — Ty is widely
used to study trends in the glass stability for different glass compositions (see table
3.4); other quantities used include T, — Ty, T — T, and the so-called Hruby factor,
(Ty — Ty)/(Tin, — T). While all these are useful to provide qualitative information, they
are not quantitatively reliable (166).

For drawing fibre from an unstable glass, the crucial information is to know for how
long it can be heated at the temperature 75, before crystallisation occurs, or, in other
words, the crystallisation rate at T,. Crystallisation is a two-step process involving
nucleation and successive growth of crystals. Nucleation and crystal growth have differ-
ent, temperature dependent kinetics (see figure 3.11), and their product determines the
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TABLE 3.4: Thermal Properties of GLS and GLSO compared to ZBLAN glass.

T L -1, o-Ty - Reference
°Cl [’ [°C] [°C] [°C]
GLS (65:3:32) 559 637 136 58 20 (51)
GLSO (72.5:27.5) | 567 679 192 80 62 (51)
ZBLAN 265 308 93 50 18 (13)

crystallisation rate. The nucleation rate generally has a maximum (the ‘nucleation tem-
perature’) close to Ty, while the crystal growth rate peaks at higher temperature (=~ T},).
The separation between the two peaks indicates how stable a glass is: the bigger the
separation, the more stable the glass; vice-versa, a large overlap of nucleation and crys-
tallisation means that the nuclei formed above T}, can readily grow into crystals, i.e., low
thermal stability. Nucleation and crystal growth rates can be determined by combining
isothermal and non-isothermal differential scanning calorimetry (DSC), complemented
with other techniques such as optical and electron microscopy, and XRD.

Brady (51) carried out an extensive investigation of the thermal properties of GLS
and GLSO glasses by DTA and viscosimetry, and studied the trends as a function
of the glass composition. By analysing T, T and 7}, he argued that the composi-
tions 65Ga2S53:2La203:33LasS3 and 78GasS3:22Las O3 are the most stable for GLS and
GLSO, respectively. The DTA parameters relative to these compositions are given in ta-
ble 3.4. It is useful to remark here that these are nominal compositions, i.e. no correction
for the mass loss during glass melting was assumed; the ratio[Ga»S3/2GaS] wes calcu-
lated by eqn. 3.1, and the optimum value as for thermal properties was found to be 0.7.
Brady also measured the expansion coefficients and estimated the variation of the re-
fractive index, in order to define matched composition pairs for optical fibres; he worked
on a N A value of =~ 0.2, and identified the compositions: 62:2.5:35.5(core)/65:2:33(clad)
for GLS and 72.5:27.5(core)/71:29(clad) for GLSO.

The crystallisation of GLS and GLSO was recently investigated in a series of papers
by Seddon and co-workers (156; 167; 168). As it was pointed out in section 3.2, these
authors found that the glass stability, the vitrification and devitrification behaviour
are strongly influenced by the oxide content. They analysed a set of GLS samples
with Ga cationic fraction ranging from n = 0.62 to n = 0.75 and low (= 0.5 mol%)
oxide content, and found that the mechanisms of devitrification are very complex. Four
different crystal phases were observed to form on re-heating above Tj; the formation and
growth rate of each phase was dependent on the Ga fraction, on the oxide content and
on the temperature; competition effects between different phases were also observed.
Although the nucleation and crystal growth rates were not explicitly calculated, the
crystallisation rate was observed to be high in the temperature range for fibre drawing
(620 — 660 °C'). This result confirmed the nucleation and crystallisation data of GLS
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FIGURE 3.12: Transmission optical micrographs of devitrified GLSO glass. Left:
barrel-shaped crystals in the core glass (‘phase A’). Right: needle-shaped crystals in
the cladding glass (‘phase B’)

samples of composition 70Ga3S3:30LasSs (with an unspecified oxide content) measured
by Dianov et al. (169). These authors found that the peak nucleation temperature was
approximately coinciding with T, (= 555 °C’) and that a large overlap existed between
nucleation and crystallisation peaks in GLS.

Takebe et al. (170) used isothermal treatments at different temperatures above 7, and
for increasing times, to produce time-temperature-transformation (T'TT) curves for GLS
and GLSO glasses of composition 70Ga2S53:30LasS3 and 70Ga3S53:30LasO3 respectively.
In addition, they measured the viscosity curve for these compositions and analysed the
behaviour of bulk samples at temperatures close to the fibre drawing temperature. When
heated at T, GLS crystallised in approximately 10 min, a relatively short time. GLSO
glass was found to be more stable, as crystallisation at T, was found to occur after
~ 30 min. In this study, however, no pre-heating step was performed to simulate the
effect of preform fabrication (see section 3.6); therefore, the crystal growth rates in actual
fibre preforms are likely to be even higher than those measured by Takebe.

While most of the interest has been catalised by the ‘low oxide’ GLS compositions,
the devitrification of GLSO glasses has not yet been fully characterised. However, we
verified that the mechanisms of devitrification are quite complex also for GLSO. This is
shown in figures 3.12 and 3.14; a core/clad preform was heated twice at = 630 °C for
~~ 2 hrs in an extrusion process, and subsequently heated up to the drawing temperature
(=~ 690 °C) for ~ 30 min. The compositions of the core and cladding were the ‘optimum’
compositions indicated by Brady (51), i.e. 72.5:27.5 for the core and 71:29 for the
cladding, respectively. Despite the small difference in the composition, a totally different
crystallisation behaviour was found. Large, barrel-shaped crystals were formed in the
core (‘phase A’); in contrast, a high density of smaller, needle-shaped crystals (‘phase
B’) were observed in the cladding. The two phases were not identified.



Chapter 3 Fabrication and Characterisation of GLS and GLSO Fibres

67

FIGURE 3.13: SEM micrograph of a ‘phase A’ crystal in devitrified
72.5Ga381:27.5LasS3 glass.

FIGURE 3.14: SEM micrograph of ‘phase B’ crystals (needle-shaped) in devitrified
71Ga553:29La»S3 glass.
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Summarising:

e GLS based glasses have limited thermal stability, which makes the fabrication of
optical fibres difficult. Several studied have been carried out, aimed at identifying

the most stable compositions.

e The crystallisation of low-oxide compositions is very complicated. Upon reheating
above Ty, up to four different crystal phases can form, depending on the glass
composition, on the oxide content and on the temperature. Cross-competition
of the growth has been observed. The overall nucleation rate largely overlaps
with the crystal growth rate, leading to high crystallisation rates at the drawing

temperature.

e Repeated thermal treatments above Ty, similar to those employed for preform
fabrication and fibre drawing, have been shown to introduce a significant amount

of crystallisation in low oxide GLS glass.

o As most of the interest was concentrated on the low oxide composition, believed to
be more suitable for rare-earth doped applications, comparatively less information
on the crystallisation behavior of GLSO glass is available.

e GLSO glass has better thermal stability than GLS, and can withstand heating to
the drawing temperature for =z 30 min, with no significant devitrification. Hence,
the drawing of unclad fibres from glass rods is easier. Whether the thermal proper-
ties of GLSO are suitable for the fabrication of single mode fibres, still remains to
be verified, and a detailed study of nucleation and crystal growth rates, as already
done for GLS, is required.

3.6 Preform fabrication and fibre drawing

A fibre preform is a multilayered rod of glass, with the dimensions of each layer resem-
bling the desired aspect ratio in the final fibre. The composition of each layer is fixed
by requirements on optical properties as well as on thermo-mechanical properties. The
refractive index of the core must be higher, and the difference between core and clad
glass should produce the required numerical aperture. On the other hand, the expan-
sion coefficients should be matched, and the viscosity of the core glass should be slightly
higher than the cladding glass (77 — T55°™9 = 10 — 20 °C) (13).

Silica technology uses a chemical vapour deposition (CVD) method to manufacture
fibre preforms, which is made possible by the availability of gas-phase precursors at
temperatures close to room temperature. The CVD technique offers several advantages,
such as good control over the composition and geometry of the layers, great ease in
introducing dopants; especially, it exploits the differences in the boiling points between
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the glass precursors and the impurities to achieve a very high purity. As pointed out
before, CVD methods are more difficult for compound chalcogenide glasses such as GLS,
but could be adopted if appropriate precursors were made available.

For compound glasses, the more common techniques of preform fabrication involve a
number of steps of thermomechanical reshaping of pieces of bulk glass. These steps re-
quire the ability to process the glass above the glass transition temperature, T, without
crystallisation taking place, i.e. they require a thermally stable glass. In the case of ther-
mally unstable glasses, such as for instance ZBLAN, the number and the temperature
of the heating steps must be adapted in order to prevent devitrification.

‘Spin-casting” was employed in the fabrication of preforms in fluoride glass. In this tech-
nique, the fabrication of tubes and core/clad preforms is performed by quenching melts
of appropriate composition, while spinning them at a very high velocity. Spin-casting
achieves high quality interfaces between the core and the clad, but with a relatively
large (1/3-1/4) core/clad ratio. A further step is therefore needed, the ‘rod-in-tube’
technique: the preform obtained by spin-casting is heated up and stretched to a thin
cane, and then mechanically inserted in another clad tube; the resulting structure has
the correct core/clad aspect ratio and is then drawn into a single mode fibre.

The first GLS and GLSO preforms (44) were fabricated by the rod-in-tube technique.
Since a spin-casting technique was not available at that time, tubes were obtained by
milling solid rods and at least three thermal steps were necessary to obtain single mode
preforms. This led to the crystallisation of the core and of the inner cladding layer, due
to the limited stability of the glass and probably initiated by defects at the core/clad
interface (51). Spin-casting is difficult for GLS, due to its high melting point and to the
reactivity of the melt (as compared to ZBLAN), however it would probably be feasible,
if proper technical solutions were identified to address these issues.

As compared to spin-casting and rod-in-tube, extrusion (171) is a far more attractive
technique for producing preforms from glasses with limited thermal stability. In fact,
while the rod-in-tube technique involves processing the glass at ~ T,,, extrusion can
be carried out at much higher viscosities (108-10° Pa - s), hence at lower temperature.
The other advantage is that the extrusion process can be adapted to reduce the number
of thermal steps necessary to produce a single mode-proportioned preform. Therefore,
although nucleation can still occur during extrusion, the chance of these nuclei growing
into actual crystals is lower than in the other techniques, and extrusion affords a better
chance to achieve optical fibres. Extrusion was used by Tawarayama, et al. (81) to
obtain the single mode Ga:Na:S fibre that provided the first demonstration of 1.3 um

amplification in a chalcogenide material.

The first report of extrusion of GLS into rods and tubes is given in ref. (49). The
technique was subsequently refined and developed (51; 12) and was used to obtain
preforms with very small (< 1/15) core/clad ratio. Currently, this is the preferred
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Ficure 3.15: Polished GLS discs and ‘polos’ for extrusion

technique for preform fabrication at the ORC. Glass is melted in the shape of disks which
subsequently undergo very accurate mechanical polishing of the flat surfaces (see figure
3.15). For the fabrication of preforms with small core/clad ratio, a pair of discs is used,
where a bore is made in the upper disk (the ‘polo’), and a small cylinder inserted, which
can be either a single piece of high purity glass, or a section of small diameter core/clad
extruded preform (the ‘plug’). The discs are inserted into the extrusion chamber, heated
up to the softening temperature; a pressure is applied from above, and the glass is
extruded through a carbon die. More details on the preform fabrication and fibre drawing
can be found in reference (51). Result until now have been varied. Very short lengths
of low oxide GLS fibres with a small core (= 2 pm) have been previously reported
(61; 12), alas these structures were practically unable to guide light due to the high
loss (= 100 dBm™!). Fabrication of core/clad structures of GLSO glass have been
achieved in longer lengths, but the loss is still high. Determination of the loss in GLS
and GLSO fibres is not straightforward due to the high refractive index; a method for
loss measurements will be described in section 3.7.2. From the trial performed to date,
it seems that the best chance to improve the properties of the fibres would be to obtain
a single mode preform in only one extrusion step.

Monomode optical fibres can also be drawn directly from a melt. The technique is
referred to as the ‘double crucible’ technique, and is particularly popular for the fabri-
cation of chalcogenide fibres (5). A crucible, often made of silica or pyrex glass, is held
inside a furnace and glass is melted inside it; an inert atmosphere is maintained above
the melt and the crucible is pressurised to minimise vaporisation of the melt. At the
bottom of the crucible there is a long nozzle, which is kept at lower temperature. When
the glass in the crucible has reached the correct viscosity, the nozzle is open and the glass
allowed to flow in it. At the nozzle, the glass is still viscous enough, and it is rapidly
quenched soon afterwards, and a fibre can therefore be drawn. Core/clad structures are
obtained by using two distinct, concentric crucibles for the core and the cladding glass;
the core/clad ratio is controlled by varying the respective pressure above the two melts
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and adjusting the respective height of the two crucibles. Monomode fibre core sizes can
be obtained. The double crucible technique is very suitable for glasses with low melting
point (200-400 °C), such as, for instance, As:S, As:S:Se and Ge:As:Se:Te. Since the
fibres are obtained directly from the melt, this technique could also have potential for
producing fibres from glasses with limited thermal stability. However, there are some
difficulties in adapting this technique to GLS and GLSO glass. The most obvious is the
very high melting temperature of these material; the reactivity of the melt would require
the use of vitreous carbon crucibles for glass melting, hence a more tightly controlled
inert atmosphere within the furnace. Finally, the temperature at the nozzle and the
quenching rate should be accurately controlled, to prevent crystallisation from occur-
ring on quenching. Although the drawing of GLS by the double crucible technique was
previously proposed by Dianov, et al., in the conclusion of their study of the crystallisa-
tion of GLS (169), there are to date no reports of this technique being attempted, due

to the technical difficulties involved.

3.7 Characterisation of GLS and GLSO fibres

3.7.1 Transmission of unclad fibres

Unclad optical fibres, i.e. fibres drawn from plain, solid glass rods, can be used to
measure the material’s transmission loss. The intensity of light travelling through an
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FIGURE 3.16: Setup used for near-IR loss measurements of unclad fibres
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optical fibre suffers an exponential decrease described by the Lambert-Beer law:

I(L) = I(Lp) e~L=Lo) (3.3)

where I(Lp), I(L) are the intensity at the lengths Lg, L respectively, and () is the
total attenuation coefficient of the fibre. In the case of fibres, « is frequently quoted in
dB/km or dB/m, based on the relationship:

Al dB
Qtot [dB m_l] = 10 . 10g I(L) I[d ]

A o)~ AL (3-4)

The total attenuation coefficient of a fibre is a function of the wavelength and is given by
the sum of the contributions due to different loss mechanisms, including absorption and
scattering, either intrinsic (i.e. material-related) or extrinsic (i.e., fabrication-related).
A more detailed discussion of the loss mechanisms in GLS-based glasses will be given in
Chapter 6 (section 6.2).

The measurement of the total attenuation of unclad fibres is straightforward. The
most widely used technique is the cutback technique (see figure 3.16) (172). Light
is launched into a suitable length of fibre, and the output intensity is collected and
recorded. Although this intensity is dependent on the source, output and input coupling
losses, etc., these factors are eliminated by performing a differential measurement: the
fibre is cut shorter by removing a portion at the terminal end, and the output intensity
is measured again. Provided the input and output coupling is not modified in the
operation, the difference of the measured intensities only depends on the portion of fibre

removed, i.e. the cutback.

The setup used for measuring unclad GLS and GLSO fibres is shown in figure 3.16; it
employed a white light source (high-brightness tungsten halogen bulb), suitable launch-
ing stage, a butt-coupled, multimode silica fibre for the collection of the output light
from the fibre, and an optical spectrum analyser as the detector. A difficulty in the
measurements arises from the low mechanical strength of GLS and GLSO fibre, for
which the commercial cleavers widely used for silica cannot be used and therefore fibres
have to be cleaved by hand. Hand-cleaving introduces a variability of the quality of the
end-faces, which also depends on the fibre quality, and must be minimized by choosing
an appropriate cutback length. The variability introduced by hand-cleaving was esti-
mated to be 0.5-1 dB for the best quality unclad fibres. The dynamic range of the setup
was 25-30 dB, and > 20 dB cutbacks were generally employed for the fibre attenuation

measurements.

One note of caution necessary when measuring GLS fibres is to ensure that the pho-
todarkening effect does not affect the measurements. GLS and GLSO glasses, when
illuminated with a wavelength close to their bandgap (A = 400-500 nm), experience a
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shift in the fundamental electronic absorption towards longer wavelengths. The shift
is associated with an increase of the material’s loss (photoinduced absorption) in the
near-IR region; the loss increase is particularly strong in the region 0.6-1.1 um. A full
characterisation of the Photodarkening of GLS and GLSO fibres will be presented in
chapter 6 (section 6.7). Two precautions were adopted to avoid this problem. The first,
and more obvious, was to perform the loss measurements in darkness, and also to leave
the fibres under no illumination for several hours prior to the measurement. The second
was enclose the white light source and to filter out its visible component through a long
wavelength-pass filter (RG filters from Schott Glass, 630 nm for GLS and 570 nm for
GLSO).

3.7.2 Transmission of core/clad fibres

The measurement of the transmission loss of core/clad GLS and GLSO fibres is not an
easy task. These materials have very high refractive index (n = 2.4 for GLS and n ~ 2.25
for GLSO), which means that cladding modes are more efficiently sustained in a GLS
fibre as compared, for instance, to silica (n & 1.45). Furthermore, the conventional
coating materials (acrylates), which remove the cladding light in silica fibres, are totally
ineffective in the case of GLS and GLSO, and so are the index-matched fluids, which
are only available with refractive indexes < 2.0.

A solution sometimes adopted for chalcogenide materials is the selective doping of some
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FI1GURE 3.17: Real and imaginary refractive index for pyrolytic graphite (data taken
from ref. (173))
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FiGUure 3.18: Extra loss due to the graphite coating in an unclad GLS fibre

or all the cladding layers by means of some active ion. The dopant then removes the
cladding modes, but only at particular wavelengths. This technique is also commonly
employed, in rare-earth doped fibres or waveguides to suppress any unwanted fluores-
cence line competing with the lasing transition. Ttoh et al. (82) used Dy3*+ doping for
suppressing the cladding light from their Ga:Na:S fibre and measuring the fibre loss in
the region around 1.3 um. In other cases, including some GLS and GLSO fibres fabri-
cated at the ORC, iron was intentionally doped into the cladding glass; the ion Fe?t
has a strong and broad absorption peak in the near-IR from 1 to 4 um (see section 6.4).
The problem in both cases is that light in the core is also inevitably affected by the
doping in the cladding, which may lead to an overestimate of the loss in the core.

For our measurements, we investigated the option of a non-conventional coating which
could act like a cladding mode stripper. This would offer the advantage of measurements
in white light with the setup shown in figure 3.16 even for core/clad fibres. Graphite
has very high real and imaginary refractive indexes throughout the visible to mid-IR;
in figure 3.17 are reported the wavelength dependence of n and %k of polycrystalline
pyrolytic graphite. It is obvious that both a high refractice index and a high absorption
are useful to suppress the cladding light. In addition, a wide range of graphite-containing
preparations are commercially available, including fine powder, aerosols, paints and
thixotropic gels. Powder could have been mixed with conventional coating in order to
raise their ‘effective’ refractive index, or paints could have been directly applied onto
the fibre.

We tested several materials for their effect on the transmission of GLS and GLSO fibres
(see table 3.5). The best result was found using colloidal solutions. These preparations
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TABLE 3.5: Graphite-based materials used for coating GLS fibres

direct fibre mixed with mixed with
coating acrylate silicon rubber
Aerosol Yes not compatible not compatible
Aqueous colloid Yes not compatible not compatible
Alcohol-based colloid Yes < 10 wt% poor curing
Alcohol-based resin Yes < 20 wt% poor curing
Graphite/carbon powder — < 5 wt% < 5 wt%

may be either water or alcohol based, and are thixotropic, i.e. gels that, if shaken,
quickly become liquid. They contain typically up to 20 wt% of graphite (before drying)
and some organic binder that improves the consistency of the dried film; the average
certified grain size can be as small as a few pm. These preparations have been found
to adhere quite strongly to the outer surface of GLS and GLSO fibres. Thicknesses up
to 100 pm can be deposited easily in two successive stages. Once dried, the graphite
forms a solid coating layer that also improves the mechanical strength of the fibre. The
coating obtained from alcohol-based solutions was the most effective and resistant, while
the aqueous-based could be easily stripped off even when dried, by dissolving it in water.

Because of the high refractive index, high absorption coefficient and small grain size,
the coating was expected to have a very high suppression efficiency when applied to
GLS/GLSO fibres. This effect has been quantified by measuring the increase in atten-
uation of an unclad fibre. The transmission of a short length of fibre was measured,

12 ———————7———
Increasing
10 bend angle -
—~ b
a8} )
(=]
N
8
7))
17
o
(493 6
| —-—
e
x
L
4
2 1 1 . L 1 1 2 1

800 1000 1200 1400 1600

Wavelength (nm)

FIGURE 3.19: Bending loss in a GLS unclad fibre coated with graphite
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and then a coating was applied onto the fibre by spraying or painting the graphite con-
taining material, and the transmission measured again. The suppression efficiency was

measured as an extra loss induced by the coating i.e.:

Iuncoated _ Icoated

L

A~C¥coating [dB/m] = (35)
where the output intensities are measured in dBm and L is the coated length. The results
of the measurements are reported in figure 3.18. An extra loss of up to 100 dBm™1! at
1.5 um was achieved with an alcohol based solution. Figure 3.19 shows that the graphite
acts like a high-index coating, and more and more light is suppressed in the fibre by

bending it.

The amount of extra loss was clearly dependent on the uniformity of the coating layer and
on its adhesion to the fibre; for instance, it was difficult to produce uniform thick layers
using aerosols. However, for preparations with similar properties, e.g. thixotropic gels,
we observed a direct correlation between the amount of extra loss and the average grain
size of the graphite particles contained in the preparation. A smaller average particle size

FIGURE 3.20: Optical micrograph of a GLSO fibre coated with graphite; the core size
is about 30 um
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always lead to higher extra loss. Besides, as seen in figure 3.18, the loss was increasing
with increasing wavelength in the region 0.6-1.7 um for a coating with 1 pm average
particle size; this is an indication that, as the wavelength increases, the granularity of
the coating film becomes less relevant, and the film behaves like a homogeneous medium
with an effective refractive index probably not too different from that of crystalline

graphite (shown in fig. 3.17).

The effect of a graphite-based coating on a core/clad structure is shown in figure 3.20. A
layer of about 50 um was deposited onto a double-clad GLSO fibre; note that the coating
layer appears thinner in the figure due to the irregular cleave. The image was collected
from a portion of fibre only ~ 2 ¢m long, nevertheless the effect of light suppression in

the outer layers is very obvious.

Some attempts were also made to obtain graphite-containing materials suitable coating
GLS fibres during the drawing. We mixed conventional coating materials, such as acry-
late and silicone rubber with graphite powders and other preparations and investigated
how this modified their ability to cure. The results for this investigation are presented
in table 3.5. Water-based colloids have been found to be incompatible with all the
conventional coating materials, as they inhibit the curing. Alcohol-based products and
powders give better results; up to 10 wt% at least of alcohol-based preparations can be
mixed with acrylate, and the resulting material still cured, although it was necessary to
allow enough time for the alcohol to evaporate off. We also mixed very fine (0.04 um
average particle size) synthetic carbon with acrylate and silicone rubber; trapped air
must be completely removed from the mixtures before attempting to cure them. Under
correct conditions, good curing and adhesion was observed; an extra loss of 5-10 dB/m
at 1.5 pm was measured in coated GLSO fibres.
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FIGURE 3.21: Near-IR, loss of Pr3t-doped GLS fibre LF292.
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TABLE 3.6: Attenuation of the best unclad and core/clad GLS and GLSO optical fibres.

Fibre Glass Composition Core Loss @1.5 um
1D Core Clad size [um] [dBm™Y
Unclad fibres

LF270(&) GLS  65:2.5:32.5 — 200 2.5 1
LEF276(&) GLS 65:2.5:32.5 - - 25+1
LF¥F292(*) Pr:GLS 65:2.5:32.5 - 130 2.5 +£1(1)
LF355(*) GLSO  77.5:22.5 - 170 5.5+1
LF367(*) GLSO 77.5:22.5 - 160 6+£1
Core/clad fibres

LF282(*) GLSO 72.5:27.5  71:29 20 305
LF284(*) GLSO 72.5:27.5  71:29 20-30 > 40
LF296(&) GCLSO  72.5:27.5  70:30 10 ~ 35
LF329(*) GLSO  72.5:27.5 71:29 100 ~ 40
(*) Fibre measured in this work

(1) Measured @ 1.15 pm

(%) From reference (51) or prior measurements

3.7.3 Current levels of loss

The complete results of the fibre loss measurements are given in table A.1 in Appendix
A. In this section we try to summarise the results and give the values of loss achieved in
the best unclad and core/clad fibres. The loss of core/clad GLS and GLSO fibres could
only be measured at discrete wavelengths prior to this work, due to the difficulty in
removing the cladding modes. By using the graphite coating described in the previous
section, we could achieve the first reliable measurements of the attenuation of GLSO

fibres in the near-IR range.

The loss of some of the best GLS and GLSO fibres ever produced at the ORC is shown
in table 3.6. The attenuation of unclad fibres at important pump and signal wavelengths
is in the region of a few dB - m™!, with a lowest value of about 2-3 dB - m~! obtained
in three GLS fibres (LF276, LF290, LF292). The lowest value for an unclad GLSO
fibre is slightly higher, ~ 5 dB - m™!. The attenuation in core/clad structures is much
higher(> 30 dB - m™!), even in crystal free fibres (such as LF329), which probably
indicates that core/clad interface defects cause extra loss. Such a high loss clearly
made measurements difficult. Reasonably accurate results could only be achieved up
to ~ 40 dB - m~" and at longer wavelengths (1.4-1.6 um), where the graphite coating
was more effective (see fig. 3.18). Losses above 40 dB - m~! could not be measured,
because, even with the graphite coating, the loss of the core was comparable to the loss in
the cladding, thus the cladding light could not be entirely suppressed. Focussing a laser
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beam into the core could have allowed a more precise measurement at fixed wavelengths,
but would not have provided a lot more information. Indeed, fibres with such a high
loss also showed significant inhomogeneity, and the loss measured over short cutbacks
varied from sample to sample. Despite the high loss, all the fibres reported in the table
(GLSO) appeared able to guide light. Unfortunately, none of the available core/clad
GLS structures was observed to guide light. The fabrication of GLS and GLSO fibres
has not been reported to date by any other group worldwide.

In conclusion, the measured attenuation of GLS fibres is relatively high. The loss of
unclad fibres is in the range a few dB-m ™!, with the best fibres approaching a 1 dB-m™!
loss in the 1.2-1.5 um range. This value is about 10 times worse than the lowest loss
reported for unclad As:S fibres (23). A loss value of 1-2 dB - m™! would be acceptable
for the investigation of device prototypes, as attested by the 1.3 um Pr3+:Ga:Na:S
amplifier reported by Tawarayama et al. (81), although lower losses should be achieved
for a practical device. Unfortunately, the fabrication of monomode core/clad in GLS
and GLSO is very difficult, and the fibre loss in these fibres is a lot higher than in unclad
fibres. A considerable improvement in the fabrication is therefore needed and should
be matched to fundamental studies of the intrinsic limitation of this material, both in
relation to the thermal stability, and in relation to its transparency.

3.8 Conclusions

In this chapter the fabrication of optical fibres in GLS based glasses was discussed. Dif-
ficulties arose from two well-known issues. The first is the glass purity; this problem has
been largely addressed in previous work at the ORC (154; 155; 51). The second issue
is the limited thermal stability, which poses a serious constraint to the reheating of the
glass above the glass transition, hence the manufacture of fibre preforms. No glass mod-
ifier, alternative to LayO3 has been identified, which can increase the stability of GLS
glasses. Fundamental studies of the crystallisation kinetics of GLS (156) revealed that
the crystallisation rates are high and strongly dependent on the glass composition, oxide
content and temperature; hence a very high degree of control of all these parameters is
vital. We identified and discussed here how the control of the glass composition could be
improved, by determining more reliably the molar ratio of the gallium sulphide phases
[GasS3/2GaS], and by measuring the glass composition directly. It seems, however, that
the low thermal stability of GLS poses a problem that cannot be solved by the current
technology, therefore alternative fabrication methods should be pursued, i.e. for produc-
ing fibre preforms in a single step or for drawing fibres directly from a melt. GLSO glass
is more stable than GLS and could afford a better chance to be drawn into monomode
fibre, which could have potential for nonlinear devices. To determine whether this is
feasible, more studies are required on the crystallisation kinetics of GLSO glasses, as the

main focus of previous studies was on low oxide compositions.
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While it is obvious that the very high loss of core/clad structures is largely induced by
fabrication, the attenuation of GLS and GLSO unclad optical fibres is also relatively
high, as compared to other sulphide materials, for instance As:S. This loss was assumed
in the past as mainly due to extrinsic factors, such as impurity absorption or wavelength-
independent scattering (51), however a detailed analysis and separate quantification of
the loss mechanisms was never performed. It is therefore important to determine the
transparency limits of these materials, also in consideration that, due to their limited
stability, a certain amount of fabrication-induced loss cannot probably be avoided. The
next chapters will be dedicated to these topics and will investigate the mechanisms

affecting transmission loss of GLS and GLSO glass.



Chapter 4

Laser Absorption Calorimetry of
GLS and GLSO Glasses

4.1 Introduction

The near-IR transparency of sulphide glasses is critical to their application in photonic
devices. Several mechanisms can induce optical loss in this region; they will be discussed
in more detail in the next chapter. For oxide and fluoride glasses, scattering loss is the
prevailing mechanism within the transmission window. In contrast, in chalcogenide
glasses a weak absorption tail, due to electronic states within the material’s bandgap,
persists far from the fundamental absorption edge; consequently absorption, rather than
scattering, is believed to determine the ultimate transparency limit in these materials.
The total attenuation can be determined easily by measuring unclad fibres; however, in
glasses with limited thermal stability fibre drawing itself can induce extra loss, making
it difficult to distinguish the extrinsic from the intrinsic contributions. Bulk samples,
on the other hand, provide the closest value to the intrinsic limit, but require more
sensitive techniques. This chapter describes the use of laser absorption calorimetry to
determine the optical absorption of bulk samples of GLS and GLSO glasses; a Free-
Electron Laser (FEL) source was employed to obtain values at 1.55 and 1.7 um. The
use of the calorimetric technique allows the discrimination of absorption from scattering
and opens up the possibility of identifying the prevailing loss mechanism and determining

the transparency limit for these materials.

All the measurements were carried out during a single run with the free-electron laser
source at the at the Jefferson Laboratories (USA) in late autumn 2001; the run lasted
three days, with one day dedicated to setting up, testing and calibrating the instrumen-
tation and two days entirely dedicated to the measurements.

81
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4.2 Laser Absorption Calorimetry

Measuring the residual attenuation of optical glasses in their region of high transparency
is best accomplished using optical fibres, where coupling loss can be made small in
comparison to transmission loss by evaluating long lengths of fibre. In bulk samples,
transmission loss is dominated by the Fresnel reflection loss from air/glass interfaces.
This is particularly critical for chalcogenide glasses due to their very high refractive index
(n ~ 2.3-2.4); in addition, only small batches of these materials can be prepared having
the necessary homogeneity, which limits the thickness of practical samples to ~ cm.
For instance, a loss of 1 dB - m™! corresponds to just above 0.1% loss in a 5 mm thick
sample, which compares to Fresnel losses of approximately 15% per interface (see fig.
4.1). Transmission measurements of low level absorption in bulk samples are notoriously
difficult and require samples with excellent surface quality and detection systems with
very high signal/noise ratio. The differential transmission can be severely affected by
beam deviation and focus shifts, caused by tiny displacement of the samples, and also by
interference effects in samples with very flat and parallel surfaces. It is also important
to point out that transmission measurements only provide the total attenuation, and are
unable to determine if this is due to absorption or scattering. The ability to separate
these two is required in order to give a full insight into the mechanisms causing the loss.

Laser absorption calorimetry allows a sensitive, direct measurement of low-level absorp-
tion of transparent optical materials (174). The technique is based on the photothermal
effect: the absorbed fraction of an optical beam is converted into heat, which is measured
as a rise of the sample temperature; this, of course, holds as long as photoluminescence
or fluorescence effects are not present. The ability of this technique to detect low level
absorption relies on the availability of high power, stable light sources and requires the
measured sample to be kept insulated from temperature fluctuations of the environ-
ment; sub-ppm sensitivity has been demonstrated in optimised conditions (175). Laser
calorimetry was first introduced in the early 70s to determine the bulk absorption of
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fused silica when fibre fabrication was still in its early stages (176); since then it has
become the standard technique for testing the absorptivity of optical components (177).
The calorimetric technique has the advantage of being independent of the reflectivity
(thus it can be used for measuring high index as well as low index materials) and in-
dependent of scattering. Although it cannot distinguish between bulk absorptivity and
surface absorptivity (caused by defects and contamination at the interfaces) of a single
sample, the two components are readily determined by measuring sets of samples with
different thickness. In comparison, other techniques have even higher sensitivity and
do not require a high power laser source, but are not as practicable for measurements
on high index, bulk optical materials. Cavity Ring-Down spectroscopy (CRD) (178)
measures the variation of the ringdown time of laser pulses when an absorbing sample is
introduced into a stable, high finesse optical cavity; CRD has been reported for measure-
ment of solids, however it is better suited to low index samples and in particular gases;
besides, it can only determine the total attenuation. Photothermal Deflection Spec-
troscopy (PDS) (179) measures the deflection of a probe beam which is caused by the
absorption of a second, confocal beam. PDS is the most flexible and sensitive among the
techniques mentioned here, and it also allows spatially resolved measurements; however,
it cannot provide absolute absorptivity and is generally calibrated by laser calorimetry.

The main constraint imposed by absorption calorimetry is the need for high power laser
sources at the wavelength of interest. For this reason, its application has been restricted
in the past to a few ‘traditional’ wavelengths, such as those provided by CO,, Er-YAG,
Nd-YAG, Ar-ion and, more recently, ArF excimer lasers. Apart from the high power
and suitable wavelength, the ideal source for laser calorimetry should have high beam
quality in a single mode operation. This is essential in order to allow for optimisation
of the power density on the sample, without creation of scattered or diffracted beam
components, which might hit the chamber’s walls, the sample holder or the temperature

sensors and produce a spurious temperature signal.

In the present study, in order to overcome the limitation of conventional sources and to
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measure absorption of GLS and GLSO glasses in the telecom window around 1.5 um, a
Free-Electron Laser (FEL) source was employed. To the best of the author’s knowledge,
this is the first time that a FEL source is employed for Laser Absorption Calorimetry.
FELs are well known sources of tunable, coherent and high power electromagnetic ra-
diation. These sources differ from most conventional lasers in that they exploit a beam
of relativistic electrons as the active medium, as opposed to bound atomic or molecular
states. Consequently, FELs can be tuned over wide wavelength intervals spanning from
the far IR to the deep UV. Spontaneous emission of synchrotron radiation is induced
when a bunched electron beam is passed through a periodically alternating magnetic
field (the ‘undulator’ or ‘wiggler’, see fig. 4.3). The radiation is stored in a high-Q
optical cavity, where it is allowed to interact with the electron beam undergoing optical
amplification. The operating wavelength can be tuned by varying the energy of the
electrons or the strength of the magnetic field in the undulator.

The free electron laser source at the Thomas Jefferson National Accelerator Facility
(Newport News, VA, United States), (JLFEL), is very suitable for laser absorption
calorimetry. Indeed, it can deliver extremely high powers, having a multi-kilowatt out-
put when tuned in its fundamental lasing frequency region from 3 to 6 um (first harmonic
lasing, FHL); when operated on its third harmonic (THL), JLFEL provides an average
power in excess of a hundred watts across the region from 1 to 2.2 um (see fig. 4.5).
The ability to work in the near-IR makes it rather unique among FEL sources. The
output is nearly diffraction limited, allowing easy handling of the power density. An-
other advantage of JLFEL is that the micropulse repetition rate (MPRR) can be varied
while keeping the average power constant; this characteristic was very useful, as will be
explained in more detail, in order to ensure that damage or nonlinear phenomena were
not affecting the result of the calorimetric measurements. Figure 4.4 shows a schematic
of the layout of the ‘IR-demo’ FEL that was used in autumn 2001; JLFEL is currently
undergoing a complete reconfiguration, which will extend its range of operation from
the UV (250 nm) to the MIR (14 wm) and is also expected to scale up the maximum
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FIGURE 4.6: Details of the calorimeter: vacuum chamber, sample holder and temper-
ature sensors before assembling.

delivered power by at least an order of magnitude.

4.3 Design of the calorimeter

The temperature increase typically measured in laser calorimetry is small. Assuming
for instance a sample with 10 cm?® volume, 500 Jkg 'K ~! specific heat and having an
optical absorptivity A of 1073, which is irradiated for 200 s with a 10 W average power,
the maximum temperature increase (disregarding heat losses) amounts to less than one
hundredth of a degree. Such a small temperature signal can easily be overwhelmed by
thermal noise and drifts of the environment. Therefore, samples must be contained in

enclosures to provide adequate shielding.

In addition to the minimisation of thermal noise and drifts, insulating the sample also
increases the sensitivity of the laser calorimetry. For small temperature increases, the
thermal leakage from the sample to the chamber is proportional to the temperature
increase 9(t) = Ts(t) — Tp, consequently:

e
7 leak = —Yeal * ﬁ(t) (4'1)

where T is the sample temperature, 7, is the holder temperature, and .4, designated
as the heat loss coefficient, is the quantity that expresses how effective the insulation of
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FIGURE 4.7: Sensitivity of a calorimetric measurement performed in a vacuum and
air-filled chamber.

the sample is. The sensitivity of the calorimetric measurement is defined as:

max. temperature increase [mK]
beam power [W]

103- A4
= 7 4.2
me * Yeal (4.2)

anl =

where A is the absorptivity and mC), the heat capacity of the sample; hence, improving
the insulation leads to lower <., and to higher sensitivity X.4;.

Assuming a cylindrical sample with radius R and thickness L, the time constant 7.y

can be expressed through the equation:

%hee /1 1
v = 2 (54 ) («3)

where p is the specific gravity, and h,. is the sample-chamber heat exchange coefficient,
which depends on the mechanism of heat transfer. Here we compare the case of a
chamber filled with air or other dry gas, such as nitrogen or argon, and a vacuum
chamber. For an air-filled chamber, and for temperature increases below =~ 0.5 K, the
heat loss mechanism is via conduction of the gas, and hg. can be estimated as:

k; .
g S (4.4)
sC
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where kg 18 the thermal conductivity of air and £, is the average distance between the
sample and the chamber’s walls. For larger temperature increases (9™ (t) ~0.1-1 K,
depending on the geometry of the sample), free convection may also set in; reference
(175) quotes an estimate of h%2™ ~ 10 W m~2K ™! for the convective heat exchange
coefficient of disc-shaped samples with radius and thickness of = ¢m. In the case of a
vacuum chamber, heat is lost by radiation from the sample to the calorimeter’s inner
surface; the radiative heat exchange coefficient can be expressed as:

4JSBTC3
L+ge(L-1)

= 4og5pes FT2 (4.5)

ht =

¢ \ fe

where ogp is the Stephan-Boltzmann constant, 7; is the chamber temperature, A; . are
the sample surface and the chamber inner surface respectively, and g5 . are the integral
emissivities of the sample and the inner surface of the chamber respectively; the quantity
F gives the view factor, and the quantity £, = e, - F is defined as the effective sample
emissivity. If the enclosure is much bigger than the sample, i.e. A; € A, thus it results
F =1, and Y can be simplified to:

W7 deso5pTe (4.6)

Figure 4.7 shows a comparison of the sensitivity of calorimetric measurements performed
in vacuum and in an air-filled chamber. In calculating the curves, the appropriate
parameters for a sample of GLS glass were used (sample E, table 4.2) and an absorptivity
of 1074, It is clear from the graph that the measurement in a vacuum chamber has
higher sensitivity, which means that a lower beam power is needed to achieve the same
temperature increase; this can be a crucial detail in samples susceptible to damage.
On the other hand, a vacuum chamber has the penalty of increased equilibration time;
because of that, it becomes impractical to wait for the maximum temperature increase,
and a longer time interval has to be allowed between measurements.

The bulk absorption of GLS and GLSO glass had not been measured precisely before
this work. The lowest value reported in a chalcogenide glass is 0.2 dB - m™! in As5Ss3
glass, which corresponds to &~ 5-107° absorptivity in a 1 mm thick sample; consequently,
a lower detection limit of 1075 was set as a target. Lacking a reliable indication as to
the damage threshold of GLS, a vacuum chamber was employed in order to achieve

maximum sensitivity.

The chamber (figure 4.6) was composed of thick stainless steel flanges (modular ISO-KF
DN50), which had both low thermal conductivity and high heat capacity to minimise
the effect of external temperature fluctuations. Additional insulation was placed outside
the chamber. The samples were clamped on an aluminum ring holder, onto which the
temperature sensors were also permanently attached. The holder was firmly kept in
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FIGURE 4.8: Four-wires configuration used for the temperature measurement with
RTD elements.

place at the center of the chamber by a ~ 210 mm long piece of stainless steel cryogenic
tubing. In the design adopted, the aluminum body contributed to the ‘effective heat
capacity’ during irradiation and provided a very repeatable thermal contact between
samples and sensors. Due to the very thin walls (0.16 mm) of the tubing and the low
conductivity of stainless steel, both leading to a high thermal resistivity (several small
holes were drilled in order to make a vacuum inside the tube). The conduction loss along
the support was estimated to be at least 20 times smaller than the radiative heat loss of
the sample plus holder. In addition, the tube did not affect the effective heat capacity
of the sample holder assernbly significantly, since its total thermal mass was at least
20 times smaller (the two above factors coincide accidentally). This ensured that the
support was not modifying in any significant way the thermal properties of the heated

mass.

Low outgassing materials were used for assembling the sample holder, the sensors and
the electrical connections. The adhesive used to glue the sensors onto the holder was
thermally conductive, vacuum grade epoxy (EpoTek H74 from Promatech Ltd., with
0% CVCM index). Viton gaskets were used for the vacuum seals, and wires were PTFE
insulated. The pump used was also oil-free to prevent contamination. Maintaining a
‘clean’ vacuum in the chamber is essential in order to prevent surface contamination of
the samples, which might induce extra absorption at particular wavelengths and interfere
with the result of the calorimetric measurement.

The temperature sensors were eight thin film platinum resistance-temperature detectors
(OMEGAFILM RTD Mod. F3107 from Omega Ltd.). Each element had a nominal
resistance of 100 © at 0 °C and a temperature coefficient ag equal to 3850 ppm-(°C)~ 1.
Their flat shape and miniature size (1.5x4 mm) allowed them to be attached to the ring
holder for accurate and repeatable temperature readings with a negligible increase of the
thermal mass of the holder. The eight RTDs were connected in series and measured in a
four wire configuration (figure 4.8). In this scheme, one pair of wires (A & D) carries the
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current Iy through the RTD element, while the other pair (B & C) probes the voltage
Vrrp across the RTD. Since the current flowing through A and D is constant and the
current flowing in the sensing wires is negligible, the measurement is unaffected by the
resistivity of the leads. However, the sensing circuit is almost inevitably made up of
different conductors; thus, an imbalance of thermal EMFs can result as a consequence
of slight temperature differences at the junctions. These thermal EMFs, of the order of
~ tens of uV per degree, obviously affect Vrrp and hence the result of the temperature
reading. This problem was carefully thought through, and appropriate measures were
introduced to minimise it. For instance, the same conductor material was used as much
as possible for the various sections of the sensing circuit; where this was not possible (e.g.
feed-through connectors, soldered points, etc.), the equivalent contact points along the
two arms of the sensing circuit were thermally shorted in order to zero the total thermal
EMF. As a final verification, both the current 7y and the polarity between B and C were
reversed at the same time during a temperature measurement; a purpose-built device,
based on low-thermal EMF relays (Coto Technologies, mod. 3602) was used for this test.
Reversing Iy causes the sign of Vrrp to change, which is canceled out by the polarity
change; the total thermal EMF, however, is independent of the direction of flow of the
current, thus it can be revealed and quantified by this procedure. In our setup, this
check produced no measurable difference in the reading of Varp.

The four-terminal configuration allowed more flexibility in designing the electrical con-
nections. Using thick wires would obviously have compromised the insulation of the
sample-holder assembly; on the other hand, reducing the thermal conductivity along the
leads inevitably implies an increased electrical resistance too, but this does not affect a
four-wire measurement. Thus, tiny copper wires (~ 75 pum diameter, PTFE insulated
wires from Omega Ltd.) were used as the connections; the total thermal conductivity
of the four leads was at least a factor of 2 smaller than the cryogenic tube support, i.e.
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FiGUre 4.11: GLS and GLSO samples used for the calorimetric measurements.

about forty times smaller than the radiative loss; hence, the overall thermal leakage due
to conduction along the leads plus the sample support was totally negligible.

A computer-interfaced digital multimeter Keithley 2000 was used for the four-wires
measurement of the RTDs. The current flowing in the RTD elements had to be kept as
low as possible in order to minimize the Joule heating and prevent interference with the
laser heating of the sample. The current provided by the built-in source of the Keithley
2000 was set by the choice of the range: 1 mA for 1 kQ range, 100 pA for 10 Q2 range,
and so forth. The total resistance of the RTDs was ~ 871 Q at room temperature;
choosing a current of 100 pA allowed to obtain a 1075 resolution in the absorptivity
with as low as 1 W laser power, while 1 mA would have required ~ 100 W to achieve
the same resolution, and would have also caused an unacceptable increase of the sample

temperature of ~ 5 mK - min~".

Consequently, a range of 10 k2 was chosen; the
resolution of the Keithley 2000 was 10 m{2, which corresponded to ~3 mK. To further
improve the resolution, a simple signal amplifier was designed; the device was based on
a chopper-stabilised operational amplifier with very low temperature coefficient of input
offset voltage (Maxim ICL-7650) and two low-temperature coefficient metal-film resistors

(—=0.14 ppm-(°C)~1), and achieved a very stable x11 gain. The signal amplifier could

TABLE 4.2: Properties of GLS and GLSO samples for laser calorimetry.

Sample | Glass batch Thickness | T (1.55 um) | Heat Capacity

(LD1087] 5.19+0.02 | 70.9+0.3 5.5 0.6
762+£0.02 | 70.8+0.3 8.1x0.9

frm] %) [7- K1)

A 2.00+£002 | 74.0+0.1 2.2£0.2
B GLSO | 3.23+£0.02 | 73.9+0.2 3.6 +0.4
C [LD1088] | 8.48+£0.02 | 72.9+0.2 9.4+0.9
D 12.8040.02 | 722405 | 142414
G 1.96 £0.02 | 71.2+0.1 21402
H GLS 3.01+£002 | 71.1£02 32403
E

F
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be inserted along the sensing circuit outside the chamber (figure 4.9). The resolution of
the temperature measurement using this configuration was determined by measuring a
precision resistor (results are shown in figure 4.10); a ~1 m resolution resulted, which

corresponds to =~ 0.3 mK.

4.4 Fabrication and basic characterisation of samples

The nominal compositions chosen for this study were 65Ga2S3:30La2S3:5Las05 for
GLS and 78Ga2S53:22Las 03 for GLSO. Glass batches were prepared by standard melt-
quenching; ~ 250g batches were prepared first, which were then crushed and remelted in
order to improve the glass homogeneity and to obtain ingots with the desired cylindrical
shape. Ingots underwent annealing at 475 °C for several hours, and were subsequently
cut into 26 mm diameter discs with thickness ranging from 2 to 13 mm. Small por-
tions were retained for trace impurity analysis and for heat capacity measurements. The
samples are shown in figure 4.11 and their basic properties are given in table 4.2.

Trace impurity analysis of the glass batches was obtained by GDMS and the results
are reported in table 4.3 (measurements carried out by Shiva Technologies, Ramonville
Saint Agne, France). The levels of transition metal impurities are particularly important
since they can induce absorption at the measurement wavelengths. The GLS ingot was
tested at two points, one close to the periphery and one at the center of the ingot, which
corresponded to the measured volume in the actual samples. The results, in table 4.3,
confirm a high purity with total content of 3d transition metals below 2 ppm wt; the

TABLE 4.3: Results of trace impurity analysis on the glass batches employed for laser

calorimetry.
GLS LD1087 | GLS 1L.D1087 | GLSO LD1088
center periphery center
[ppm wi] [ppm wi] [ppm wi]
Na 1.14+0.1 1.5£0.2 1.0+£0.1
Mg 0.16 £ 0.01 0.25 £+ 0.04 0.41£0.02
Al 1.0+0.1 0.95 £0.03 1.54+0.1
Si 3241 30+1 31+1
Ca 0.79 £ 0.05 1.4+0.1 201
T4 0.06 +£0.01 0.10£0.01 0.07 +£0.02
1% < 0.05 < 0.05 < 0.05
Cr 0.14 £0.02 0.11£0.02 0.03+0.01
Mn < 0.05 < 0.05 < 0.05
Fe 0.83 £0.02 1.3+0.1 0.67 £0.02
Co < 0.005 0.02 +£0.01 < 0.005
Ni 0.07 £ 0.02 0.15£0.03 0.11 £ 0.02
Cu 0.33+0.03 0.28 +£0.03 0.48 £ 0.03
zn < 0.5 < 0.5 < 0.5
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FIGURE 4.12: Density of GLS and
GLSO samples.

FIGURE 4.13: Specific heat of GLS and
GLSO samples by DSC.

main contaminant in the two glass batches was found to be iron.

The disc shaped samples had all faces polished. Because of the big impact of surface
defects on calorimetric measurements, the flat faces were polished to the best standard
attainable in these relatively soft materials (scratch/dig index 20/10). Samples were
also inspected for bulk defects by optical microscopy; a 20 mm diameter central volume
resulted, that was defect-free at 100x magnification, while a few small inclusions were
present close to the sample border in one GLS sample. These defects were not assumed
to affect the measurement since they are located far from the region sampled by the laser
beam during the calorimetric measurement, and also because they cause an insignificant
modification the thermal properties of the samples due to their very small volume.

The samples were also checked for density inhomogeneity; these defects are sometimes
formed upon quenching large glass batches due to the low thermal conductivity of GLS,
which makes it difficult to remove heat quickly and uniformly from the melt. The trans-
mission of = 3 mm diameter sections of the samples was measured in several different

TABLE 4.4: Composition and thermal properties of GLS and GLSO samples.

Composition Density Specific Heat Diffusivity Conductivity
Ga2S3:LazSs:Laz0; | [10° kg m™3) | [10% J kg™ K™ [107"m2s™1] Wm™ K™
3.1£0.3 (%)
[GLS] 65:30:5 | 4.24+0.01 0.47 +0.05 2.76 £ 0.09 (1) 0.55 £ 0.06
(GLSO] 78:0:22 | 4.18 £0.01 0.50 £ 0.05 2.78 £0.08 (1) | 0.58 £0.06
(*) By Angstrom’s bar method
(1) From TL measurements
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mal diffusivity.

positions and the result was found to be consistent to better than 0.05%, except for
the thicker GLSO sample D. This sample had visually discernible density inhomogene-
ity which caused a significant deflection and scattering of a He-Ne laser beam passing
through it. Since this was very likely to affect the result of the measurement, via di-
rect heating of the sensors due to scattering, sample D was not used for calorimetric

measurements.

The thermal properties, necessary for interpretation of the calorimetric data of the two
sets of samples, were also measured. A summary of the results is presented in table
4.4. Density data are shown in figure 4.12. The room temperature heat capacity of the
two glass compositions were measured by Differential Scanning Calorimetry (DSC) (fig.
4.13); ~1 mm?® samples were heated up in inert atmosphere from 30 °C to 100 °C at

a constant rate of 10 °C - min~!

, and the specific heat was calculated by calibration
against an aluminium oxide standard. The heat capacity of each sample is shown in

table 4.2.

The thermal diffusivity of GLS and GLSO samples, which is essential for the heat
flow analysis of the calorimetric data, was determined by the Thermal Lens (TL) and
Angstr'dm’s bar methods. The TL technique measures the time-resolved intensity vari-
ation of a probe beam transmitted through a thermal lens, induced in a glass sample
by another beam, and is fully described in reference (180). The characteristic formation
time of TL in GLS and GLSO was found to be of the order of 1 ms. TL measurements
were performed by Dr. S. Lima, University of Sao Paulo, Brasil. In the Angstrbm’s
method a sinusoidal thermal wave is made to propagate along a glass rod, and the
temporal evolution is evaluated at different lengths (181; 182). The diffusivity is then
calculated from the damping factor of the amplitude (R;) and from the phase difference
(A¢) of the thermal wave at two points with separation L (see fig. 4.15), using the
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relationship:

. L2
7 A¢ In(Ry)

. (47)

(where 7 is the period of the thermal wave). An 80 mm long, 7 mm diameter extruded
GLS rod was used in this second method. The results from the two techniques are shown
in table 4.4; the TL technique gave very similar values for GLS and GLSO, and the TL
value for GLS is in good agreement with that found by the Angstrém’s method. Finally,
the thermal conductivity £ can be obtained from the density p, heat capacity C, and
thermal diffusivity & using the relationship:

k= kpCy (4.8)

The values of k for GLS and GLSO are given in the last column of the table 4.4.

4.5 Design of the experiment

The experimental setup is detailed in figure 4.18. The FEL was operated in & TEMgq
mode at 1.55 um or 1.7 wm, with a sub-ps pulse width and a micropulse repetition rate
of 37.4 or 75 M Hz. The beam had a diameter of ~14 mm at the exit from the transport
line, and was collimated to a diameter of approximately 3 mm using a pair of calcium
fluoride lenses. This diameter was sufficiently small to keep the tail of the TEMgg mode
well separated from the sample holder, and at the same time to maintain a relatively
low average power density on the sample (<0.2 kW - em™2).

A very important aspect in the use of a FEL source was the presence of small amounts of
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higher order harmonics. In FELS all the odd multiples of the fundamental frequency can
undergo optical gain, but in JLFEL the lowest order even multiples are also observed
(183). Since the FEL is optimised for operation at the fundamental wavelength, the
second and third order harmonics each amount to only 0.1-0.2% of the total power.
However, for a fundamental at A\ = 1.55 um, the third harmonic falls close to the
electronic edge, hence in the region of high absorption of GLS. Despite the absolute
power being low, the amount of absorbed power associated with higher order harmonics
is still comparable to that due to the 1.55 pum component. In short, the presence of
higher order harmonics in the FEL output can affect the calorimetric measurements and
must be avoided. A Brewster plate of silicon was used in our setup to filter them out
(see fig. 4.18).

The whole calorimeter was mounted on a motorised micropositioner for easy alignment
and careful positioning of the optical beam at the center of the sample. The entrance
and exit ports of the calorimeter were designed to be as transparent as possible to the
laser beam. The entrance port was fitted with a silica window (Spectrosil WF grade,
UQG Optics Ltd.). The sample orientation could also be adjusted to ensure that the
reflected beam (~30% of the incident power) was exiting the chamber through the silica
window, without disturbing the measurement. The exit port was a calcium fluoride
Brewster window, which avoided any backreflections and allowed the full transmitted
power out of the chamber. An optical power meter (water cooled Molectron PM5K
pyrometric detector), located outside the chamber, measured the transmitted power

and also served as beam dump.
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FEL sources are generally designed to operate at high powers, and can become unstable
when operated at low power levels. Amplitude jitter causes noise and distortion of heat-
ing curves, hence it can complicate the analysis of the calorimetric data. We operated
JLFEL at 10-25 W, corresponding to an average power on the sample (Fy) of 6-14 W,
which produced an excellent signal in our samples. Figure 4.16 shows a time plot of the
transmitted power of a 150 s long, ~14 W laser ‘heating pulse’; by assuming that the
detector noise and the amplitude jitter op, combine quadratically, the latter was esti-
mated as 0.8 W (= 6%). The value of op,/ Py for different values of Py, wavelength and
micropulse repetition rates (MPRRs) is shown in figure 4.17; as expected, the amplitude
jitter was increasing with decreasing average power, but was about 10% for Py > 10 W.

The vacuum chamber was operated at about 1072 mTorr. In these conditions heat
exchange between sample and calorimeter walls was, as seen in section 4.3, irradiation-
limited. A dry nitrogen inlet was used to vent the chamber for replacing the samples.
Thick polystyrene insulation was placed outside the calorimeter to reduce the amplitude
of the temperature fluctuations induced by the external environment. The temperature
at the external surface of the chamber was monitored by an RTD element in order to give
an indication of slow drifts. Sample temperature data from the Keithley 2000 multime-
ter, optical power data from the Molectron power meter and chamber temperature data
from the external sensor were continuously fed to a computer and remotely monitored
from JLFEL’s control room.

4.6 Heating curves

Figure 4.19 shows a typical heating curve obtained with the setup described above. The
curve refers to sample F (table 4.2), which was irradiated for 210 s with an average power
of 12+ 1 W at 1.7 um. As the beam was allowed into the transport line and passed
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FIGURE 4.21: The pulsed method. FIGURE 4.22: The gradient method.

through the sample, heating occurred due to absorption. A delay was observed (figure
4.20), which was due to the low thermal conductivity of GLS and GLSO and to contact
thermal resistance at the sample/holder and holder/sensors interfaces. The absence of
any discontinuity in the heating curves at the instant when the laser beam was turned
on/off was also a strong indication that scattering was not affecting the measurement.
If a significant amount of light had been scattered by the sample, it would have then
caused a direct heating of the sensors, producing a positive and a negative ‘kink’ at the
initial and final time of the heating pulse respectively. A full measurement run, typically
90 minutes long, included recording the background, heating the sample for about 200-
300 s and then monitoring the cooling. Three samples were measured for each series in
order to determine surface and bulk absorption.

The conventional evaluation methods of calorimetric data are based on the so-called
‘homogeneous sample temperature model’, which assumes a fast heat equalization within
the sample leading to an uniform temperature distribution. According to this model,
the time-dependent increase in temperature of the saraple, 9(t) = Tsampie(t) — Tehamber
is described by a simple differential equation:

di(t) AR 3
— = —me Yeal® (4.9)

where A is the sample absorptivity, mCj, is the heat capacity of the sample plus the
holder, Py is the optical power incident on the sample, and .q; the heat loss coefficient.
Assuming a laser pulse of finite duration from t = tg to ¢ = ¢;, the solution to equation
4.9 is:

0 t<tp
B(t) = 2o (1 — ety ty <t <t (4.10)

2L (1= ety ezt ¢ g
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The ISO standard methods of laser calorimetry (177) are the pulse method (figure 4.21)
and the gradient method (figure 4.22). In the former, the cooling curve is extrapolated
to a time ?)/y puse = (to + ¢1)/2 and the extrapolated temperature increase, ¥pyise, is
interpreted as the temperature rise equivalent to an amount of heat Qpyse = Fo-(t1 —to)
released instantaneously in the sample at £1/9p,4¢; the absorptivity is then obtained as:

mcpﬁpulse

A= (4.11)

qulse

The gradient method determines the absorptivity from the gradients of the heating and
cooling curve, calculated at times ¢, and ¢, for which 4(¢;) = 9(t.), according to the

following relationship:

A

_mCp [dﬁ(th) ~ dﬂ(tc)]

Py di dt (4.12)

These methods give correct results as long as the thermal conductivity of the mate-
rial under investigation is sufficiently high. This, however, is not the case for glasses,
and particularly the chalcogenide glasses, which are as good thermal insulators as, for
instance, some common plastic materials. With low thermal conductivity materials,
temperature gradients across the samples cannot be ignored; any methods based on the
‘homogeneous sample temperature’ approximation give a result which is dependent on
the position at which the sensors are located and also on the heating time. A correct
interpretation of the calorimetric curves then requires the analysis of heat flow within
the samples, which will be discussed in the next section.

4.7 Analysis of calorimetric data

As was pointed out in section 4.3, the setup used in the present study differs from the
simplified representation of figure 4.2, due to the presence of a sample holder used to
hold the sample in place at the center of the vacuum chamber. The holder modifies the
thermal properties of the system in two ways: firstly, by increasing its total effective
heat capacity; secondly, due to the thermal resistance at the sample/holder interface,
by reducing the heat conductivity from the heated volume at the center of the sample
towards the points where the temperature is probed by the sensors.

The correct interpretation of the heating curves was achieved by comparing the ex-
perimental heating curves with the theoretical predictions of a suitable model. The
model describes the unsteady-state heat diffusion within the sample and the holder,
taking into account both the finite conductivity of the glass and the interface resistance,
and also the radiative losses from all the surfaces. The theoretical heating curves are
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FIGURE 4.23: Comparison between experimental heating curves and theoretical pre-
dictions (the curves refer to sample F, measured at 1.7 um).

TABLE 4.5: Best-fit values of interface and radiation heat exchange coefficients.

Sample he ha ho
(Wm™2K=!] | [Wm™2K~Y) | [Wm™2K ]
24+ 0.5 1.84+0.3 2.14+0.3
15+£05 3.4+0.3 24403
20+ 1 4.240.3 24403
27+0.5 1.8+0.3 2.1+0.3
20+0.5 28+0.3 24403

1041 48+0.3 24+0.3

QOWe"dR

the time-dependent solutions of a boundary value problem of heat diffusion for a suit-
able geometry (see figure 5.1). A complete theoretical description of laser absorption
calorimetry, including the model used to analyse the data presented in this chapter, is

given in Chapter 5.

The calculated theoretical heating curves have then been used to fit the experimental
curves. The parameters of the fit are the sample absorptivity, .4, the interface con-
ductivity ke, and the sample-chamber and holder-chamber heat exchange coefficients
hy and ho. Figure 4.23 shows a comparison between experimental data and theoretical
model, which are in excellent agreement. The dotted curve in the figure is the calculated
temperature of the sample in close proximity to the interface; the obvious effect of the
contact resistance is to strongly attenuate and delay the thermal wave generated by the
laser heating pulse. The best-fit values of the parameters he, hy and hy are given in ta-
ble 4.5. The dependence of h; on the sample thickness are due to geometrical correction
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factors required to adapt the model to the actual geometry of the system. The interface
conductivity h, varied slightly from sample to sample, which was probably due to very
small out-of-round imperfection of the diameter of the samples affecting the thermal
contact with the holder.

The best-fit values of the absorptivity of the samples, A, are given in table 4.8. Mea-
surements were performed at two different wavelengths, 1.55 ym and 1.7 um, and for
different values of the average power and of the micropulse repetition rate, as sum-
marised in table 4.6. The error quoted is the combination of the uncertainty in the
average power of the laser beam, and the uncertainty in the subtraction of the baseline
temperature. In addition, the uncertainty in the heat capacity of the glass (about 10%,
see table 4.4), gives a systematic contribution to the error of A.

TABLE 4.6: Average laser power and duration of the ‘heating pulse’ used for absorption
calorimetry of GLS and GLSO samples.

Average power (P§"¢) and Pulse duration
Sample MPRR @ X\ = 1.55 um [MHz| MPRR @ A = 1.7 um [M Hz|
18.7 374 75 37.4
10.8 £ 1.4W 13.7£1.3W
A for 150s i ) for 151 s
101 +£1.4W | 13.1 £ 1.5W
B ) for 150s for 150s )
10.6 & 1.6W 89+£1.5W
© ) for 150s ) for 154s
12.1£2.2W 9.9+£1.7TW
G ) for 301s ) for 301s
112+ 1.7W | 12.0£2.0W 11.0+2.2W
B ) for 242s for 242s for 241s
6.6 = 1.9W 11.6+1.0W
F ) for 601s i for 212s

4.8 Results and discussion

4.8.1 Damage threshold

The threshold for laser-induced damage (LIDT) of GLS and GLSO glasses is not known.
Although time was not available for a systematic investigation, it was necessary, prior
to the measurements, to assess if the samples could withstand the optical power levels
required to obtain a good temperature signal, without sustaining any damage. This test
was performed on two ‘dummy’ samples, with the same compositions, surface quality
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TABLE 4.7: Parameters for successive laser irradiations for LIDT investigation.

Pg¥¢ | Time | MPRR | Power density | Peak power density | N. of pulses
W] [s| | [MHz] | [kW cm™2 [MW em™2?] [10°]
8+2 | 180 | 374 0.10 2.6 6.7
15+£2 | 180 | 374 0.18 4.7 6.7
8+2 | 183 | 187 0.09 4.9 3.3
7+2 | 180 | 374 0.08 2.1 6.7
7542 | 792 | 374 0.09 2.4 29.3

and thorough cleaning as the samples used for the measurement. The samples underwent
repeated irradiations while operating the laser at different average powers, micropulse
repetition rates (MPRRs) and irradiation times, in order to investigate cumulative ef-
fects. Table 4.7 shows the list for the GLSO sample. No evidence of damage was
observed. The samples were unaltered both visually and when inspected more closely
using an optical microscope. Sample transmission did not vary during the irradiation;
spectral transmission of all the samples, measured before and after laser calorimetry,
also showed no variation. We concluded therefore that GLS and GLSO samples were
unaffected, and established a lower limit for the LIDT of these materials around 1.55 um:
~ 0.2 kW - cm ™2 average power density with ~ 5 MW - cm™2 peak power and sub-ps

pulses.

4.8.2 Quantification of nonlinear effects

Since GLS and GLSO glasses have strong third order nonlinearity, it was also necessary
to ensure that two-phonon absorption (TPA) was not affecting the measurement. The

total absorption coefficient of a nonlinear material is:

Qiot = @ + ﬁQI (413)

where I is the power intensity and « and (; are the linear and nonlinear absorption
coefficients respectively. The presence of intensity-dependent absorption can be easily
investigated using the flexibility of JLFEL. Figure 4.24 shows the result of this investiga-
tion; the first two heating curves refer to the same sample, irradiated for the same time
with the same average power. However, the pulse repetition rate was switched from 37.4
to 75 MHz, hence the peak power was approximately halved from the first to the second
measurement. If there were a nonlinear component contributing to the total absorption,
the reduction of the peak power should have caused a noticeable diminution. As this was
not the case in GLS and GLSO samples, we concluded that nonlinear absorption was in
fact negligible at the optical power density used. The result is also evident in figure 4.25,
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FIGURE 4.24: Heating curves for the same sample irradiated for the same time and at

Absorptivity per unit length (=a) (m™")

FIGURE 4.25: Measurements of absorptivity at different PRRs for investigation of
nonlinear effects. The graph on the right shows the superposition of the heating curves
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in figure 4.24.

where the absorption coefficients of different samples, measured at different MPRRs, are

compared. This result is in agreement with the upper limit of the nonlinear absorption
coefficient recently reported by Requejo et al. (54), i.e. 82 < 0.01 em - GW™!; based on

this value of 8, the nonlinear contribution at the peak power levels of & 5 MW - ecm™

used for calorimetry is smaller than 5 - 107°.

2

It is also worth noting that, the repeated measurements for these nonlinear checks show-

ing no difference in the sample’s absorption provides further evidence that no damage

or permanent changes had occurred in the measured samples.
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TABLE 4.8: Results of calorimetric measurements of GLS and GLSO samples.

Absorptivity A, 1073
Sample | MPRR @ A= 155 um [MHz]  MPRR @ \ = 1.7 um [MH2]
18.7 37.4 75 374

GLSO A | 3.5+0.6 - - 3.9+0.5
GLSO B - 6.8+1.1 | 6.2+0.9 -
GLSO C - 15.9 £ 2.7 - 182 +34

GLS G - 1.5+03 - 1.5+0.3

GLS E - 58+0.9 | 5.5%1.0 55x1.1

GLS F - 78+22 - 84+14

4.8.3 Determination of the absorption coefficient at 1.55 ym and 1.7 ym

The measured values of absorptivity A of the GLS and GLSO samples are shown in table
4.8. Data are available for three different thicknesses for each glass composition. For thin
samples and for low absorption, the absorptivity can be assumed to be linearly dependent
on the sample thickness L, according to the following relationship (see Appendix B for
details):

A=20+al (4.14)
The relationship 4.14 expresses the fact that the optical absorption can occur both at
the surface and in the bulk. The term 20 takes into account the localised absorption
at the air/sample interfaces, which can be caused either by defects and residues from
polishing, or by contamination. The quantity o is the surface absorptivity, i.e. the
fraction of the total optical power that is absorbed at each interface. The other term
is the usual bulk absorption described through the Lambert-Beer’s law, and « is the

absorption coefficient.

From the data obtained for the two sets of samples, both ¢ and « can now be determined.
Figures 4.26 and 4.27 show a plot of the absorptivity, A, as a function of the sample

TABLE 4.9: Surface absorptivity and bulk absorption coefficients of GLS and GLSO

samples.
A= 1.55 um A=17pum
o[107% | a[m™] | o073 | a[m™!
GLS | 0797 | 1.0+01 | 0f2° 11402
GLSO | 02793 | 194015 | 0%3° |21+02
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F1GURE 4.27: Plot of the absorptivity as a function of the sample thickness for GLSO
samples A, B, C.

thickness for GLS and GLSO respectively. Both data at 1.55 um and 1.7 um are given
in the graphs. The experimental data are in excellent agreement with the linear law
4.14, and clearly show that surface absorption has a minor contribution in our samples.
Data were fitted by the least-squares method, using a linear law and assuming the
constraint ¢ > 0. Since it was verified that the micropulse repetition rate did not affect
the measurement, all the data points collected at the same wavelength could be fitted
with the same linear law. The resuiting values of the absorption coefficient «, and the

surface absorptivity ¢ are summarised in table 4.9.
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The original aim of the experiment was to measure the absorption at other wavelengths
in the range covered by JL-FFEL. Unfortunately, time was not available to perform mea-
surements at 2 and 3 pum, so these measurements had to be rescheduled and will be
performed after the upgrade of JL-FEL is completed. The two data points at 1.55 and
1.7 wm, however, provide some information. The dependence of the absorption on the
wavelength is flat for both GLS and GLSO; this is not unexpected, since absorption
in this region can either be caused by the weak tail, or by extrinsic absorption from
transition metal impurities, which have very broad absorption bands in the near-IR.
Absorption of GLSO is higher than low oxide GLS, and also increases from 1.55 um to
1.7 pm; since the fundamental edge of GLSO falls &~ 70 nm shorter wavelength than
GLSO, this result suggests that the higher absorption in GLSO is caused by impurities.
However, a clear interpretation of the mechanisms causing absorption was not possi-
ble with so few data points. This will be the subject of a more detailed discussion in
Chapter 6, where the optical absorption induced by transition metal impurities will be

investigated.

4.9 Conclusions

In this chapter the results of a calorimetric measurement of the absorption of a set
of GLS and GLSO samples was presented. Bulk absorption had not been measured
previously in these glasses. The calorimetric method was used in conjunction with a
FEL source to achieve measurements at 1.55 and 1.7 um; a free-electron laser had never
been used before for laser absorption calorimetry. The FEL at the Jefferson Laboratories
is very suitable due to its high average power, high beam quality, tunability and to the
ability to work from 1 to 6 um. A calorimeter was designed and assembled, based
on a vacuum chamber with resistive temperature sensors and an ultimate resolution
of better than a mK. Two sets of GLS and GLSO samples were prepared, cut from
the same batch of high purity glass and then polished to a high standard; the samples
had different thickness allowing separation of the bulk absorption component from any
surface absorption. The density, thermal diffusivity and heat capacity of the GLS and
GLSO samples were measured by various techniques. A detailed analysis was performed,
prior to the calorimetric measurements, in order to rule out laser-induced damage and
nonlinear effects. The heating curves were analysed, performing the complete heat flow
analysis of the system. The measured absorptivity is in good agreement with a linear
dependence on the sample thickness, showing that the samples had no significant surface
absorption. The absorption coefficients at 1.55 um were 1.0 £ 0.1 and 1.9+ 0.2 m™! for
GLS and GLSO respectively, corresponding to 4.3 + 0.4 and 8.2 £ 0.9 dB - m~'. More
measurements at different wavelengths could provide conclusive evidence as to what
mechanism is causing the absorption loss, whether the ‘extrinsic’ impurity absorption or
the weak absorption tail. However, the measurements presented in this chapter provide
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for the first time an important determination of the levels of near-IR optical absorption
of GLS and GLSO glasses.



Chapter 5

Modeling Laser Absorption
Calorimetry: Heat Flow Analysis

5.1 Introduction

Laser absorption calorimetry is an established technique for measuring low-level optical
absorption, such as that of optical components for high-power lasers. The technique
has been described in the ISO 11551 (177), which attempted to define a standard for
the measurement procedure and data analysis. However, the ISO standard has some
important limitations. Firstly, it assumes a ‘homogeneous sample temperature’ model.
Thus, the ISO standard is only suitable for samples with high thermal conductivity,
such as metal mirrors and crystal optics. Glasses, on the contrary, have much lower
thermal conductivities; that of GLS, 0.55 Wm 'K, compares, for instance, with
392.9 and 17.8 Wm ™! K ! of copper and zinc selenide respectively, which are commonly
used in COy optics. Low thermal conductivity leads to inhomogeneous temperature
distributions within the samples, and renders the ISO standard method not applicable
(184). A second limitation of the ISO 11551 standard concerns the use of a sample holder;
although the ISO recommends the use of a holder, it only considers its impact on the
total thermal capacity, and ignores the possible effect due to the thermal resistance at the
interface between sample and holder. This aspect, on the contrary, is quite important,
since the temperature sensors are generally located on the holder. Inhomogeneous sample
temperature models, accounting for the finite thermal conductivity of glass samples, have
been presented by Bernal (185) and, more recently, by Willamowski, et al. (186), but
sample holder effects were not included in those models.

In this chapter an exhaustive model for the heat flow analysis in a laser absorption
calorimetry experiment will be presented. The model describes a system composed of
sample and holder with arbitrary thermal properties and a cylindrical geometry and,
more importantly, it allows for an arbitrary thermal resistance at the sample/holder

107
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interface. By solving the boundary value problem of heat diffusion, analytical solutions
are provided for the time-dependent temperature distribution across the sample and the
holder. The model extends considerably the theoretical analysis of laser calorimetry
presented in the ISO 11551 and in other previous works (185; 186).

The chapter is structured as follows. The general boundary value problem of heat
diffusion, describing laser absorption calorimetry, is defined in the next section 5.2.
Section 5.3 gives a summary the standard mathematical tool for solving the boundary
value problem (Green’s functions method). A simplified model of a sample with no holder
is presented in section 5.4; results are in agreement with previous work by Bernal (185)
and Willamoski, et al. (186). Finally, in section 5.5, a more general, and substantially
new model describing sample and holder is presented and analytical solutions are given.

5.2 General formulation of the problem

5.2.1 Boundary value problem of heat diffusion in cylindrical coordi-

nates

The system considered in the present model is shown in figure 5.1. The aim is to model
the heat diffusion from the area heated by the laser, at the center of the sample, towards
the sample holder, where the sensors are attached. As the laser is turned on only for
a finite time interval, a transient, unsteady heat diffusion problem must be formulated.
The sample is assumed to be disc-shaped, and the holder is assumed to be annular,
with the inner radius matching that of the sample. A TEMyg intensity distribution is
assumed for the laser beam, producing a gaussian power deposition profile within the
sample; the diameter of the beam is much smaller than the diameter of the sample.
The sample and holder are thermally insulated inside a vacuum chamber, and can only

exchange heat through radiation.

Given the symmetry of the system, the problem is conveniently described by using

FIGURE 5.1: Schematic of the calorimetric system with sample and holder.
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cylindrical coordinates, with the ‘2’ axis parallel to the direction of propagation of the
laser beam. Since the system has rotational symmetry about z (Q = Q(r, z,t)), the
temperature distribution is independent of the ¥ coordinate, thus the heat diffusion

equation is:

8

N - Qr2t)

Ts(r,z,t) = — .

(5.1)

where & is the thermal diffusivity and k is the thermal conductivity (k = xpCp); Ts is
the temperature distribution and @ is the absorbed energy (‘heat’) per unit time and
unit volume. The boundary value problem (BVP) is defined by a set of two equations,
like 5.1, for the sample and for the holder, plus a suitable set of boundary conditions
and initial values. For instance, the boundary conditions for a disc-shaped sample with
radius R, thickness L and radiative loss from all surfaces are:

8, T5(0,2,t) =0 Continuity at r = 0

—k - 0,T¢(R, 2,t) = hse - [Ts(R, 2,t) — Teo] Radiative heat flow from side face
k-0,Ts(r,0,t) = hse [Ts(r,0,8) — Too] Radiative heat flow from flat face 1
—k -8, Ts(r,L,t) = hse - [Ts(r, L,t) — Too] Radiative heat flow from flat face 2

(5.2)

In the above equations, 7, represents the temperature of the inner surface of the vacuum
chamber. Since the temperature increase T(r, 2,t) — T is small, the following first-order
approximation for the radiative heat flows has been assumed in writing 5.2:

osBEsF [To(r,2,t) — Ta| m dogpes FTo, [Ts(r, 2,t) — Tog) (5.3)

where ogp is the Stefan-Boltzmann constant, &4 is the sample’s emissivity and and F
is a factor approximately equal to 1 (see eqn. 4.5 and 4.6); thus, the heat exchange
coefficient in 5.2 results: hg = 405353}'1“20. The boundary conditions 5.2 are non-
homogeneous, but it is immediately obvious that they can be modified into a set of
homogeneous boundary conditions by defining a reduced temperature:

T(r,z,t) = Tg(r,z,t) — Teo (5.4)

5.2.2 Definition of the heat source term Q(r, z,t)

In the present model an ‘ideal’ source, with single mode operation and a TEMg (gaus-
sian) intensity distribution, is considered. The ‘uniform heat source approximation’ (see
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Appendix B for details), was assumed for the absorbed heat distribution; this approxi-
mation is correct for low absorption levels, optically thin samples, and for a laser source
heating a small portion at the center of the sample (thus preventing the beam from
heating the holder). With these assumptions, the heat distribution Q(r, z) of 5.2 can be

written:

2APO _2(1)2
rdeL ¢

o

Q(r,z) = (5.5)
where: A ~ (20 + L) is the total absorptivity, with o the surface absorptivity and «
the absorption coefficient (see Appendix B for definitions); Py is the average power of
the laser beam, and d is its mode radius (d < R). The time dependence of @ is defined
as:

Q(r,z,t) = Q(r, 2) - [¢(t) — $(t — to)] (5.6)

where ¢(t) is the Heaviside ‘step’ function. Equation 5.6 describes an experiment in
which the laser beam is ‘on’ between ¢ = 0 and t = f3. The heat source term is

normalised in such a way that:

o R 2w L
/ dt/ gdg/ d19/ dz - Q(o,2,t) = APyty = {absorbed heat} (5.7)
0 0 0 0

5.2.3 Approximate description for thin samples

If the sample thickness L is small, the longitudinal dependence of the temperature can
be neglected. This is achieved by reducing the ‘92> term in the heat diffusion equation
to a constant term through the following approximation, obtained by letting L — 0 and
using the last two of the boundary conditions 5.2:

0, T(r,L,t) — 3, T(r,0,¢ 2h L
(620 2,8)] g~k ST DD OTOO0 _ Phe iy Ly (g

The BVP 5.1-5.2 is then effectively reduced to a 1-d problem, where the differential
equation 5.1 depends only on the radial variable:

O kL8 - T % T(r,t) = _Q(Z’ ) (5.9)

The approximation 5.8 will be proved in section 5.4.5 to be accurate to better than 1%
for GLS samples up to 1 ¢ thick. The approximation of ‘thermally thin sample’ is at
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the basis of the procedure of analytical solution of the BVP for the system with sample
and holder (section 5.5).

5.3 Solution of boundary value problems by the Green’s

function method

In this section a method is presented for deriving the solutions of a general boundary
value problem of heat diffusion, from the solutions of the associated homogeneous BVP,
using the so-called Green’s functions method. The approach to the solution of the
problem is the same as presented in chapter 6 of reference (187), where the detailed
demonstration of the assertions made in this section can be found. In general, linear
BVPs are classified as homogeneous or non-homogeneous. In the first case, both the
differential equation and the boundary conditions are homogeneous (if f is a solution,
c- f is a solution for every ¢ € R). The solutions of a homogeneous problem constitute a
linear vector space (if f and g are solutions, af + (g is also a solution), which contains
at least the trivial solution; the initial conditions then define a unique solution in this

vector space.

Let us consider the following non-homogeneous problem of heat diffusion, defined in the

most general form by the following:

V2T (r,t) — 18,7 (r,t) = -1Q(r,t) YreV, t>0

ki g (r,t) + haT(r, t) = fi(r, 1) on the boundary Sj, ¢ > 0 (5.10)
T(r,0) = ©(r) YVreV

The problem is defined in a 3-d region V C R3, bounded by M surfaces Si, ..., Sps; the
coordinate system can either be rectangular, cylindrical or spherical. The three equations
5.10 are respectively: the heat diffusion equation, a set of boundary conditions for the
M boundary surfaces and an arbitrary initial condition for the temperature distribution.
In the second equation, the Bini symbol indicates the differentiation along the outward-
drawn normal to the i-th boundary surface, and the thermal conductivity k; and heat
exchange coefficient h; can also assume an arbitrary value. Thus, it represent a set of
arbitrary boundary conditions, that can either be of the first, second or third type, as
defined by the following:

ki =0,h; #0 = T(r,t) = cost = Condition of the Ist kind

h,=0,ki#0 = kig—i(r, t) = cost = Condition of the 2nd kind

ki #0#h = kidl(r,t)+hT(r,t) = fi(r,t) = Condition of the 3rd kind
(5.11)
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The first two boundary conditions defined above correspond respectively to the situation
where either the temperature or the heat flux at the i-th boundary is fixed; the third
condition describes & case where the heat flux is proportional to the temperature for
f; = 0 (that is, the case of radiative loss), or the most general case for f; # 0.

It can be verified that the solution of the BVP 5.10 can be expressed as:

T(r,t) = /V &’ [G(r, ', )], _, O(r)

+ zA dT/Vdrl [G(r,tlr',r)@(r',T)] (5.12)

M

" n/[;t iy {/S 48, [%fi(r',t)G(r,ﬂr',T)}}

=1

where G(r,t|r',7) is the three dimensional Green’s function defined by the following

auxiliary BVP:

V2G(r,tl, 1) — 28,G(r,tr, 1) = =L6(x = t)o(r —7') VreV,t>1

~

kiig_%(r)t) 4 hT(r,t) =0 on the boundary S;, t > 71
G(r,tlx/,7) =0 VreV,i<r
(5.13)

The G(r,t|r',7), gives the temperature solution in the region V, which is initially (at
t = 7) at zero temperature and subjected to homogeneous boundary conditions, due to
an impulsive point heat source of strength unity, located at r’, and releasing heat from
time ¢t = 7. In other words: G(r,t|r’,7) describes the effect, in 1’ at ¢, of an impulsive
point heat source of strength unity turned on at ¢t = 7 in r’/.

The Green’s function relative to the BVP 5.10 can be calculated directly from the
solutions of the homogeneous BVP associated to 5.10, i.e.:

V2T(x,t) = 18, T(r,t) =0 VreV, t>0

kig—;(r, t) + h;T(r,t) =0 on the boundary S;,t >0 (5.14)
T(r,0) = O(r) VreVv

The problem 5.14 is solved by standard separation of the variables; this is accom-
plished by looking for all the solutions of the type: T'(r,t) = ¥(r) I'(t), where ¥(r) =
o(r1) x(r2) ¥(rs). It can be verified that the Green’s function G(r,t|r’, T) can then be
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expressed by means of the eigenfunctions ¥(r) and I'(¢) via the following:

Wi k(r) 5 52(r")
Nijr - Ti5x(0)

G(r,tht!,m) = Tyt —7) (5.15)

.5,k

where Nijx = [l@ill*llx;I?1¢el?, and ||£]? = (f|f) is the usual norm in a Hilbert space
of functions.

In conclusion, the Green’s functions method provides a general method to calculate
the analytical solutions of a generic boundary value problem of heat diffusion. Firstly,
the homogeneous BVP associated with the original is obtained, by putting the heat
sources and possible non-homogeneous terms in the boundary conditions to zero, and its
solutions are found. Then, the Green’s function is calculated, by using the relationship
5.15. Ultimately, from the Green’s function, the solutions of the general problem are
found using the relationship 5.12.

5.4 Boundary value problem for a disc-shaped sample

5.4.1 Definition

In this section the simpler problem of the sample with no holder is analysed. As specified
in the introduction, this system has already been described in previous works by Bernal
(185) and Willamoski, et al. (186), although these authors utilise a different method for
the solution of the BVP. The Green’s functions method allows a quick and elegant way
to solve the BVP, and also can be adapted for the solution of the complete system with
sample and holder, which will be presented in section 5.5. This method The system is
shown in figure 4.2. The BVP is formulated as follows; the heat diffusion equation for
the reduced temperature 5.4 is the eqn. 5.1:

1 2 at _ Q(Ta t)

- Or (r-0r) + 0, — T(r,z,t) = p (5.16)
defined in the region (r,2) € [0, B] x [0, L] C R?; the boundary conditions are (see eqn.
5.2):

oT(0,2,t)=0 Continuity at 7 = 0
—k-0,T(R,z,t) = hs. - T(R,2,t) Radiative heat flow from side face
k-8,T(r,0,t) = hge- T(r,0,1) Radiative heat flow from flat face 1
—k-0,T(r,L,t) = hee - T(r,L,t) Radiative heat flow from flat face 2

(5.17)
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where k, s are appropriate material constants for the sample and hg. is defined by eqns.
4.5 and 4.6. The initial value of the reduced temperature distribution is:

T(r,2,0) =0 V(r,z)€[0,R]x[0,L] (5.18)

The Q(r,t) is the heat distribution generated by the absorption of a laser beam with
a gaussian intensity distribution of semi-aperture (‘radius’) d and average power P,
which, in the limit of the ‘uniform heat source’ approximation, can be written as in the
eqns. 9.6-5.7:

2

2AP0 28" [3(t) - 8t — to) (5.19)

2L ¢

~—~
SR
~~

Q(r,t) =

5.4.2 Solution of the homogeneous problem (Q = 0)

Equation 5.16 is solved by separation of variables. As a first step, the time variable is
separated from the other space variables by assuming a solution in the form T'(r, 2,t) =
U(r, z) - ['(t) and obtaining:

Lt
U(r, z)

1 1 dr'(¥)

=0 (10 2y =—  — 5.2
r T (T ) + 8Z (Ti Z) Ii]._‘(t) dt ( 0)
In order for the last equation to be true for all the values of the space and time variables,
each term must equal the same separation constant. Let us define this constant as —\?

(A € R); two separated equations are then obtained:

CO 1 xAT(t) =0

ot (L0 (r )+ 82 U(r,2) = ~ N2

The solutions of these equations must satisfy the boundary conditions, and must also
be consistent with the physical constraint; hence, the separation constant A must be &
negative number, otherwise the time-variable equation would allow diverging solutions
for t — co. Assuming further separation of the space variables, ¥(r, z) = F(r)H(z), the

second equation becomes:

% (F"(r) + F’y) > + Igg)) = -\ (5.22)

Again, in order for this equation to be satisfied by all the values of the independent
variables r and z, the two ratios in the left-hand side must separately equal a constant,
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2

say —f% and —a? respectively (and —a? — 82 = —)?). Summarising, separation of

variables yields the following system of equations:

() + k(a®+ BAHT() =0
H"(2)+ a?H(z) =0 (5.23)
F'(r) + F'(r)/r + B2F(r) =0

This is clearly an eigenvalue problem for linear differential operators, of which the so-
lutions are determined by the boundary conditions 5.17. The general solutions for the

three equations 5.23 are:

[(t) o e~ (e 4%t
H(z) & B sin(az) + Bs cos(az) —a*- B2 <0 (5.24)
F(r) o< C1Jo(Br) + CoYo(0r)

where the quantities Bj, By, C) and Cs are arbitrary constants and Jy(z), Yo(z) are
zero-order Bessel functions. The ‘proportional to’ symbol is introduced here to stress
that, since the equations 5.23 are linear and homogeneous, the solutions are family of
functions {cf(r, z,t)}cer. The first two boundary conditions 5.17 provide conditions on
the arbitrary constants, while the second two provide equations for the eigenvalues.

(517 ?,) — kB - [Cl.]:[(ﬂT) + CgY}(ﬁ’l‘)]f:o =0 = Co=0 (525)
(5.17 i) — By = %Bl (5.26)
(5.17 41) — BJ1(BR) = HJIo(BR) with: H= f‘k_ (5.27)

20H

(5.17 7v) — tan(al) = (5.28)

a? — H2

Equations 5.27 and 5.28 provide transcendental equations for the determination of the
eigenvalues for the space variable eigenfunctions. Note that & = 0 is not acceptable
as a solution of eqn. 5.28 because it leads to a null eigenvector. The corresponding

eigenfunctions are then:

P(t) o 6—&(024-62)15
H(z) o« sin(az) + $ cos(az) o+ 4% >0 (5.29)
F(r) o Jo(Br)

The only constraint on the eigenvalues is o + 8> > 0. However, the problem under
examination falls within the category of the ‘Sturm-Liouville’ boundary value problems;
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thus, the eigenvalues can only assume real, non-negative values (188). It then follows
that only the positive roots of the equations 5.27, 5.28 need to be considered.

Once the eigenvalues {o;} and {f;} and the corresponding eigenfunctions 5.29 are de-
termined, the general solution for the homogeneous problem is obtained by a linear
combination (with arbitrary coefficients ¢;; € R) of all the solutions:

T(r, z,t) = ZC{jJO(ﬂiT) [sin(ajz) + % cos(ajz)] e~ r(e+82)t H= -}% (5.30)

]
5.4.3 Solution of the non-homogeneous problem (Q # 0)

As seen in section 5.3, once the homogeneous problem with no heat source has been
solved, the Green’s function method provides a straightforward way to determine the
solution of the general BVP of heat diffusion with @ # 0. The first step is to derive the
Green’s function by using the expression given in eqn. 5.15:

\I’i,j,k(r)‘l’z’,j,k(rl)

G(r,tlr', 1) =
(x, 8", 7) Nijk - Tix(0)

1,5,k

Tyt —7) (5.31)

In the present problem, the following substitutions must be performed in the eqn. 5.31:

U sk(r) = F(r)H;(z) = Jo(Bir) I:Sin(a’jZ) + ng cos(ajz)] (5.32)
Tt —7) = e ™38  po0) = 1 (5.33)
Nigk = 1 Ts6I? = IE@I 151 (5.34)

The two norms appearing in eqn. 5.34 can be expressed as:

B neq _ B H?

IE(r)|* = /0 | Jo(Bir")[Pdr’ = 7[Jo(ﬁz-fz)]2 [1+ W] (5.35)
L . 2 I 2

I = [ fsintas) + Freostoy)] 8 =+ 5 [1+ 55| 630

where the following identity: [ uJg(u)du = %[Jg(xv) + JZ(u)], and the boundary condi-
tions 5.27, 5.28 were used to simplify the expressions. The Green’s function 5.31 is then

written as:
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NH (D F PV (5
Gzt 2, 1) =) FL(T)HJ(ZJ)\J,Z(T V) | ppstem) (5.37)

4,7

Y = k(e + B)
The temperature distribution T(r, z,t) is then obtained by using eqn. 5.12, and the

2

2 2
Mj:%[Jo(ﬁiR)]z [I-I-H—} {i % 1+%§

B2

expression of the Green’s function just found; in addition, because all the boundary
conditions are homogeneous, and the initial condition is T(r, z,0) = 0, both the first
and the third term in eqn. 5.12 are equal to zero. It follows:

T(r z,t) = / ' G(r, z,t|r', 2, T)Q(r', 7)

I
Z) 4 (8=
S RO [ a1 -sr w0} s

: { /0 dr'r’ Fy(r')g(r') - /0 dz’Hj(z’)}

The integrals in eqn. 5.38 can all be simplified to obtain:

?r‘]?i ?r|?s

¢ L1 — 74 for t <t
— — —1i (t-T) — Y
/OdT[qﬁ(T) G(1 — to)le™™ {71[1 e~ Wito]e=3(t=00) for ¢ > 4, (5:39)
.APO _l(gﬁ)z
1.7 7 2 2
/ dr'r' F(r)q(r') =~ 57 € (5.40)
2 2
de'H;(Z) = — —L——sin(q; 41
/0 2 H;(2') + 20 H sin(a; L) (5.41)

In the calculation of eqn. 5.41 the boundary condition 5.28 was used, while eqn. 5.40
was obtained by assuming that R/d — oo and the following property of the zero-order
Bessel function was used (see ref. (189), formula no. 6.631.4, page 738):

2

0 1 _a
/ ue P . Jo(au)du = % e a,p € C Re(a) >0 (5.42)
0

The constants &/k, APy/2rL and 2/R? can be extracted from the sum in eqn. 5.38 and
their product gives the quantity APy/mC,. Equation 5.38 can be rearranged to give the
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following final expression for the time-dependent, reduced temperature distribution as:

1 — e st t<t
T(r,z,t) = APO ZAUF VH; (2) - {%a[ ] ° (5.43)

L[] — g msto]e=milt=to) ¢ > ¢,
i
where the symbols in the summation are defined as follows:

Fy(r) = Jo(Bir)

Hj(z) = sin(oyz) + % cos(a;z) H=-—=

_1(84d 2 a2.+H2 B
e 2( P ) .&1—j {1-}- Wsm(osz)

N o8B |1+ 4| [ﬁ +4 (1 E i;;%)]

and the eigenvalues §; and o; are the positive roots of the two following transcendental

equations:

{ BiJy(BiR) — HJo(BiR) = 0 (5.44)

tanaL) - 247, =0

5.4.4 Calculation of the heating curves

In order to calculate the solutions 5.43, the first step is to determine an adequate number
of eigenvalues 3; and ;. The graphs of the left-hand side terms of the transcendental
equations 5.44 are shown in figure 5.2. When solving the equations numerically, it is
useful to put them in an non-dimensional form (by putting z = SR and y = a;L).

Once the eigenvalues (and eigenfunctions) have been calculated, it is essential to study
the convergence of the series in the solution 5.43, in order to predict the error associated
with the truncation. The solution 5.43 was then calculated by considering various subsets
of eigenvalues o; and f; and relative eigenfunctions. The convergence obtained was
very ‘fast’ for times ¢ > %y, as shown in figure 5.3, where as few as two terms are
sufficient to describe the temperature curves (cooling) accurately. By taking the terms
with 4 = 1,...,45 7 = 1,...,35 in the calculation, an overall precision of 10710 K was
achieved over the entire time range for samples with thickness 2-12.5 mm (such as those
analysed in Chapter 4).
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XJI()C) - HRJo(x)

2tan(x) - 2xHL/[x*-(HL)"]

0 S 10 15 20 25 30 0 § 10 15 20

FIGURE 5.2: Graph of the left-hand side terms of the equations 5.44

The effect of the sample thickness, of the thermal conductivity and of the integral
emissivity of the sample on the main parameters of the heating curves was studied.
The calculated temperature curves can be fitted very accurately with a bi-exponential
law (T(t) o [e7¥™ — e ¥?]), which provided the rise (\) and decay (7) times of the
curves. The results are summarized in table 5.1 and shown in figures 5.5, 5.4 and 5.6
respectively. Varying the sample thickness (see fig. 5.5) affects the thermal capacity
of the system (mCp o V; o L), hence the decay time, while it produces only a small
change in the height of the heating curves, since the absorptivity is also proportional to
the sample thickness L. A similar effect is observed by varying the sample’s emissivity,
which affects the sample-calorimeter heat exchange coefficient, hence the decay time (see
fig. 5.6). The thermal conductivity of the sample has quite a dramatic impact on the

1.0 T T T
Eigenvalues in the calculation:
[B,a]
08 [ "1 -
———r2:1]
—— ({:2]
0.6 [ w=t=ps5:5] -
o0
04 F T r20:20] i

o= [50:50]

T(R,L/2,t) (K)

0.2 J
_0 2 1 1 | S
1 10 100 1000 10

Time, t (s)

FIGURE 5.3: Heating/cooling curves, calculated for different subsets of eigenvalues and
the following parameters: L=5mm, R=13mm, total energy incident on the sample
Poto=1 kJ in 150s, and absorptivity .A=0.005 (assuming: S=1 m~! and 0=0.)
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TABLE 5.1: Parameters of the Heating Curves for the disc-shaped sample, calculated
for Pyto =1kJin 150 s, and o = 1 m~%, ¢ = 0. Top sector: effect of sample thickness;
middle : effect of thermal conductivity of glass; lower: effect of glass emissivity.

L k hec % €s ApMA el /\nse Tdecay
(mm) | (W/m/K) | (W'm?/K) | (1077 .m?/s) i (s) (s)
2 0.19% 48.0 868
3 0.28% 48.3 1224
5 0.618 2.28 2.7 0.38 0.48% 48.6 1817
7.6 (= ~GLS) 0.7% 48.7 2419
8.5 0.8% 48.8 2594
12.5 1.2% 48.8 3223

0.006 2.7-10"2 - -

0.031 1.35- 107! - 740 1903
0.062 2.7.1071 - 406 1870
0.154 6.75- 1071 - 172 1840
5 0.309 2.28 1.35 0.38 - 99 1819
0.927 4.05 - 36 1814
1.24 5.4 - 33 1812
3.09 1.35- 10! - 30 1808
6.18 2.7- 10! - 28 1806
0.601 0.10 - 50 6884
0.902 0.15 - 50 4502
1.202 0.20 - 50 3446
1.503 0.25 - 50 2758
5 6.18 1.803 2.7 0.30 - 50 2290
2.104 (= keLs) 0.35 - 50 1971
2.404 0.40 - 50 1724
2,708 0.45 - 50 1535
3.006 0.50 - 50 1382

rise time of the heating curves. In figure 5.4 the theoretical heating curves are calculated
for increasing values of the thermal diffusivity (x = k/pCyp), showing that the thermal
wave reaches the detectors at the periphery of the sample with increasing delay; as a
result, the height of the curves also decreases with decreasing x. For x = 2.7 1077 m2s~1
(a value approximately equal to that of CaF3) the heating curve resembles the curve
obtained assuming the ‘homogeneous sample temperature’ model (see fig. 4.21); for
k= 2.7 1075 m2s~! (i.e. the diffusivity of GLS and GLSO, see table 4.4) however, the
delay is evident (the heating curve peaks well after the source was turned off), which

implies that the ‘homogeneous sample temperature’ model is not applicable.

The sixth column of table 5.1 shows the maximum relative temperature difference along

the longitudinal (‘z’) direction of the sample:

_ T(R,L/2,t) — T(R,0,t) (5.45)

ATMAX’ rel
: T(R,L]2,¢)

The values found are generally smaller than 1%, which proves that the approximation
of ‘thin sample’ (eqn. 5.8 and 5.9) holds for all the samples analysed in Chapter 4. This
approximation is discussed in more detail in the next section.
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FIGURE 5.4: Heating curves for different values of thermal conductivity of the glass
m2s~1); refer to table 5.1 for other parameters.

(GLS has x = 2.7- 107
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table 5.1 for details.
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FIGURE 5.6: Heating curves for dif-
ferent values of glass emissivity; re-

fer to table 5.1 for details.

5.4.5 Approximation of ‘thermally thin sample’: reduction to a 1-d

problem

If the ‘thin sample’ approximation described in section 5.2.3 is assumed, equ. 5.16

reduces to eqn. 5.9, and any dependence on the longitudinal variable z disappears,

effectively reducing the heat diffusion equation to a 1-d equation for the radial variable.

The solution for this reduced equation is obtained by following the same formal procedure

as in the 2-d case, however with the following modifications:
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Hi(z) = 1 VjeN
2H
of = S VjeN (5.46)

2H
Yij =>’Yj5fi'(f+/3¢2> vVieN

The solution for the complete heat diffusion equation is then:

APo Sl — e t <t
2 Vi =
( ) Jo(ﬁﬂ”)
_1(8:9\?
A= eiz) gl
DGR 1+ %] k

The figure below shows a comparison between the theoretical heating curve (eqn. 5.43)
and the corresponding solution for the ‘thin sample’. The relative difference between the
exact and the approximate solution is less than 1% max., hence the use of ‘thin sample’

approximation is justified.

5.5 Boundary value problem for a system with sample and
holder

5.5.1 Definition

The system, described in section 5.2.1, is modeled as a composite cylindrical bi-layer
(see figure 5.1). The sample constitutes the inner layer, with radius Ry and thickness L;.
The holder constitutes an annular external region, with inner and outer radii R; and Rs
(respectively), and thickness Ls. Sample and holder have different thermal properties;
in the following expressions, the subscript =1 refers to the sample, while i=2 refers
to the holder. A gaussian heat source distribution heats up the centre of the sample.
Sample and holder exchange heat principally via heat conduction through the interface,
where a contact thermal resistance is assumed. Both sample and holder have radiative
heat loss from all the other surfaces.

Although relatively simple, the BVP of unsteady heat diffusion in a 2-d, composite
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FIGURE 5.7: Comparison between heating curve calculated from the solution (5.43)
and using the ‘thin sample’ approximation (5.47) (L=8.5 mm, Py to=1 kJ in 150 s,
B=1 m~!). The insert shows the difference of the two curves.

double layer with radiative losses at the boundaries cannot be solved analytically (190).
However, it will be proved in this section that, since in the system under consideration
both the sample and the holder are ‘thermally thin’ bodies, it is possible to reduce the
2-d problem to a 1-d problem with an exact closed-form solution.

Hence, in writing the heat diffusion equations for the sample and the holder, the ‘thin
sample’ approximation is applied. It was shown in the previous section that this approx-
imation is justified for GLS glass samples up to = 1 em thick; the same is certainly true
for the sample holder, since the thermal conductivity of aluminium is over 200 times
greater than GLS. The equations for the sample and holder can then be written in a
compact form following the same procedure as in eqn. 5.2:

-5, T,-(r,t):—%~Q¢(r,t) i=1,2 (5.48)

2Hi/{i

B (reB) - —

where it is defined that: H; = %, and h; are the heat exchange coefficients between the
sample and the chamber (i=1), and between the holder and the chamber (:=2), defined
as in eqn. 5.3. The heat density function @;(r,t) is defined as (see eqn. 5.5 and 5.6):

o) = %ﬁ%-e-l(i)z.[¢(t)—¢(t—to)] for i=1 549

~ 0 for i=2
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The boundary conditions of the 1-d-reduced problem are:

0, T1(0,t) =0 Continuity at r» = 0
—ky - 0, T1(R1,t) = he - [T1(Ra,t) — To(Ry,t)] Conduction through interface (5.50)
ki-0:T1(Ry,t) = ko - 8,T5(Ry1,t) Continuity of heat flow at intf. '
—ko - 8, Ta(Ra,t) = hy - To(Ra, t) Radiative loss at r = Rs
The initial value is:
Ti(r,0) =0 i=1,2 (5.51)

i.e. sample and holder are in equilibrium with the chamber at Ty, for ¢ = 0. The
conduction through the sample/holder interface (eqn. 5.50(ii)) is characterised by a
(finite) heat exchange coefficient ho (ho < 0o expresses the presence of a contact thermal

resistance)

Equations 5.48-5.51 define a linear BVP with non-homogeneous boundary conditions
(due to eqn. 5.49(ii)). The problem will be solved following the procedure utilised in
the previous section, i.e., by solving the homogeneous problem (@ = 0), deriving the
Green’s function and finally solving the problem in the more general case (Q # 0).

5.5.2 Solution of the homogeneous problem (Q = 0)

If Q =0, the equations 5.48 become:

_ 2Hif§i

K
? . 6r (’f‘ . 87-) Lz

Ty(r,t) = 8,Ti(r, 1) (5.52)

Assuming separation of the variables in the form: Tj(r,t) = Fi(r) - ['(¢), it follows:

 F'+Flfr 2Hp T
T

Ki R 7 A (5.53)

Since the two ratios depend on different independent variables, they must be equal to
a constant A\ (arbitrary separation constant). Notice that, in contrast to the previous
model (equation 5.20), the thermal diffusivity is retained on the space-variable function
side (technically defined as ‘Vodicka’s approach’ (191)). Thus the ratio [V/T" is indepen-
dent of the index 4, and the same A can be chosen for the two zones of the system. The
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following system of separated equations is then obtained:

{ T'(t) = A -T(2) (time-var. equation) (5.50)

Ki - <FL”(7‘) + i;(—rl) - 2—%1'51 - Fi(r) = A Fi(r) (radial equation)
The two equations above are eigenvalue equations for linear differential operators; the
first step is to find for which values of the separation constant the two equations have a
solution. Note that A\ < 0 is to be assumed, otherwise the equation for the time-variable
function would have diverging solutions for ¢ — co. Hence, by putting A\ = —v2, the

separated equations can be rewritten as:

')+~ T(t) =0 (temporal equation) (5.55)
El'(r) + F/(r)/r+ 62 - Fi(r) =0 (radial equation) .
where:
p=t 2 (5.56)
i Ky Li ’
The set of the following two radial equations and relative boundary conditions:
F/(r)+ F/(r)/r+ B - Fi(r) =0 (5.57)
o F1(0) =0 Continuity at 7 =0
—ky - 0:F1(R1) = ho - [F1(R1) — F2(R1)] Heat conduction through interf. (5.58)
ki 0, Fi(Ry) = kg - 8, F5(Ry) Continuity of heat flow at the interf. )
—ko - 0r Fao(Rg) = ha - Fo{Ra) Radiative loss at r = Ra

constitute an eigenvalue problem for the determination of the eigenvalues ~ and corre-
sponding eigenfunctions F;(r). Once the eigenvalues have been found, the solution for
the first equation (time-variable function) is easily obtained as : I'(t) o e™**. The
general solution for the radial equation 5.57 is a linear combination of zero-order Bessel

functions of first and second type:

(5.59)

Fi(r) o< Jo(By - 1) (radial equation - sample)
Fy(r) x C1-Jo(f2-7) + Co - Yo(Bo - ) (radial equation - holder)

In the solution for the sample only Bessel functions Jy appear, because the condition
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5.58(i) at » = 0 requires the solutions to be bounded. The coefficients Cy, Cy and the
eigenvalues v are determined from the remaining three boundary conditions:

(5.58 ii) — C1Jo(BaR1) + CoYo(BaR1) + [Ig—;th (B1Ry) — Jo(,@lRl)jl =0 (5.60)

(5.58 i) — C182J1(BaR1) + C2BoY1(BaRy) — ﬁﬂljl (B1R1) =0 (5.61)
[ﬁz

(5.58 iv) — C %Jl(ﬁsz) - Jo(ﬁsz)} + Cy Y1(B2R) — Yo( 2R2)] =0

(5.62)

with: Heo = %ﬁl The boundary conditions give a set of three equations for the three
unknowns C;, Cy and v (through the f;()), that can be written in a more compact

matrix form:

Ci
AR]-| & | =0 (5.63)
1
by defining the matrix A:
Jo(n2,1) Yo(n2,1) [%Jl (71,1) — Jo(m,1)]
Al = BaJ1(n2,1) B2Y1(n2,1) — 2 B1J1(m,1)
[ J1(m2,2) — Jo(m2 2)] [%Yl (m2,2) — Yo(ﬁm)] 0

(5.64)

with: n;; = B;R; for i,j = 1,2. The solutions for v are found by requiring the matrix
A to be singular. This condition gives the following transcendental equation in +:

det [A(v)] = 0 (5.65)

the solutions of the eqn. 5.65 provide a discrete infinity of eigenvalues {5 }nenN, from
which the {IBi,n}:zell\? are calculated via eqns. 5.56. Any two of the equations 5.63 are
independent, and can be used to determine the coefficients Ci , and Cs,p, for each of the
Yn; choosing the first two:

( Jm$)  Yo(nid) ) (Cm ) =_( [ﬁln‘]l(”(n))_‘]‘)(m ) ) (5.66)
Bon i) Ban¥i( S’”) Con ~ 58 (1) |
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where 771(3-) = f3;n ;. The solutions are determined by a standard method and using the

following identity (see ref. (189), formula no. 8.477.1 page 738):

Jo(z)Y1(z) — J1(z)Yo(z) = = (5.67)
from which it follows that:
_ (775,11)) Yo(ﬂ(n)) _ 2 (5.68)
Bondi Uén ) Ban¥1 ("7g1)) TRy
Hence:
o _ R B gy (n(”)) Jo(n(")) Yo(nil)) (5.60)
n = )
2 Bpai(0))  BanYa(nl)
(n) ﬁl n
R J
Con = T (772,1(1)1 1(771 ) ( ) (5.70)
2 ﬁanl 77 ) ﬂanl(nl 1)

Once the eigenvalues {7, }nen and eigenfunctions Fj ,(r) of the problem 5.57 have been
determined, the general solution of the homogeneous problem eqgn. 5.52 is obtained as:

Ti(rt) = caFin(r)e ™t (5.71)

neN

where the ¢, are arbitrary coefficients. This general solution can be expressed in terms
of a suitably defined Green’s function, which will be utilised to derive the solution of
the non-homogeneous problem. Firstly, we notice that the eigenfunctions 5.59 satisfy

the following generalized orthogonality relationship (see D.1 for a proof):

ki [T
—j—_ /]; 0Fj m(0)Fjn(0)do = Ny, (5.72)
-1

where By = 0 and the norm N, is defined as:

2 R
k. 3
Np=Y % / olFsm(2)Pdo (5.73)
j=1 Kj JR;_4

If now we assume an arbitrary initial temperature distribution ©;(r), and require the
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general solution 5.71 to satisfy the initial condition T;(r,0) = ©;(r):

> enFin(r) = ©5(r) (5.74)

neN

Then, by operating on both sides with the operator:

R’i
I[-1= Nik—/ﬁ oF;m(0)[ldo (5.75)

K

and by summing over the ‘zone’ index 2, we obtain:

> cn— {Z / 0F;m(0)Fin(0) d@] Z . /R 0)©i(0)de

neN

In view of the generalized orthogonality relationship 5.72, the left-hand side term equals
¢m. The homogeneous solution is then obtained by substituting the expression for ¢,
in egn. 5.71, and it can be written more compactly by introducing a Green’s function

notation:

Tir, 1) Z/R Gis(r,tle, )], =0 €9 ()do

with the G;; defined as:

Gyt 7))y = 2 Z Fin(r')e et (5.76)

neN

Gj; is the Green’s function for the 1-d reduced BVP for a composite medium. This
definition is very similar to the one given in the previous section for the sample only
(eqn. 5.37), with the difference in the factor due to the new orthogonality relationship
5.72 satisfied by the eigenfunctions of the homogeneous problem.

5.5.3 Calculation of the eigenvalues and eigenfunctions

Before finding the solutions for the inhomogeneous problem, it is necessary to discuss
the calculation of the eigenvalues {y,}nen and corresponding eigenfunctions. The solu-
tion of the eigenvalue problem for the ‘thin’ composite bi-cylindrical medium is not as
straightforward as in the case with the sample only. Indeed, the heat diffusion equations
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5.48 do not match the ‘Sturm-Liouviulle’ type, thus the eigenvalues are not necessarily
real numbers. This is due to the negative term 2H;x;/L;, which originates from the
operation of ‘reduction to 1-d’ under the ‘thin sample approximation’. The physical
constraint requires the eigenfunctions to be real functions; thus, all the solutions of the
eigenvalue equation 5.65, both real and complex, leading to real eigenfunctions must
be considered in solving the problem. It is well documented in the literature (190)
that, while heat diffusion problems in unidimensional composite multilayers are ‘Sturm-
Liouville’ and only have real non-negative eigenvalues, multi-dimensional problems also
admit imaginary eigenvalues. In the present model, the possibility of imaginary eigen-
values is a consequence of the operation of ‘reduction to 1-d’ under the ‘thermally thin
sample’ approximation, as a reminder of the original bi-dimensionality of the problem.

The case of real eigenvalues is discussed first. Defining:

®(v) = det[A(v)] (5.77)

note that ®(-y) is an even function of «, restricting the problem to the positive zeros
only. ®(vy) is defined for:

2H 2H 2H
v = maz {\/ 151 \/ 2 } = Lllm (5.78)

The above expression is generally satisfied in instances where the inner layer is a glass
sample and the outside layer is aluminium. For y € R*, v > ,/2—1%51, () has the
form shown in figure 5.8. The zeros of ®(7y) define a non-decreasing sequence of real

eigenvalues {yn }neN, and correspondent eigenvalues {f;,} of the spatial equations 5.57
through eqn. 5.56.

The case of the complex eigenvalues is now discussed. The v eigenvalues must be real
numbers (v < 0 would otherwise lead to diverging eigenfunctions I'(¢) for ¢ — oo); thus,
only real and positive values of v need to be considered here. Imaginary eigenvalues §;
and/or (2 could arise in the following two cases:

I/\
I/\

oH 2H
2”” N Ll””l — yeR', B eRT, B eiRT  (5.79)
1

2Ho5k9
Ly

= ~yeRY, BeiR", B iR (5.80)

I
2
IA

It is vital to emphasize here the importance of possible eigenvalues in these two regions
for the solution of the BVP. Those solutions are expressed as a series of infinite terms
(as in the previous section 5.4.3), where the terms corresponding to the lowest-order
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@ (y) = det Ay]

Y
FIGURE 5.8: Function ®(v) = det[A(y)]

(i.e., ‘smaller’) eigenvalues give the bigger contribution, while the terms corresponding
to larger eigenvalues give only a smaller contribution to the sum. Hence, eigenvalues ~
in the intervals 5.79 and 5.80 are expected to contribute significantly to the solutions of
the BVP.

In the first case 5.79, the imaginary eigenvalue ; can be written as:

2
-y 2H1
—— = > .81
- +L1 and b >0 (5.81)

If

Bi(y) =ibi(y), with b

Bearing in mind the following recurrence relationship:

o Joliz) = Iy(z)
Jn(iz) = "I () = { iz = il () (5.82)

the matrix A can be written as:

Jo(n2,1) Yo(n2,1) [_ﬁblgjl(gl,l) - 10(51,1)]
Al = B2 J1(n2,1) B2Y1(n2,1) Hp1 1 (61,1)
B Ti(mp) = ()| [ £EYi0ma) - Yolm,)| 0
(5.83)

where 7;; = B;R; (4,5 = 1,2) and £1,1 = b1 Ry Thus, for values of «y in the interval 5.79,
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FIGURE 5.9: Plot of the ‘determinant functions’ ®’(vy) and ®(v) for small v, showing
the two lowest-order eigenvalues.

the matrix A’ is still real-valued and so are the eigenfunctions:

5.84
Fy(r)x C1 - Jo(Ba 1)+ Co - Yo(B2 - ) (radial variable - holder) (5.84)

{ Fi(r) o< In(by - 7) (radial variable - sample)
By studying the quantity ®'[y] = det[A’(y)] in the interval 5.79, it is found that there is
at least one zero (see figure 5.9). The &'[y] joins continuously to the ®[y] at y = /251,

In the second case 5.80, both the imaginary eigenvalues f; can be written as:

—~2  9H.
’Y+ i

. > .
s I, and b; >0 (5.85)

Bi(v) =ibi(y), with b =
The Bessel functions of the second kind of imaginary argument are related to the modi-
fied Bessel functions of first and second type by the following relationship (see ref. (189),
formula no. 8.407.1, page 961):

Y[)(Z:D) = —%Ko(ﬂ?) + ’i[o(ﬂ:)
Yi(iz) = -2 iK1 (z) — Ii(z)
(5.86)

Y, (iz) = 72( (—1)" MK () + " L (2) = {
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Consequently, the matrix A can be written in this case as:

A"[y] = {ay;[] tij=1,23 (5.87)

where the elements are defined as follows (&;; = b;R;):

(a1 = Do)
a12 = —2Ko(E21) + ilo(€2,1)

a13 = — g5 Li(611) — To(611)
ag1 = — boli(€2,1)
ail) = 022 == by (FKi(621) +iL1(621)) (5.88)

a3 = 42 bil1(61,1)
a3 = -7% I1(€2,2) — To(&2,2)
a2 = — 2 (B Ki(€ap) — Koltan)) i (£ Ti(6o) + oléas)

a33 = 0

The corresponding eigenfunctions are:

Fy(r) oc Ip(by - 1) (radial variable - sample)
3 (r) x Cyq - Io(bz . T) +Cy - [—%Ko(bg . 7‘) + ’ifo(bg . 7‘)] (radial variable - holder)
(5.89)

The F5(r) is real-valued if and only if Cy = 0; this condition implies (see eqn. 5.70)
that:

I —bL 7 —1I
0(§2,1) He }Cl(&l;l) 0(61,1) — (590)
— ba11(€2,1) = bili(61,1)
Summarising, the solutions sought +, of the eigenvalue equation:
det{A"(V)] =0 € [o, —2112&2] (5.91)
2
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must also satisfy the condition 5.90, that is the solutions of the following equation:

det[A” (v)] = — [% I (&a,2) + Tn(€2,0)

5.92
[~ 2 Ko(&2,1)+ilo(€2,1)] [——}% 11(61,1)—10(61.1)] ( )

[~b2(2 K1 (8a,0)+ila(€21))] —% b111(€1,1)

Using the distributive property of the determinant to separate the real from the imagi-
nary part, and taking into account that the first factor in the left-hand side of eqn. 5.92
is always strictly positive, the following system of two equations (in <) is obtained:

-2 Ko(&z1) [—% 11(61,1)—10(61,1)]

=0
-2 bKi(€aa) 2 L) ‘

(5.93)
I(g21)  [-#E h@a)-Tolea))]
— balh(£2,1) —E‘ bil1(€1,1)

‘=0

A close examination of the two quantities on the left hand side of the above, shows
that no further imaginary eigenvalue exists, because the first quantity is always strictly
negative. In conclusion, the eigenvalue problem has only one solution, 7o, leading to an

imaginary eigenvalue ) . The radial eigenvalues are:

181,0(7) = Z-171,0(’)/)7 with bl,O = % + ZTHlL (5 94)
. .
Bao(y) =/ 2 - %
The relative radial eigenfunctions (given by eqn. 5.84) are:
Fl,o(T') oc Io(byp - 7) (radial variable - sample) (5 05)
Fyo(r) o Cro- Jo(Bo0 - 7) + C20 - Yo(Ba0 - 7) (radial variable - holder) '

where the coefficients C o and Cy are determined by the system of equations (where
0
ngo% = fy0R1 and 551) =biohR ):

( Jo(né?fo Yo(ni) ) , ( Cro ) = - ( [“ 2 I o) _IO(E%} ) (5.96)
4 — .
B2,0J1 (né%) b’z,oYl(né,%) C20 '}% bl»ojl(é?l))
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With solutions:

Crp = TR | = B2 DD ~IER) olni) (597

t BhiolE)  BoVi(ny))

Crom TR | 0D —"1°I(§(°))— Ge - o8

o= "2 (5.98)
52,0J1(772,1) 5101'1(5 )

5.5.4 Solution of the non-homogeneous problem (@ # 0)

The Green’s function method is now applied to determine the non-homogeneous solu-
tions. The value at 7 = 0 was determined in section 5.5.2. It can be proved (see ref.
(187), page 318) that, also for the multilayer system, the Green’s function at the generic
instant ¢ can be obtained from its value at 7 = 0, simply by substituting (¢t — 7) for ¢ :

°°11c

Nox (M Fin(r)e 0 ij=12  (5.99)
n Kj

Gi;(r, tlr',7) =

where the N, are the normalization coefficients (eqn. 5.74):

1 R 5 ko Ry 9
No=2 | elFin(e)] d9+ﬁ—2/3 o[F2n(e)de n=012...  (5100)
1

If ©;(r) is the initial temperature distribution and Q;(r,t) is the power density function,

the general solution of the non-homogeneous problem is found as follows:

R;
T(rt) = 3 { /R 2 [Gs5(r, o, 7)), o ©5(0)de +

7=1,2
Ri1 -
/ dT/ Gij(r,tlo,T) [Z—;Qj(g,f)] d@}

(where Ry = 0 is assumed). In the present BVP, the initial condition is ©;(r) = 0 for
1 = 1,2, and also Qq(r,t) ~ 0 (the laser does not heat the holder), which simplifies
eqn. 5.99 considerably (the first term in the summation is zero V j, and also the term
corresponding to j=2 in the second is zero), leading to the following expression:

(5.101)

t Ry
Ti(r,1) = /D dr /0 o Gaa(r,tlo,7) [—%Qﬂg,ﬂ] i (5.102)
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Substituting the expression 5.99 for the Green’s function G (r,t|e, 7):

N
=
=
i
S

¢ R 21k —y2t—r)| | %1
ar [ | Y j R0 | [ 2 au(om)| 0
0 0 n K1 1

1 [ R b
= 2w | eRnloaode] Finlr): [ o) —gr ) or
7m0 —— Jo
v radial
coef ficients time variable: Q(t)
= (F Iq
= Z s Fin(r) - Q1) (5.103)

The quantities (F},|q1) can easily be calculated as in eqn. 5.40 (replace R with R;
and B; with 8; ), which holds also for the imaginary eigenvalue f; . §2(¢) has been
calculated in eqn. 5.39 (replace «;; with v2). The final result is:

o 11— e t <t
Ti(r,t) = ARy - S ApFin(r) - 5.104
(rt) = AR nzzg 2 Fin(r) {#[ T S B, (5109
where:
2
e 2(51211 )
An = W n = O, 1,2,. .. (5.105)

The expression 5.100 for the coefficients N, can be simplified using the following iden-
tities for zero-order Bessel functions (see D.2 for a proof):

(5.106)

2

/mBZ(M)dx _ { 2 [Bj(az) + Bi(aw)] for Bo(x) = Jo(z), Yo(x)
z [13(az) — I(az)]

Thus, equation 5.100 can be written as:

[I3(b1,0R1) — I2(byoRa)] +

(Cr0d0(B2,07) + C2,nYo(B2,0m)]* = [C1,0d1(B2,0m) + CaoYi ([32,07‘)]2)] ::l n=0

No = B2 (2(81aR)) + J2(B1n Rr)] +

= [72 ([CLado(BzinT) + ComYo(Banm))? + [Cron i (Ban) + CQ,nyl(ﬁq,nr)F)]:: n>1
(5.107)

43

—
o[,
—
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FIGURE 5.10: Termperature solutions at TABLE 5.2: Parameters used in the
points r = R; (sample), r = R} (holder), calculation of temperature solutions.

r = Ry (sensors).
5.5.5 Analysis of the solutions

Figure 5.10 shows the solutions, calculated using eqn. 5.104 and the set of parameters
shown in table 5.2; the thermal properties of the glass are those given in ref. (192)
for a 70:30 GLS glass, while the sample dimensions approximately match those of the
samples described in chapter 4. In the graphs, the solutions are referred to as T'(r,t, n),
where n indicates the number of eigenvalues (and eigenfunctions) considered for the
numerical calculation of the solution, in addition to the lowest-order one (n = 0). The
temperatures at each side of the interface (r = Ry, R{"), and at the sensors (r = Ry),
are shown in figure 5.10, as a function of time. As expected due to the high thermal
conductivity of aluminium, there is very little difference between the curves at the two
different points on the holder (71(Ri,t,n) =~ Tp(Ra,t,n)). This is also very obvious
in figure 5.11, where the radial dependence of the temperature at different instants is
shown. The discontinuity indicates the interface, which separates the zone with lower
conductivity and stronger temperature gradients (sample, r < R;) from the zone with
higher conductivity and almost uniform temperature.

A quite dramatic effect is observed in the temperature difference at the interface. The
sample heats up more and much faster, as conduction to the holder is slow due to the
contact resistance. The temperature of the sample is systematically higher in the initial
stages of the heating: for a heating time ¢y = 150 s, the temperature at the sample’s
border reaches (r = Rj) its maximum at ¢ ~ 200 s, while the holder temperature
peaks at t &~ 1500 s, and the maximum temperature of the holder is over 50% lower
than that of the sample. Eventually, sample and holder reach equilibrium, but, at
this point, due to the different emissivities and to the interface resistance, a negative
temperature difference builds up. Indeed, the sample has much higher integral emissivity
and consequently loses heat much faster than the holder, while temperature equalisation
is again impeded by the interface resistance. In the set of graphs 5.13, the holder the
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FIGURE 5.11: Radial dependence of tem- FIGURE 5.12: Time dependence of
perature at various times. Parameters as the temperature difference at the sam-
in table 5.2. ple/holder interface, for various values of

the contact resistance.

holder reaches its maximum temperature when it is in equilibrium with the sample; this
is a consequence of the very small value of emissivity assumed for the holder in the
calculations (see table 5.2), leading to a negligible radiative loss, and is obviously not
true in the general case. Both the sample and the holder temperature, as expected, tend
asymptotically to zero for t — oo.

Figure 5.13 gives a clear idea of how the solutions vary as a function of the interface
thermal resistance. In calculating all the curves, only the parameter hc was varied, while
all the other parameters were kept fixed as in table 5.2. When the contact resistance
is low, i.e. hc is high (he < 2.45 103 Wm™2K 1), its effect is negligible, as shown
in the first two graphs. With decreasing h¢, the two heating curves become more and
more different, with maximum temperature and rise time of the sample increasing, and
the maximum temperature and rise time of the holder decreasing. The equilibration
time, intended as the instant at which sample and holder reach ‘dynamical’ equilibrium,
becomes longer and longer as the interface resistance is increased. This is also shown very
clearly in figure 5.12, where the interface temperature difference is given as a function

of time.

The results of a few crucial tests, which have been performed in order to verify the
accuracy of the present model and of the procedure of calculation of the solutions, are

briefly summarised below.

e Convergence of the series. Tests of the convergence of the series 5.104 were
performed by considering various subsets of eigenvalues in the numerical calcu-
lation. The convergence was found to be reasonably fast for ¢ > ty, where the
solutions can be calculated with n < 10 terms to achieve consistency to < 0.1%.
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FIGURE 5.13: Effect of the thermal resistance at the sample/holder interface.
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For t < tp, more terms are required, especially at positions near the interface; it
was found that, assuming n = 20 terms, the error associated with the truncation
of the series is =~ 1%, reduced to =~ 0.1% by considering n ~ 30 terms. The cal-
culation of the solutions with such a number of terms is reasonably fast using a
Pentium III processor and standard mathematical calculation packages.

e Overall accuracy. The overall accuracy in reproducing the temperature distribu-
tion depends to a large extent on the accuracy of the calculation of the eigenvalues
{vn}, and can be tested (at r = Ry, Ry) by observing the behaviour of the calcu-
lated solutions for short times (£ — 0), where it is expected that T;(¢) =~ 0. From
tests performed for various sets of parameters, it was concluded that the overall
accuracy of the curves was better than £3 mXK.

Asymptotic analysis. This consists in allowing the irradiation time tg to go to
infinity. In these conditions, the system heats up indefinitely, eventually reaching

110

4



Chapter 5 Modeling Laser Absorption Calorimetry: Heat Flow Analysis 140

an asvmptotic equilibrium condition where the absorbed power equals the total
irradiated power, and the temperature distribution becomes stationary, i.e time-
independent. The expected result is confirmed by figure 5.14 and 5.15, where the
asymptotic behaviour of the 7; and of the temperature difference at the inter-
face is shown; figure 5.16 shows the radial temperature distribution in stationary

conditions (the other parameters are as in table 5.2).

e Case with no interface resistance. The interface resistance can be put to zero
‘mathematically’, by eliminating all the terms involving the quantity 1/H, from
the matrix A defined by eqn. 5.64. It has been verified that, by doing this, the
calculated interface temperature difference is zero at all times.

¢ Reduction to the 1-d composite double layer. The description given in sec-
tion 5.5 can be reduced to that pertinent to the 1-d composite double layer, simply
by letting L; — oo for both the sample and the holder. The results are shown in
figure 5.17. In this case, the temperature of the inner layer (the ‘sample’) is higher
at all times, with the interface temperature difference increasing for shorter times,
and then tending asymptotically to zero without inversion; consistently, the inner
layer now has no radiative loss in this instance (the other parameters are as in
table 5.2).

5.6 Conclusions

This chapter presented a very exhaustive theoretical description of laser absorption
calorimetry. The ‘homogeneous sample temperature model’ assumed in the ISO 11551
standard (177) is poorly applicable to measurements of glass samples due to their low
thermal conductivity. For these materials, an ‘inhomogeneous temperature model’ (see
section 5.4) is required to reproduce the temperature distribution correctly. Inhomoge-
neous models have been developed for a simple system, composed of an isolated sample,
by several authors but, prior to this study, not for the case of a sample held by a fixed
holder, that is practically more relevant. The latter requires us to solve a BVP of heat
diffusion in cylicndrical for a bi-dimensional, composite double-layer, allowing for contact
thermal resistance at the interface and radiative heat losses from all the surfaces.

A procedure for solving this BVP analytically has not yet been found for the general case.
In this study an analytical solution was found for the case of ‘thermally thin’ samples,
which is very pertinent to laser absorption calorimetry; in this case, the bi-dimensional
problem can be effectively reduced to one-dimensional, which permits an exact, close-
form solution. The method presented in this chapter (section 5.5.4) involves a standard
procedure utilizing the Green’s function, but both real and imaginary eigenvalues must
be considered, as a consequence of the bi-dimensionality of the original problem. The
solutions of the BVP are summarised in compact form in Appendix C.
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The results obtained under the approximtion of ‘thermally thin sample’ are accurate for
up to = 1 e¢m thick glass samples, a condition which is satisfied in most laser absorption
calorimetry experiments. Also, the calculation of the analytical solution can be han-
dled without difficulty by standard calculation packages and state-of-the-art PCs; by
comparison, a numerical method would be more complicated and time consuming due
to the piece-wise continuous nature of the temperature distribution in & double layer
with contact resistance. In conclusion, the present model provides accurate theoretical
predictions for the measurement described in the previous chapter and has been used
in section 4.7 to analyse the experimental heating curves collected for GLS and GLSO

samples.



Chapter 6

Analysis of Near-IR Optical Loss
in GLS and GLSO Glasses

6.1 Introduction

The transmission properties of chalcogenide glasses are substantially different from those
of their oxide and fluoride counterparts. For instance, in glasses such as arsenic sulfide
absorption occurs throughout the entire window of transmission due to the presence of
gap states, giving rise to the weak absorption tail of the electronic edge. Furthermore,
substantial modifications of the optical transmission of chalcogenides are in general
induced by a temperature increase or by exposure to light with a wavelength close to that
of the bandgap. These effects are very important in view of the practical applications

of chalcogenides.

In practical materials the fundamental loss mechanisms are inevitably added to fabri-
cation-related mechanisms. Inside the transmission window, absorption and scattering
from impurities can give rise to loss levels comparable to, or even greater than, those
from fundamental loss mechanisms. The presence of several mechanisms of comparable
magnitude makes it difficult to investigate the individual contributions as well as to
obtain a reliable estimate of the intrinsic transparency limit of GLS and GLSO glasses.
As for other chalcogenide systems, the improvement of glass fabrication holds the key
to an unequivocal quantification of the different mechanisms.

This chapter is divided in two parts. The fist part (sections 6.2-6.5) will analyse the
loss mechanisms in GLS and GLSO glasses, with particular emphasis on the effect of
transition metal impurities and on the weak absorption tail, both of which affect the
glass transparency in the near-IR region. Original results presented in the first part
include: a comparative study of the absorption of transition metals in GLS and GLSO
glass and an investigation of the presence of a weak tail in GLS and GLSO, by combining
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bulk and fibre transmission measurements and calorimetric measurements presented in

chapter 4.

The second part of the chapter (sections 6.5 and 6.6) will present an investigation of
the effect of the temperature and illumination (photodarkening) on the transmission
loss of GLS and GLSO fibres. Photodarkening (PD) occurs as a shift of the position of
the fundamental electronic edge under bandgap illumination. The effect was studied by
using unclad fibres and side illumination. This second part will present the results of an
entirely novel and complete characterisation of the spectral dependence of the PD; its
dependence on the wavelength and intensity of the illumination, its dependence on the

temperature, and the characteristic rise and decay times.

6.2 Fundamental limits of transparency of chalcogenide

glasses

The range of transmission of optical glasses (the ‘optical window’) is limited at longer
wavelengths by multiphonon absorption, and at shorter wavelengths by electronic ab-
sorption, both of which give rise to the sharp edges of the spectral absorption. Chalco-
genide glasses have, in general, a smaller optical bandgap than oxide and fluoride glasses;
also, due to the large atomic mass of the chalcogen anions and lower force constants of
chemical bonds, the main vibrational bands of chalcogenides fall at longer wavelengths.
Consequently, their optical window is shifted further into the infrared than their oxide

and fluoride counterparts.

The multiphonon absorption occurs due to the interaction of photons with overtones and
combinations of the fundamental vibrations of the glass forming units. Consequently, the
wavelength dependence of the IR absorption is generally complicated; however, in the
region of the so-called ‘multiphonon edge’, the absorption coefficient can be described

via an empirical, single-exponential law (193):

hv
orp(w) = Kup - exp {— | } (6.)
MP
where hy is the photon’s energy and Kjsp and Epp are material parameters. The
multiphonon edge of GLS and GLSO glasses have been measured by Brady et al. (89).

Electronic absorption arises from interband transitions between the valence and the con-
duction bands. In the amorphous semiconductors and chalcogenide glasses the electronic
edge consists of three distinct regions (90), (194), as shown in figure 6.1:

o A ‘high absorption region’ for o > 108 m~1. In this high-energy region the density
of states of the charge carriers can be assumed to be parabolic, which leads to
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FIGURE 6.1: Electronic absorption edge in arsenic sulphide glass (after (195)).

the following expression for the dependence of the absorption coefficient o and the

photon energy/frequency:

(hv — E,)?

> 10 m™! 2
o a>10°m (6.2)

app(hv) = Ag-

where Ag, B, are frequency-independent material parameters. Ej is defined as the
optical bandgap (or ‘Tauc bandgap’, according to some authors), and is usually
determined, from transmission measurements of thin films, as the intercept of the

curve [a(v)hv]'/? versus the photon energy hv.

e An intermediate region or ‘Urbach edge’ in the range 10° > o > 10° — 10! m~1,
in which the absorption coefficient depends exponentially on the photon energy

according to the law:

hv — E

applhv) = A; - exp {%] 10°-10' m <a<108mt  (6.3)
1

where E, is the optical bandgap and A,, Ey are material constants. The slope of

the Urbach edge, Ep, takes values between 50 and 80 meV. Optical absorption

in this region is attributed to band tails of localised states of the valence and

conduction bands.

¢ A low absorption region or ‘weak absorption tail’ (WAT) for o < 10°—-10! m~1, in
which the absorption coefficient still has an exponential dependence on the photon



Chapter 6 Analysis of Near-IR Optical Loss in GLS and GLSO Glasses 145

energy, but with a much less steep slope as compared to the Urbach edge:

owar(hr) o exp [ i ] o <10° - 10t m! (6.4)
Ew ar

The material parameter Fy;, or slope of the WAT, is experimentally found to
assume values in the range a few hundred meV to one eV. The weak absorption
tail is considered to arise from transitions involving localised states deep in the
bandgap. Defects such as dangling bonds or ‘wrong bonds’ are thought to be
responsible for these additional gap states, and the magnitude of the WAT is
directly related to the total concentration of such states.

Further away from the fundamental edges, light scattering becomes an important loss
mechanism. Rayleigh scattering is induced by local fluctuations of the refractive index
frozen in the glass network. Such small-scale fluctuations arise as a consequence of glass
formation by rapid cooling of a melt. In multicomponent glass, both fluctuations of
density and composition may occur. In both cases, the attenuation due to scattering is

described by a typical power law:

ars(\) = R- 274 (6.5)

The Rayleigh coefficient R depends on the material and on the cause of index fluctua-
tions. The theory of light scattering in optical media is described in references (196) and
(197). It is found that, for the case of thermodynamically driven density fluctuations,
the Rayleigh coefficient can be expressed via the following relationship:

7r3
R, = 8—3 (n®p?) (kTy) Br (6.6)

where n is the refractive index of the glass, p its photo-acoustic coefficient, & is the
Boltzmann’s constant, 7} is the fictive temperature and Sz is the isothermal compress-
ibility at T,. On the other hand, the concentration scattering can be described via the

following expression:

e R (@) B @ e

Jj=1

where n is the refractive index, N4 is Avogadro’s number, p is the density, and M;
and z; are the molecular weight and the weight fraction, respectively, of the j—th glass
component. An estimate of the density and composition Rayleigh scattering for GLS
and GLSO glass is given in reference (89).
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Rayleigh scattering is a weak loss mechanism, which is usually only observed in high
purity optical materials. Since scattering can also be induced by defects and impurities,
the total attenuation due to scattering can be expressed as (13):

R G
asc = A—:-i-ﬁ-f-f (6.8)

where the first term represents the Rayleigh scattering from small-scale index fluctua-
tions (both intrinsic and extrinsic), and the other two terms represent scattering from
larger centres, i.e. the Rayleigh-Gans scattering (the ‘cc A=’ term) and the wavelength-
independent scattering (I).

The total attenuation of a chalcogenide glass, allowing for ‘extrinsic’ absorption due to
optically active impurities («), such as OH ~, transition metal ions and rare-earth ions,
is then given by the sum of all the absorption and scattering terms:

a=ayp+ap+osc+ar (6.9)

6.3 The weak absorption tail

The weak absorption tail (WAT) was first reported in the work by Wood and Tauc (90),
and has been a much investigated and debated topic ever since, due to the numerous
fundamental and practical implications. As far as practical applications of chalcogenides
are concerned, the WAT is relevant because it may be the limiting mechanism to their
transparency, and also because it may provide additional channels for energy transfer to
the glass host through excitation of optically active gap states.

The WAT has been observed in a number of chalcogenide glass systems, as shown in
table 6.1. Figure 6.2 shows the transmission of an arsenic sulphide fibre, taken from
reference (193), where the presence of a weak tail in the region 0.7-2 pm is very clear; in
this material, the WAT extends throughout the entire optical window and determines

the minimum transmission loss.

The model proposed by Wood and Tauc states that the WAT arises due to the presence
of localised, deep gap states caused either by defects or impurities, and its magnitude is
directly related to the concentration of such defects. Weak tails have also been observed
in some oxide glasses (but not in silica), however they are several orders of magnitude
smaller than in chalcogenides (201). According to Wood and Taue, this is an indication
that the concentration of defects associated with the WAT is large in chalcogenides
(= 10'7 em™3), and their formation energy is small as compared to oxides. On the other
hand, the intensity of the WAT is also known to depend on a number of fabrication-
related factors, including the glass purity, its thermal history and preparation, and a
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FIGURE 6.2: Transmission loss of a As40Seg optical fibre showing the weak absorption
tail of the electronic edge; the dashed curve (A) is the measured/calculated scattering

loss (after (193)).

Glass system Ewr WAT curve Reference
[eV] [dB km™1]
AsyS3 0.3 - (90)
A52S3 - 8.4 exp(4.4/)\) (193)
As0.450.555€0.05 - 0.8 exp(8/A) (198)
GepaSeps - - (199)
Gep.aSens - - (200)
G60.05A80‘38560~57 - 10 exp(6.7//\) (193)
Geg.33Asp.125¢e055 | 0.84 - (90)
Gep.28Sbo.125€0.60 | 1.56 - (90)

TABLE 6.1: Characteristics of the WAT in chalcogenide glass systems

clear distinction between the intrinsic and extrinsic component to the WAT has not yet

been achieved.

From a practical point of view, it is difficult to investigate the presence of the WAT. A
number of other loss mechanisms with comparable magnitude are generally active in the

same spectral region, including impurity absorption and scattering from heterogeneous

inclusions, crystals or waveguide defects. For this reason it has not been possible until
now to establish whether a WAT is present in GLS and GLSO glasses. Brady et al. (89)
have studied the transmission loss of bulk glass and fibres, but could not determine the

origin of the attenuation measured in the near- and mid-IR. Transition metal impurities,
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in particular, have broad absorption bands in the near-IR, which can easily screen out
the smooth and featureless slope of the WAT. Not unexpectedly, unequivocal evidence
of the presence of the WAT was obtained for those glass systems which can be fabricated
with very low TM impurity contents; the most notable example is As-S glass, where
both the components and the glass itself can be purified by distillation.

6.4 Absorption from transition metal impurities

First-row transition metal (TM) ions are well-known active dopants, with optical tran-
sitions arising from 3d electrons. The relevance of TM absorption in glasses for optical
fibre applications was first established in the work by Schultz (202}, who measured the
absorptivities of TM ions in fused silica; similar work has also been reported for sodium
borosilicate glass (203) and for fluorozirconate glass (204), (13). In TM-doped glass,
TM ions give rise to broad absorption and emission bands in the visible and near-IR,
the position and intensity of which depend primarily on the oxidation state of the metal
ion. TM ions can exist in several oxidation states, and the proportions of the different
ionic species depend on both the composition of the host glass and on the preparation
method; in particular, the temperature and the atmosphere under which glass melting
is carried out can strongly affect the oxidation states present in the final glass (13). The
optical properties of each oxidation state also depend on the local geometry of the site
where the TM ion sits, which is determined by the host composition and microstructure.
Due to the variety of effects and the number of parameters involved, the interpretation
of the absorption (and emission) spectra of TM ions is often complicated, and other

techniques such as electron paramagnetic resonance are commonly used.

Very few studies have been published on the effects of TM ions in chalcogenide systems.
Brady (51) measured the absorptivity of TM ions in 70:30 GLS glass. In chalcogenide
glasses most optical transitions in the visible are not observed due to electronic absorp-
tion of the host, and the interpretation of the absorption spectra can only rely on the
NIR absorption bands. In GLS and GLSO glasses, the presence of both sulphur and
oxygen is a further complication, as TM ions may form complexes in several oxidation
states. This section presents the results of a comparative study of TM absorption in GLS
and GLSO glasses. The aim is to determine the practical absorptivities and to identify,
where possible, the oxidation states of 3d transition metals in each glass composition.

Two sets of samples doped with TM ions were prepared following the standard procedure
described in Chapter 3. Glass compositions were chosen as 65GasS53:30LasS3:5Las03
(GLS) and 78Ga,.S53:22Las O3 (GLSO), to which suitable amounts of TM sulphides were
added. The doping level was kept low (approximately 0.05 wt%) in order to ensure that
no phase separation occurred in the glass, and also to reproduce the effect of low-level
TM impurities more reliably. A detailed list of the doping compounds and corresponding
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65:30:5 GLS | 78:22 GLSO

Compound | Dopant content content

[ppmwt] [ppmuwt]
145, Titt 21 ppm -
VoS3 Vit 28 ppm 31 ppm
CroSs Cr3t 31 ppm 36 ppm
FeS Fe?t 64 ppm 57 ppm
Fey03 Feit 59 ppm -
CoSs Co** 36 ppm 17 ppm
NiS Ni2t 36 ppm 48 ppm
CuS Cu?* 43 ppm 40 ppm
ZnS Zn*t 40 ppm -

TABLE 6.2: Nominal content of TM ions in GLS and GLSO samples

nominal content of TM ions is given in table 6.2. All the glass batches weighed 20 g.
The amount of dopant added to the batches was measured by a precision balance with
a 100 pg resolution; the nominal content of TM ions was estimated to be accurate to
within +15 — 20 %.

The glass batches were melted for 24 hours to ensure compositional homogenisation.
Melting was carried out in a flowing argon atmosphere (=~ 1 Imin~!), hence under
reducing conditions. However, very little is known about equilibrium oxidation states
of TM ions in GLS and GLSO. It is hoped that the long melting time also leads to
the equilibration of the redox reactions within the melt. In this study only two glass
compositions were considered and a fixed melting schedule was employed, but a more
extensive investigation of the effect of glass composition and melting could provide the
basis for further study.

Glass ingots were cut into samples with optically polished faces and appropriate thick-
ness. The absorption spectra were measured in the range 0.4-3.2 um, using a VIS/NIR
spectrophotometer (Cary 500) fitted with PM and PbS detectors, and in the range 2-
5 um, using a FTIR spectrometer (Perkin Elmer system 2000), fitted with a triglycine
sulphate (TGS) detector. The transmission of an optically thin sample is expressed as:

e~ (cotorm) L (6.10)

where R is the reflectivity, aq is the background attenuation and apps is the absorption
coefficient due to TM ions, L is the sample thickness and the following condition is
satisfied in the wavelength range analysed: (ap + arm)L < 1. Since the doping level
is very low, the refractive index is not modified by TM ions, and an undoped sample of
the same thickness can be used to correct for the background loss and for the interface
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reflection loss; agas is then determined from the following relationship:
1 [Arym — Ao)
arym = (6.11)
loge L

where Ay and Ap are the absorbances of a doped and an undoped sample respectively.
The absorption coefficient 6.11 can be expressed in dBm™! units by multiplying the
right-hand side term by 10loge or 4.3429. A ‘practical’ specific absorptivity can be
obtained by dividing arps by the total TM-ion content crps (in ppm wt):

o] = M (6.12)
CTM

While the assumption that arys is proportional to the concentration of the ion causing
the absorption is generally correct in the low concentration range, the relationship 6.12
makes no distinction between different oxidation states and assumes that all the states
equally contribute to the total absorption.
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F1GURE 6.6: Absorption of chromium doped GLS and GLSO glass

The absorption spectrum of sron in GLS and GLSO (figure 6.3) has a strong and very
broad absorption band between 1 and 5 pm. In oxide and fluoride glass, iron can exist
in both its oxidation states, i.e. Fe?t and Fe3*. Fe3t causes weak bands in the visible
and a sharp edge in the blue-green, which cannot be detected in GLS and GLSO glass.
The reduced ion, Fe?*, has absorption bands in the IR. In fluoride glass (204), (13) a
band with a double peak structure is observed between 1 and 2.5 um (see figure 6.5); the
same peak structure has also been observed in alkali silicate glass (205), where the two
peaks are at 1.1 and 2.0 um. The fine structure of the absorption has been attributed to
Fe?t jons occupying non-equivalent sites with octahedral and tetrahedral symmetry; the
octahedral coordination, associated with the peak at ~ 1.1 pum, is favoured in ZBLAN
glass (13). Thus, the broad IR absorption observed in Fe:GLS and Fe:GLSO could
equally be due to iron with 24 valence, although the fine structure of the band is different
from oxide and fluoride glass. Three peaks are observed at 1.35, 2.0 and 2.7 ym, with
a large tail at longer wavelengths. This suggests the presence of three different sites
for the Fe impurity, although the 2.7 um peak could also be caused by OH~ impurity
contained in the doping compound. The position of the three peaks is the same in GLS
and GLSO, but the height ratio of the first to the second peak is slightly larger in the
GLS host. When iron is introduced as Fe®** (GLS doped with Fey0s, figure 6.4), the IR
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Chapter 6 Analysis of Near-IR Optical Loss in GLS and GLSO Glasses 152

5 T T T T T T T T
— 20 — 4 20
= [ 3,
c ar c
" i) o —_—
;(_.2 _ — Ni:GLS s 2 = 45 2
Q . R — a o —_
o 3 a 5 2 o
o E g 2 E @
o a , o o 3
< & 410 S og B - 10 A
- o L z - s
r o
%) L z o 2
@ i 18 WO -5 a
Q 3 1 — a 1 —
w E )]
0 o Crererer skt 1 | ) 0 0
05 i 15 2 2s 3 38 4 4.5 4 45
Wavelength (um) Wavelength (um)

FIGURE 6.8: Absorption of nickel doped GLS and GLSO glass

band is still observed, indicating that part of the Fet was reduced to Fe®*; however,
the TR band is about ~ 40% lower than in Fe?t:GLS, which suggests that part of the
iron is still in the Fe3* state, thus iron in GLS can exist in both oxidation states. The
peak at 2.9 um is also observed and its peak height ratio to the second peak is the
same in FesO3:GLS as the other spectra (figure 6.3, 6.4; this suggests that the peak is
genuinely due to Fe absorption, and thus there are three non-equivalent sites for the iron
impurity in GLS and GLSO. Further study is required, and in particular fluorescence
spectroscopy and EPR could provide additional information leading to a more reliable
interpretation for the fine structure of absorption of the Fe?* ion in GLS and GLSO.

Chromium also produces strong absorption in GLS and GLSO (figure 6.6), with a broad
peak centered at 0.86 pm; the peak height is higher in the Cr:GLS, in which a shoulder
extending into the near-IR is also observed. Chromium can assume several oxidation
states in glass: Cr?+, Cr3t, Crt and Cr®* (206), (207). The Cr%* ion has no d — d
optical transition, and the Cr3* ion has only transitions in the visible range; the red-
shift of the electronic edge, observed in C7:GLS and Cr:GLSO is very likely to be caused
by an unresolved peak at 0.66 pm from Cr3*. In contrast, the band around 0.86 um is
probably caused by the °E —° Tj transition of Cr?T, which is also observed at 0.84 um
in ZBLAN (206). The long-wavelength tail observed in Cr:GLS could be due to a small
fraction of ions existing in the Crit state, with an absorption at ~ 1.1 pm, but this
point needs further investigation, in particular by emission spectroscopy. The presence
of a tail extending in the MIR could hint at scattering caused by reduced metallic Cr°,
however no phase separation was detected in the samples by optical microscopy.

The absorption of cobalt is shown in figure 6.7. In Co:GLS, cobalt leads to an almost
featureless increase in the absorption in the range 1-5 um, where a red-shift of the
electronic edge and two very broad absorptions are observed at approximately 1.4 and
1.6 um. In Co:GLSO, two unresolved peaks are also observed in the shorter wavelength
region (0.67 and 0.74 um). All these absorption features can be attributed to divalent
cobalt ions, as is also seen in oxide and fluoride glass; in particular, the broad NIR
absorption is due to four-fold coordinated Co®* (202), (204). The NIR absorption of
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FIGURE 6.9: Absorption of vanadium doped GLS and GLSO glass

Co0:GLSO beyond 2 um is significantly lower than Co:GLS (see table 6.4); this could
be due to the presence of metallic cobalt in the glass but also in this case no phase
separation was detected, thus the reason for this effect is not fully clear.

The absorption of nickel (figure 6.8) is attributed to the divalent ion (208). Ni** has a
very strong absorption in the range 0.45-0.63 pm, which overlaps the electronic edge of
GLS and GLSO; hence, it cannot be resolved in our samples and a large red-shift of the
edge is observed instead (figure 6.8). N4t also produces a weaker absorption band in
the NIR; in Ni:GLSO the band peaks at 1.9 um and is almost ten times stronger than
in Ni:GLS (table 6.4).

Vanadium, like chromium, has been observed in several oxidation states in oxide and
fluoride glass (V3+, V4* and V5+). In GLS and GLSO, vanadium produces a shoulder
in the absorption edge and a broad peak at about 1.1 um (figure 6.9). V3% has a strong
absorption at about 0.7 um, which corresponds well to the position of the shoulder
observed in V:GLSO. The peak at 1.1 um, indicates that at least a fraction of vanadium
ions are in the V** oxidation state, which is also observed in oxide glasses (202), but
not in fluoride ZBLAN (204); the height of the 1.1 pm peak is twice as intense in GLSO

Metal | Reduced Ion | Oxidised Ion
20 T T VT T T
= ' 1 Ti (T3*t) (T#*%)
-Z E B \% V3+ V4+
S _F R s & Cr crit Cr3t (Cr'h)
Q —
3 E N § Fe Fe** (Fe*t)
b = 3 1¢ - Co Co** Co**
g E | 1 3 | wmi N3+ N+
§ oS iz E-_ Cu Cu* Cut ()
« ; \_ﬁ\ ] Zn (Zn**) (Zn**)
os 1 15 2 P a (*) observed in GLSO only
Wavelength (pm) (.) not observed or uncertain
FIGURE 6.10: Absorption of copper TABLE 6.3: Oxidation states of TM

doped GLSO glass jons in GLS and GLSO
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65:30:5 GLS 78:22 GLSO Ref. (51) T

™ Wavelength Intensity Wavelength Intensity Intensity (1)
ion [pm] {m~Yppmwt~?) [em) [m™ ppmwt 1] [m~ ppmawt™?)
Tit+ - - -~ - tasl
Y3+ n.r. n.r. 0.72 1.3 1.15
VAt 1.09 0.28 1.06 0.57 0.27
Cr?t 0.86 3.08 0.86 2.08 2.07
Fe?t 1.35 0.52 1.35 0.44 0.48

2.00 0.78 2.00 0.74 0.80

2.70 0.70 2.70 066 0.73
Co** n.r. n.r. 0.67 0.96 -

n.r. n.r. 0.74 1.33 -

1.37 0.68 1.38 0.16 0.69

1.57 0.67 1.58 0.17 0.75
N3+ 1.75 0.03 1.92 0.38 0.55
Cu®t — - 0.76 0.11 —
Zn*t - - ~ J - -
n.r. = not resolved
(1) refers to an unspecified GLS composition

TABLE 6.4: Position, intensity and attribution of absorption peaks observed in TM-
doped GLS and GLSO

as in GLS, indicating that the formation of the oxidised state V4 is favoured in the
GLSO host.

Copper is a very strong absorber in the region around 0.8 ym when it is contained in the
oxidised state Cu?t. In Cu:GLS we could not detect any absorption, which indicates
that copper is in the reduced state Cu™. In Cu:GLSO a weak band is observed at
0.76 um, which suggests that a small fraction of Cu?" ions exists in the GLSO host.

Titanium was only studied in GLS glass, where it was not found to produce significant
absorption. It can exist in two oxidation states, T43% and Ti**, of which only the T3+
exhibits an absorption peak around 0.5 pm in oxide and fluoride glass. Finally, zinc was
also studied in GLS only, and it too was not found to produce any absorption; the ion
Zn?t has in fact a 3d'° configuration and no optical transitions.

In summary, the optical absorption of transition metal ions in GLS and GLSO has been
measured; it was confirmed that TM ions can exist in several oxidation states, as was
previously found in oxide and fluoride glass. In sulphide glass most transitions in the
visible overlap the fundamental electronic absorption, thus making it difficult to identify
the oxidation states of TM ions by absorption spectroscopy. The results of the present
investigation are summarised in table 6.3, where the observed oxidation states are given,
and in table 6.4, where the position and intensity of the absorption peaks are given and
their intensities are compared to those given in ref. (51). The ‘practical’ absorption
coefficients of transition metals, estimated using the 6.12, are summarised in figure 6.11
for GLS, and in figure 6.12 for GLSO glass. The stronger absorbers in the NIR are Fe’*,
Cr?t and Co?* in GLS, and Fe?t, Cr?*, V4t and N2t in GLSO. The values measured
for TM ions in GLS are in good agreement with previous results, apart from Nz:GLS
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and Co:GLS, where the absorption measured was significantly lower than previously re-

ported. One possible explanation for the discrepancy is that the samples in ref. (51) had

higher doping concentrations, but it is also possible that the glass samples measured in

reference (51) were prepared in different conditions and had a slightly different compo-

sition. Both the present analysis and the results presented in (51) are approximated in

that the nominal TM concentrations were used in the calculations, and it assumes that

all the oxidation states equally contribute to the measured absorption. Better informa-

4.0

3.5

3.0

2.5

Specific Absorption [a]
[m ppmwt ]

0.5

12 1 B o 1 D

i

1 T T T [ T I T T T T T

— Fe

—Cr

e e |

> g j
[ }l i 1 e T
1 1.5 2 2.5 3

Wavelength (um

)

16

14

12

10

[L_uv\wddL_wg p] [»]

FIGURE 6.12: Absorption coefficient of transition metal ions in GLSO glass



Chapter 6 Analysis of Near-IR Optical Loss in GLS and GLSO Glasses 156

tion on the specific absorptivity of TM ions could be achieved by measuring the actual
TM content in the samples (e.g., by GDMS) and utilising emission spectroscopy and
magnetic spectroscopy (NMR or EPR) to detect and quantify the different oxidation

states.

6.5 Near-IR transmission loss of GLS and GLSO glasses

This section the measurement of the total bulk attenuation of GLS and GLSO will
be presented and the results utilised, in conjunction with those from laser calorimetry
(Chapter 4), fibre measurements (Chapter 3) and the measurement of TM impurity
absorption, to discuss the mechanisms of loss of GLS and GLSO glasses in the near IR

range.

In section 3.7.3 measurements of total attenuation of unclad GLS and GLSO fibres were
presented. For both materials, the loss in the range 1-2 um averages about 5 dBm™!
for the ‘best quality’ unclad fibres, with lowest measured values of 2-3 dBm ™! for fibres
LF276 and LF292 (GLS), and 4 dBm ™! for LF367 (GLSO) drawn from polished rods.
Fibre loss, however, can be affected by a variety of factors, in addition to the usual
intrinsic and extrinsic loss mechanisms of the material. For instance, extra loss can
be induced by fibre drawing causing devitrification (e.g. crystals) or other defects.
Imperfections or contamination at the fibre surface can also increase the loss of unclad
fibres. Furthermore, loss measurements of GLS and GLSO unclad fibres can also be
affected by photodarkening, which will be fully described and characterised in the next
section 6.7. Low-level side illumination of the fibre with visible light (e.g. from lab
illumination and even instrument displays) can induce significant extra loss at shorter
wavelength, and, due to the long characteristic time of the photodarkening in GLS and
GLSO (see section 6.7.3), this disturbance persists long after the source of illumination
is turned off. As a consequence, PD introduces an extra element of uncertainty and
makes it difficult to achieve repeatable and precise measurements from unclad fibres.

Bulk glass samples, on the other hand, are more unlikely to contain crystals and are
substantially unaffected by photodarkening. Accurate transmission measurements were
performed on samples from the same series that were also measured by laser calorimetry.
As discussed in section 4.2, the measurement of low-level bulk loss is difficult and several
issues must be addressed in order to achieve reliable results. Firstly, the correction of the
Fresnel loss relies on measuring the differential transmission of two samples with differ-
ent thickness, but with exactly the same surface quality and preparation. The samples
used for the calorimetric measurements (see table 4.2), as explained in section 4.4, all
had excellent surface preparation. Another problem is that & ¢m thick, high index glass
slabs can easily deflect the sampling beam off the ideal path, and cause slight shifts of
the focal points at the detector; as a result, the detection efficiency is modified, giving
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FIGURE 6.13: Total attenuation of GLS and GLSO (by differential transmission) and
absorption at 1.55 and 1.7 um (by laser calorimetry).

a response that is dependent on the sample thickness and positioning; this can lead to
large errors especially in the case of small-area detectors (such as MCT detectors) or
position-sensitive detectors. In order to eliminate this problem, a detection scheme with
an integration sphere was adopted; a standard attachment of a Cary 500 UV /VIS/NIR,
spectrophotometer was used, with a 15 em diameter, PTFE coated sphere, which was
fitted with a large-area PM tube/PbS detector pair. The accuracy of differential trans-
mission relied on the source and the baseline remaining constant from measurement to
measurement. Under normal conditions, the maximum drift of the baseline in the range
0.4 — 2 pm was less than 1073 A.U. observed over > 3 hours operation; thus, even in
these conditions, the accuracy of the measurement of a sample with o ~ 1 m~! would
have been = 20%. In order to further improve the accuracy, a baseline was recorded
for each transmission spectrum; this improved the accuracy to better than 10% in the
sample specified above. Finally, it is also worth noting that photodarkening does not
affect bulk measurements as much as fibre measurements due to the small penetration
depth of visible light in GLS and GLSO; anyway, the samples were kept in darkness for
~ 15 minutes before each measurement to allow any darkening to decay and spectra

were always collected by scanning from long to short wavelengths.

In order to obtain the differential transmission, we measured samples F and G for GLS
(see table 4.2) and samples C and A for the GLSO composition; the differential thickness
in the two cases was 5.66 and 6.48 mm. The transmission was measured through a
10 x 10 mm area at the center of the samples. The attenuation was obtained from the
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FIGURE 6.14: Total attenuation and estimate of TM impurity absorption is GLS and
GLSO.

transmission of the two samples using the following:

N S, [%] (6.13)

where AL = L; — Ly is the differential thickness and 77 and 7% are the samples’ trans-
mission. The attenuation spectra of GLS and GLSO glass are shown in figure 6.13. The
spectra show the sharp exponential ‘Urbach’ edge for wavelengths below ~ 600 nm, and
then a transition to a much flatter region, where the loss is almost independent of the
wavelength, for A > 1000 nm. The loss of GLSO appears to be higher and increases
slightly in the region 1-2 um. The noise in the region 800-900 nm of both spectra is due
to the lower sensitivity of the PbS detector in that region.

Figure 6.13 also reports the values of absorption measured at 1.55 and 1.7 ym in the
same samples by laser calorimetry (see section 4.8.3). It is very clear from the graph
that the absorption equals the total attenuation measured by differential transmission for
both GLS and GLSO. NIR absorption of GLS and GLSO is caused by TM impurities
and, possibly, by the the weak absorption tail; since TM impurities have very broad
absorption peaks, and the WAT has a flat dependence on the wavelength, the result
obtained suggests that absorption is indeed the main loss mechanism in the NIR for
both GLS and GLSO.

In order to interpret the mechanisms producing the measured absorption, an estimate
of the absorption due to TM impurities was calculated; we assumed the TM concen-
trations measured by GDMS trace analysis in the glass batches LD1087 and LD1088
from which the two sets of samples were produced (see table 4.2), and the specific ab-
sorption coefficients measured in the previous section 6.5. A comparison between the
measured absorption coefficients of GLS and GLSO and the corresponding estimated
TM absorption is shown in figures 6.14.
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al Wavelength | Measured Attenuation | Measured Absorption Estimated TM
ass

[pm] Coefficient [m™1] Coefficient [m™!] absorption [m~?)
GLS 1.55 1.1+0.1 1.0+0.1 0.6 0.2

1.7 1.1540.1 1.1£0.2 0.65 £ 0.2

1.55 2.1+£0.2 1.9+0.15 04401
GLSO

1.7 2.2+0.2 2.14+0.2 0.4+0.1

TABLE 6.5: Comparison between measured total attenuation, measured total absorp-
tion and estimated absorption due to TM impurities

From the two figures, it appears that the attenuation coefficients of both GLS and GLSO
are higher than the calculated total absorption of TM ions. However, a note of caution
is necessary when interpreting the available data. The certified precision of the GDMS
measurement is £10% and its absolute accuracy is in the range £5 — 20% (209). In
addition, the impurity content of the GLS batch was measured by GDMS in two samples
taken from different points on the ingot, finding an average variation of approximately
30%; this can either be due to the accuracy/precision of the GDMS, or to an actual
non-uniformity of the distribution of impurities across the sample. When this is taken
into account, the estimated TM impurity absorption at 1.55 pm is 0.6 0.2 m~! in GLS
(which compares to 1.1+ 0.1 m™~! total (measured) attenuation and 1.0+ 0.1 m™! total
(measured) absorption), and 0.4 0.1 ™! in GLSO (which compares to 2.1 &+ 0.2 m™!
total (measured) attenuation and 1.9 £ 0.15 m™! total (measured) absorption). The
results at both 1.55 and 1.7 um are also summarised in table 6.5. We note that the
attenuation coefficient in GLSO is higher than in GLS, which would suggest that GLSO
has a higher impurity content than GLS; the GDMS analysis, however, indicates that
the content of transition metal ions in the two glasses is substantially the same. The
GDMS analysis also shows that GLSO has a relatively high content of Ca (20 ppm, as
compared to =~ 1 ppm in GLS); although the effect of Ca doping on the transmission of
GLS and GLSO has not been reported yet, it is unlikely that Ca is optically active in this
region. From MIR transmission spectra it was also found that the OH ™~ absorption is
higher in the GLSO batch, but the very wide feature seen from 1 to 2 ym in the GLSO
spectrum cannot be explained in terms of OH~ absorption. Thus, the disagreement
between transmission measurements and GDMS results cannot be explained with the

data available.

Summarising, the main result of this section is that the comparison of calorimetric
measurements of absorption of GLS and GLSO, with accurate measurements of the total
attenuation, by differential transmission, shows that in both glasses the optical loss in
the region 1.55-1.7 um is entirely caused by absorption. Secondly, there is an indication
that the total absorption due to TM impurities, estimated from TM concentrations
measured by GDMS analysis and from the specific absorption of TM ions measured in
section 6.4, does not fully account for the total absorption. This suggests the presence



Chapter 6 Analysis of Near-IR Optical Loss in GLS and GLSO Glasses 160

of an additional mechanism of absorption, which is likely to be the weak asborption tail.
Calorimetric measurements at longer wavelengths (2 um and 3.5-5 um), could provide
a more definitive verification of the presence of a weak tail and the quantification of its

magnitude.

6.6 The effect of temperature on the transmission loss

In this section we report measurements of the effect of heating on the optical loss of GLS
and GLSO fibres. Temperature is an important parameter affecting the transmission of
chalcogenide glasses, for which larger temperature-induced increases of absorption are
generally observed, as compared to fluoride and oxide glasses. This effect has been stud-
ied in Te and Se containing fibres for IR laser power delivery (210}, where it limits the
maximum transmitted power by effectively reducing the threshold for thermal damage.

The temperature-induced increase of absorption is due to the combination of two factors.
Firstly, the optical bandgap of amorphous semiconductors becomes narrower with in-
creasing temperature (211), which causes a red-shift of the electronic edge. In addition,
free-carrier absorption is exponentially dependent on the temperature, as the free-carrier
concentration obeys the Fermi statistics. Free-carrier absorption is more important in
tellurides and at longer wavelength, and its contribution is much smaller in sulphides
(212). The scattering loss is independent of the temperature (212).

Heating GLS and GLSO glasses produces very obvious changes in the optical properties.
For instance, the colour of the glass becomes increasingly darker, and for temperatures
above ~ 600 °C both GLS and GLSO are black and totally opaque to visible light. As
far as thermal damage is concerned, since GLS and GLSO have relatively high glass
transition and melting temperatures, the temperature-induced increase of the loss is a
minor concern as compared to other chalcogenides. On the other hand, the shift of the
absorption edge impacts the material’s transparency in the NIR, thus it is important to
achieve a full characterisation of this effect in GLS and GLSO.

In this section a study of the temperature dependence of the loss of unclad GLS and
GLSO fibres is reported. The fibres used for the measurements, namely LF294 for GLS
and LF344 for GLSO, were pulled from =~ 9 mm diameter rods, had a diameter of 150 and
170 um respectively and were both uncoated. The background loss at 1.5 um, measured
by the cutback technique, was 7.5 + 1 dBm™! for the GLS fibre and 12.5 + 1 dBm™!
for the GLSO. A 20 ¢m portion of fibre was placed on a v-groove and heated by a
heater; the v-groove was surrounded by a metal block with large thermal mass in order
to maintain a uniform temperature along the fibre and to minimise thermal fluctuations.
The temperature was monitored in close proximity to the fibre by two thermocouples.
Before each measurement approximately 15-20 minutes were allowed for the system to
reach equilibration. The thermocouple readings were consistent to within +1 °C during
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FIGURE 6.15: Extra loss induced by temperature on GLS fibre LF294,

the measurements. The output from a white light source was focussed into the fibre; the
visible component was filtered off using a suitable long-wavelength pass filter (RG filters
from Schott Glass, 630 nm for GLS and 570 nm for GLSO). Experiments were carried
out in darkness in order to avoid photodarkening due to side illumination. The output
from the GLS/GLSO fibre was collected via a butt-coupled, multimode silica fibre, and
detected by an optical spectrum analyser in the region 500-1750 nm.

The output spectrum of the GLS and GLSO fibres was recorded at room temperature and
at fixed temperatures in the range 0-200 °C as the fibre was heated. The temperature-
induced fibre loss was calculated using the following relationship:

_ 10 P(\,T)
o 2 og | 222/ .
Aoy, (A, T) [dBm™] 7 og[ o0 ] (6.14)
where Acayp (A, T) is the extra loss, L is the length of the heated portion of the fibre,
P(\,T) is the spectral output at temperature 7" and Py(\) is the spectral output at

room temperature.

The results of the measurements are shown in figures 6.15 and 6.16 for GLS and GLSO
respectively. Increasing the temperature results in an obvious shift of the electronic edge.
The shift is fully reversible in the range 0-200 °C, i.e. the room-temperature background
loss measured after a heating cycle remains unaffected. However, when GLS was heated
to 240 °C (see figure 6.15), there was evidence of an irreversible increase of the fibre
loss; presumably, this increase was caused by some degradation which occurred at the

fibre surface.

When plotted on a log scale (see figure 6.16 for the GLSO), the shift of the electronic
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FIGURE 6.16: Linear and logarithmic plots of the extra Joss induced by temperature
on GLSO fibre LF344.

edge appears approximately parallel, although the temperature-induced absorption is
better described by an empirical law:

Aoy, (A, T) = Kexp (C/\) — Kpexp (Co/A) (6.15)

where the second term on the right-hand side is the usual expression for the Urbach
edge (see 6.3), and the first is the absorption at temperature 7. With reference to the
relationship 6.3, we see that also the ‘slope’ parameter £; depends on the temperature.
On the other hand, the temperature dependence of optical bandgap F, is much stronger;
the average variation dE/dT in the range 0-200 °C was calculated by estimating the
value of E, at the absorption a = 10° m~! (213). A value of (1.7 £ 0.6) 1073 eVK~!
and (1.9  0.6) 1073 eV K ! resulted for GLS and GLSO respectively, which compares
t0 0.91 and 0.99 1073 eV K~ measured in AsS and GeSe glass respectively.

6.7 The photodarkening effect in GLS and GLSO

6.7.1 Introduction

Amorphous and glassy chalcogenides show a variety of photoinduced phenomena. These
materials are susceptible to modifications of their physico-chemical, mechanical, optical
and transport properties by absorption of light with a wavelength close to their opti-
cal bandgap (11; 214). For instance photoinduced darkening, bleaching, birefringence,
expansion, fluidity and increase of conductivity have been reported (see for instance
ref. (11) and references therein). This variety of effects is not matched in any other
class of materials, and has attracted scientific as well as technological interest. The type
and intensity of the modification observed depends on the material, on the method of
preparation (e.g. bulk glass or amorphous film) and on the intensity and wavelength of
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the illumination.

Photoinduced phenomena in amorphous and glassy chalcogenides can be classified into
irreversible, (temperature) reversible, and metastable phenomena. Irreversible phenom-
ena lead to a permanent modification of the material’s properties, such as those observed
in as-deposited thin amorphous films. In contrast, in well annealed films modifications
can be reversed by heating them up to the glass transition temperature. Metastable
modifications are observed in bulk chalcogenide glasses and generally have a smaller
intensity as compared to the previous two; they are fully and spontaneously reversible
after the illumination is removed. Depending on the material and on the intensity of
illumination, both reversible and irreversible effects can occur at the same time. An-
other important classification of photoinduced phenomena is into scalar and vectorial
phenomena (215). Scalar effects are independent of the polarisation of the light induc-
ing them. The vectorial effects, on the contrary, are polarisation-dependent, anisotropic

modifications such as photoinduced birefringence.

The photodarkening effect (PD) is a scalar effect. Upon absorption of bandgap light, the
position of the fundamental electronic edge shifts towards longer wavelengths; the shift
is generally accompanied by a decrease in the slope of the edge and by an increase in
the refractive index. Several models have been proposed to explain this effect, although
none has proved conclusive for all the materials. The most widely accepted explanation
of PD involves the occurrence, upon absorption of bandgap light, of changes in the mi-
crostructure, which in turn affect the electronic states and hence the optical properties of
the material. The low average coordination of the chalcogen anions (& 2) in amorphous
and glassy chalcogenides is thought to favour these structural changes.

The absorption coeflicient around the optical bandgap is obviously very high (o >
10° m~1), which leads to a low penetration depth of the light inducing the PD. Con-
sequently, it is difficult to observe PD in bulk samples, where its occurrence is limited
to a very small volume below the sample surface. For instance, the transmission of
bulk samples is almost unaffected by PD due to the very small interaction length of the
transmitted beam with the darkened region. Most studies have been carried out in thin
films, with a thickness of a few wm, comparable to the penetration depth of bandgap
light. However the photoinduced properties of thin films are generally different from
those of the bulk. Thus, a different approach was used to study the PD in GLS and
GLSO, employing unclad fibres and side illumination; in this scheme, the interaction
length between the light travelling through the fibre and the darkened region at the
fibre surface can be made as long as tens of ¢m, and PD can be easily detected. A
more detailed description of the experimental setup will be provided in the following
subsections 6.7.2-6.7.4.

The occurrence of PD in GLS and GLSO glasses was first reported by Schweizer et al.
(216). Apart from its fundamental interest, PD is also relevant for practical applications.
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FIGURE 6.17: Transmission of the unclad GLS fibre LF294 in darkness and under side
illumination with a white light.

Firstly, PD strongly affects the NIR transmission of GLS and GLSO; it is thus necessary
to investigate the impact on practical devices due to all the mechanisms that could
induce bandgap absorption in these materials. On the other hand, PD might open up
the possibility of modifying the materials properties (e.g. optical loss, refractive index)
by an optically-controlled process; furthermore, the photorefractive change associated
with photodarkening could be exploited to inscribe erasable structures in the glass.

In this section a full characterisation of the PD in GLS and GLSO glasses will be pre-
sented. We investigated the spectral intensity of the effect, its characteristic formation
and decay time, its reversibility, its dependence on the wavelength and intensity of the
illumination and its dependence on the temperature. Although the detailed mechanisms
producing the PD in GLS and GLSO were not investigated here and are still not known,
the findings presented in this section provide important information on how PD may
affect device applications and also how it could be used to design novel devices.

6.7.2 Room-temperature photodarkening in GLS and GLSO.

The effect of the absorption of bandgap light in GLS is demonstrated clearly in figure
6.17. The transmission of an unclad GLS fibre (LF294) was measured in the dark
and under side illumination (SI) from a white light source (tungsten halogen lamp),
observing a sizeable shift of the electronic edge to longer wavelengths. The setup used
for measuring the transmission is outlined in figure 6.18, and is similar to the setup
used for measuring the temperature dependence of the loss (section 6.6). The ‘probe’
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light from a second white light source is launched into the GLS fibre to measure its
transmission; this source was fully enclosed and its output filtered by a long-wavelength
pass filter (Schott Glass, RG filters at 630 nm for GLS and 570 nm for GLSO) to prevent
it from causing any PD. The output from the fibre was collected via a silica multimode
fibre and detected by an optical spectrum analyser.

From figure 6.17 it is clear that the PD shift causes a substantial increase in the trans-
mission loss of the fibre in the near-IR region below ~ 1100nm. The amount of extra
loss induced by PD through side illumination (SI) is defined as:

Aapp (A, 1)) [dBm‘l] = % - log [%T;_)} (6.16)

where Aapp is the extra loss, Iy is the spectral power density of the light inducing the
PD, L is the length of the illuminated portion of the fibre, P(), I)\) is the spectral output
from the fibre under SI and FPy(\) is the spectral output of the undarkened fibre. The

wavelength dependence of Aapp can be expressed through an empirical relationship
(similar to 6.15):

Ao, (N, T) = Kexp (C/)\) — Koexp (Co/A) (6.17)

where the first term is the absorption under SI and the second is the absorption under
no illumination. The material parameters X and C depend on the intensity and spectral
distribution of the SI, I (as will be discussed in subsection 6.7.3), on the exposure time
(subsection 6.7.4) and on the temperature (subsection 6.7.5).

Using a simple setup as shown in figure 6.18, some useful basic information on PD can
be obtained (216). Firstly, it can be verified that the magnitude of the PD shift, hence
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llumination (SI) and for equal exposure time.

the extra loss induced by PD, depends on the intensity and on the spectral distribution
of the side illumination (SI) on the fibre. By selective filtering of the SI light it is
easy to confirm that the shift is caused by bandgap absorption; for instance, using long-
wavelength pass (LWP) filters (fig. 6.19), large shifts are observed at shorter wavelengths
(435 mm), while almost no shift is observed in GLS at wavelengths above ~ 550 nm.
In addition to the magnitude, the dynamics of formation and decay of PD can also be
studied; PD in GLS has slow formation (= tens of seconds) and decay times (=~ several
minutes), and the formation and decay of PD are even slower in GLSO glass. Finally, it
is shown that the PD observed in GLS and GLSO fibres is fully reversible upon removal
of the SI, i.e., with respect to the classification given in section 6.7.1, it is a metastable
effect.

Figure 6.20 shows the extra loss due to PD, Aapp, measured in two unclad, uncoated
GLS and GLSO fibres under the same SI; the two fibres (GLS LF294 and GLSO LF344)
were ~ (0.3 m long and in both cases a section of =~ 0.15 m was illuminated by a high
power halogen projector lamp. The integral intensity of the SI at the fibre surface
was estimated using a silicon detector at about 2 - 10° Wm™2, although the actual
intensity of the SI light inducing the PD (bandgap light) was approximately 15% of
that measured by the detector. The fibres were kept in dark for several hours before
measuring the background transmission; the transmission of the fibre was measured after
15 min illumination. The PD induces a large increase in the transmission loss in the
region 0.7-1 pwm, where the most important pump wavelengths lie; for instance, up to
110 dBm =" at 0.8 um (Nd3F, Dy3t), 46 dBm™! et 0.9 pm (Dy**) and 18 dBm™! at
1.02 um (Pr3%) were measured in GLS. This result indicates that even the absorption
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of low-level bandgap light can have a major impact on the pumping efficiency of rare
earth doped devices. The extra loss in GLS is still measurable in the signal region at
1.3 um (4 dBm™!) and at 1.55 ppm (1 dBm™1).

In order to obtain more precise and repeatable information about the dependence of PD
on the excitation wavelength of SI and about the formation and decay times in GLS
and GLSO glass, an improved layout of the setup for measuring PD in unclad fibres
was devised. The results are presented in the next two sections 6.7.3 and 6.7.4. It is
also worth mentioning that, in a preliminary investigation, we also observed PD due
to bandgap illumination in unclad fibres of other sulphide glasses , such as Ga:Na:S,
In:Ga:La:S, As:S and LaF3:GLSO. Thus, the results presented in this thesis for GLS
and GLSO glass could be relevant to other sulphide and chalcogenide glass systems.

6.7.3 Dependence of PD on the excitation wavelength

As stated in the previous section, PD is strongly dependent on the intensity and spectral
distribution of the SI. One effective way to obtain information about this dependence
is to produce a uniform and monochromatic illumination and analyse the PD effect at
different wavelengths of the SI.

In order to achieve that, we used the setup described in figure 6.21. Uniform side illumi-
nation of the fibre was obtained through the use of a 150 mm, PTFE coated integration
sphere (from LabSphere). The output from an enclosed white light source was coupled
into the sphere via a fibreoptic arm and a 1/4” port, which was fitted with narrow band
pass (NBP) interference filters (IL series from Comar optics, 10 nm bandwidth). The
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FIGURE 6.22: Increase of transmission loss due to PD, measured at different excitation
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white light source had a dual control of the intensity and the colour temperature, which
allowed the variation of the power density within the sphere throughout the wavelength
range from 1000 to 340 nm. The power density inside the sphere was measured by
a silicon detector; repeated measurements revealed that the power density during the

measurements was constant to within +5%.

The unclad (and uncoated) GLS/GLSO fibres were passed through the sphere via two
diametrically opposed apertures; each of these ports was fitted with a 1 mm diameter
iris, in order to prevent any stray light from entering the sphere. The transmission
of the fibre was measured in the usual way, i.e. the output from another white light
source, filtered of its shorter wavelength component by a LWP filter, was coupled into
the fibre and the output collected via a silica multimode fibre and detected by an OSA
(see figure 6.21). Although the amount of stray light was minimal (both the illumination
and the ‘probe’ source were enclosed and the experiments were rigorously conducted in
darkness), the sections of the fibre outside the sphere were fully enclosed, to ensure that
any measured darkening was produced in the portion of fibre inside the sphere.

The first experiment studied the effect of side illumination (SI) at a constant intensity
and different wavelengths, A®%!. Measurements were performed using NBP filters at 1000,
719, 642, 550, 500, 450, 400 and 340 nm. The intensity of ST was fixed at 20 pWem™2,
which was the maximum that the source could provide at all the wavelengths A%
Sufficient exposure time was always allowed for the PD effect to reach saturation. We
assumed that saturation of PD had occurred when the maximum change in the fibre
transmission Aapp measured in 15 minutes was less than the resolution, 0.2 dB. A
more detailed discussion of the characteristic times of PD will be presented in the next
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subsection.

The increase in the transmission loss, Aapp, induced by SI at different wavelengths
A%t in GLS fibre LF294, is shown in figure 6.22 (the colours of line plots are attributed
accordingly to the wavelength A¢®* for better clarity). SI at longer wavelengths produced
very little change in the fibre transmission. Measurements at 719 nm and 1 pm suggest
the presence of a very weak photobleaching effect in GLS, i.e. a shift of the edge to shorter
wavelengths inducing a loss decrease; however, the change was just comparable to the
resolution of the measurement and no definitive proof of this effect could be obtained.
In contrast, for wavelengths A“** < 550 nm, the occurrence of PD was observed and
a maximum Aapp was measured using the NBP filter at 450 nm. By ‘sectioning’ the
curves for Aapp at fixed wavelengths (fig. 6.23), the dependence on the excitation
wavelength A%t becomes clearer. Figure 6.23 provides further, convincing evidence that
the measured increase in the fibre loss is associated with the absorption of bandgap
licht. The graph of Aapp versus A*®* shows a broad maximum at M ~ 460 nm (with
a FWHM of ~ 80 nm). The same analysis was repeated for a GLSO fibre (LF367), and
the results are shown in figure 6.24; the same peak structure is observed for GLSO (in this
case it is )\8’" ~ 430 nm and FWHM = 55 nm ). It also appears that the increase Aapp
is higher than in GLS; however it must be noted that the values of Aapp measured for
the two fibres LF294 and LF367 cannot be directly compared because the fibres did not
have the same diameter.

As was pointed out in subsection 6.7.1, PD in amorphous and glassy chalcogenides has
been explained in terms of photostructural changes (10; 214). According to these models,
bandgap absorption causes two types of configurational changes. In an initial step, the
photoexcitation of an electron-hole pair causes a ‘metal-chalcogen’ bond to break, hence
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FIGURE 6.24: Extra loss Aapp at fixed wavelengths versus the excitation wavelength
of SI, Aezt, in GLSO fibre LF367.

a local rearrangement of bonds and coordinations, and forms a ‘coordination defect pair’,
more properly defined as a ‘self-trapped exciton’ (STE) state. Such a coordination defect
pair can either consist in an under-coordinated metal atom, or by a homopolar ‘metal-
metal’” wrong bond (214); these coordination changes are believed to be responsible for
the shift of the edge, hence the photodarkening. Subsequently, the coordination defect
pair non-radiatively decays into a ‘random pair’, where the two original charged defects
‘drift away’ through bond-switching mechanisms and become widely separated. The
random pair defects are metastable at room temperature and will slowly recombine. The
configurational potential of these systems is schematised through a three-well structure
(217), where the random pairs have an intermediate energy between the coordination
pairs and the ground state, and photoexcitation by bandgap illumination results in a
transfer of the system to the highest energy state, from which it then decays to the
intermediate and back to the ground state, upon the removal of the illumination. The
kinetics of these transitions is generally described as ‘dispersive’ because the promotion
and decay rates are time-dependent (217). It must be remarked that these models have
been formulated and investigated for ‘simple’ materials such as stoichometric AsySs,
and it still remains to be verified whether they can be applied to a system with a far

more complex microstructure as GLS.

The analysis of PD presented in this subsection, and the results shown in figures 6.23 and
6.24, could be used to investigate the mechanisms producing PD in GLS (and GLSO)
glass. Although it is tempting to assume the validity of the above-mentioned model and
to interpret the maxima, observed at wavelengths close to the bandgap energy, as peaks
associated with a transition ‘causing the PD’ (i.e., the formation of the STE), a note of
caution is necessary. Indeed, the increase in the fibre loss Aapp, measured by the SI
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technique also depends on the optical penetration depth d,p at the wavelength A\¢*t; §,, is
unknown, as the absorption coefficient of GLS and GLSO in the ‘high absorption region’
(with reference to figure 6.1) has not been measured yet. Thus, the sharp decrease of
Acpp for wavelengths \¥** < 450 nm may not be an ‘intrinsic’ property of GLS glass,
and could be caused by a 6, decreasing with A\*** instead. Summarising, several factors
contribute to the dependence of the quantity Aapp on the excitation wavelength %%
firstly, the penetration depth of the SI light depends on A\?%; secondly, assuming the
model of the configurational changes for the PD in GLS and GLSO, the probability of
the excitation to the upper state (coordination defect pair - STE) is also expected to
depend on ¢! and to have its maximum at wavelengths close to the optical bandgap;
finally, it must also be noted that the photon flux at constant power density also increases
linearly with A\e%t,

Consequently, direct information about the validity of the ‘three-level’ model of PD in
GLS and GLSO cannot be extracted from the data shown in figures 6.23 and 6.24 and
the nature of the ‘peaks’ is still undetermined. However, a more detailed investigation,
including analysis at different power densities and, especially, a precise measurement of
the absorption coefficient of GLS and GLSO in the range of the optical bandgap, would
allow the interpretation of the dependence of Aapp on X*** and the separation of the
‘extrinsic’ effect due to the optical penetration depth, from the intrinsic contribution
genuinely due to PD of the glass. This will provide the basis for possible ‘further work’.

In addition to the dependence on A** (at a fixed I), we also investigated the dependence
on the power density I at fixed A®** (450 nm). The power density I was varied from
20 to 118 uWem™2. Figure 6.25 shows that Aapp increases with increasing I; from a
log plot (fig. 6.26), it appears that the shift of the edge is also accompanied by a small
decrease in its slope. The value of Aapp at a fixed wavelength (800 nm), versus the
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power density of the ST at A*** = 450 nm is shown in figure 6.27, which proves that even
low levels of bandgap light can induce measurable PD.

6.7.4 Formation and decay times of PD

A slightly modified version of the setup described in the previous subsection was em-
ployed to perform time-resolved measurements of the formation and decay of PD. The
new setup is illustrated in figure 6.28. In this instance, the unclad fibre was probed
with monochromatic light at 810 and 719 nm, which was obtained by filtering the probe
light source by means of NBP filters. The output from the unclad GLS/GLSO fibre
was measured by a silicon detector, while a second silicon detector measured the power
density at A®® within the sphere. Data were collected by a computer-interfaced optical
power meter (Newport mod. 2832C, dual channel). Measurements were carried out with
SI at fixed wavelength (\¢%* = 450 nm).

The time dependence of PD can be studied by measuring the normalised transmission
at X (X = 810 nm for GLS and X = 719 nm for GLSO):

pout (I, )\ea:t; X)

ey (619

Obp(t) =

where P§¥()) is the output power at A under no SI, and P°*(I, \é%t; }) is the output
power (at \), measured under SI with power density I at \*®t = 450 nm.

The normalised transmission of GLS fibre LF294 is shown in figure 6.29, while that of
GLSO fibre LF367 is shown in figure 6.30. The formation time of PD (upper graph) is
in the range of tens of seconds, while the decay time (lower graph) is in the range of
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tens of minutes. The time-dependent normalised transmission during the formation of
the PD can be fitted with a stretched exponential function (218):

O}, rise(t) = (1~ Boo) exp [— (%) %] + Beo (6.19)

r

where the parameter By specifies the maximum amplitude of PD (i.e., the minimum
transmission), 7 is the characteristic rise time, and . is a dispersion parameter (0 <
v < 1). The stretched exponential law is generally used to describe time-dispersive
transitions (where the transition rate is time-dependent) (217), and it has been used to
describe the time evolution of PD in other chalcogenides (219), (220). A similar law can
be used to fit the curves for the spontaneous decay of PD (lower graph in figure 6.29):

- Yd
O, dueylt) = 1= (1= Bo)exp |~ ()| (6.20)
Intensity, I GLS, X =810 nm GLSO, X =719 nm

@ 450 nm Beo | T (8] | % |7a(s|| 7va Boo | T [8] | % | 7als]|

20 043 96 | 0.76 | 528 | 0.56 || 0.35 | 682 | 0.80 | 3052 | 0.68

40 0.30 | 51 |0.73| 436 | 0.54 || — — — - -

60 0.23 | 34 |0.71| 380 | 0.55 || 0.16 | 259 | 0.72 | 3341 | 0.64

80 019 | 22 [0.73] 300 | 055 )| — - - — -

118 016 | 17 |0.73 ] 267 ] 053 || — - - - -

TABLE 6.6: ‘Stretched exponential’ fit parameters for the rise and decay curves of PD
6.29 and 6.30.



Chapter 6 Analysis of Near-IR Optical Loss in GLS and GLSO Glasses 174

Co: * 20 uwWem?
g 40 pW cm
= * 60 UW cm?
n 90 uW cm*®
(CU * 118 uW cem?
= ~—~ Fit
o) N
@
L
-(B P
£ 02] M e— oty
P - SR
o
zZ
O-O LI L T L T L} R L
0 100 200 300 400 500 600 700 800
Time (s)
c
0
7
L
=
)
e
IS
p -
I__
ge]
b
9
©
&
S
o
pza
0.0 . — —
100 10" 102 10 104
Time (s)

FIGURE 6.29: Formation (upper graph) and decay (lower graph) of PD at 810 nm in
GLS LF294 for different power densities of SI at A% = 450nm.

where By is the normalised transmission of the (darkened) fibre at ¢ = 0, 74 and
are the characteristic time and the dispersion parameter relative to the decay. In our
analysis we assumed <, # 74, since the detailed mechanism of PD of GLS and GLSO
glass is unknown. The results of the fits of the rise and decay curves of 6; p(t) are shown
in table 6.6. All the curves of each material can be fitted with approximately the same
dispersion parameters 7, and vy (for the rise and decay respectively). An interesting
point about the decay curves is that, for long times, they all seem to converge to the
same curve irrespective of the initial intensity (fig. 6.30). This might correspond to the
decay of coordination pairs into random pairs and hence to the ‘ground state’ in the

configurational model proposed above.
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FIGURE 6.31: Reversibility of PD in GLS LF294 (810 nm) and GLS LF367 (719 nm).

Figure 6.31 provides an unequivocal proof of the metastable nature of the PD in GLS and
GLSO; upon removal of the side illumination, the fibres revert, spontaneously and fully,
to their background transmission. By comparing the two graphs, the marked difference
in the time scales of the PD in GLS and GLSO is also evident, as can be also seen from

the values of the time constants in table 6.30.

6.7.5 Temperature dependence of PD

All the measurements described in the previous sections 6.7.2-6.7.4 were conducted at
room temperature (RT). However, it is known from previous studies that temperature is
an important factor affecting the PD of chalcogenide materials (214), as larger shifts are
generally observed in amorphous films at low temperature. The effect of the temperature
is also very relevant to any practical application of PD which exploits the photorefractive
effects associated with PD.
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FIGURE 6.32: Photodarkening of a GLS unclad fibre under transverse illumination.

Here we report the measurement of the temperature dependence of PD in GLS fibre
LF 294. The extra loss under side illumination (SI), Aapp, was first measured at RT,
and at temperatures above RT; the setup used for these measurements was similar to
that described in section 6.6. In addition, Aapp was measured at 77 K, by dipping
the fibre in a liquid nitrogen bath. In both cases, the SI was provided by an unfiltered
halogen lamp fitted with a reflector, i.e. the configuration used for the illumination was
that shown in figure 6.18; the integral power density on the fibre (measured by means
of a silicon detector) was about 2 - 103 Wm™2.
The magnitude of the PD shift above RT decreases with increasing temperature, and

a very large shift is found at low temperature, as compared to that normally observed

The results are shown in figure 6.32.

at room temperature. Summarising, the magnitude of the PD induced in GLS glass by
bandgap illumination is strongly dependent on the temperature. A similar behaviour
was observed in GLSO fibres.

While both temperature increase 6.6 and bandgap illumination produce a similar shift
of the electronic edge and an increase in the transmission loss in GLS and GLSO glass,
the simple experiment presented in this subsection provides clear evidence that the two
phenomena are substantially different. Further confirmation was obtained by observing
that PD and temperature-induced darkening have very different characteristic times.
Temperature darkening appears to be limited by heat diffusion, having equal formation
and decay times ( about 1-2 s in GLS/GLSO fibres). In contrast, PD has a much slower
kinetics and, as seen in the previous subsection 6.7.5, widely different formation and

decay times.

The setup used in this experiment was very basic (similar to fig. 6.18) and only allowed
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a qualitative analyis of the temperature dependence of PD. However, the setup could be
improved without difficulty to allow for wavelength-resolved measurements to be carried
out at different temperatures. The temperature dependence of the PD magnitude, for-
mation and decay rates might then provide important information on the mechanisms

causing the PD.

6.8 Conclusions

The aim for this chapter was to investigate the optical loss of GLS and GLSO glasses
in the near-IR region. The background loss of these glasses is determined by several
of factors, both intrinsic and fabrication-related, which makes it difficult to quantify
them separately and to estimate the transparency limit. Before this work, it was not
clear whether the optical loss in the near-IR was due to scattering or absorption. By
performing laser absorption calorimetry measurements and accurate transmission mea-
surements, we obtained convincing evidence that the near-IR loss in GLS and GLSO is
almost entirely due to absorption. Two mechanisms are known to cause optical absorp-
tion in chalcogenide glasses over this range: impurity absorption from transition metal
ions and the weak absorption tail, caused by optically active bandgap states. The latter
has been observed in several other sulphide and chalcogenide glasses, but its occurrence
in GLS and GLSO had never been investigated in detail. In order to separate the con-
tribution of transition metal absorption and the contribution of a possible weak tail, we
measured the excess absorption of GLS and GLSO samples doped with known amounts
of transition metal ions. The results of this investigation showed that the absorption
due to metal impurities only cannot account for the total absorption measured by laser
calorimetry. More measurements are needed to obtain definitive evidence for a weak
tail, especially calorimetric measurements in the 2-2.5 and 3.5-4 pm range, which will
provide the basis for further work. Summarising, based on the results presented in this
chapter, it is only possible to state that the data are not incompatible with the presence
of a weak absorption tail in GLS and GLSO.

In addition to the mechanisms affecting the background loss, we demonstrated that other
parameters can affect the transmission loss of GLS and GLSO, namely temperature and
bandgap illumination. Both temperature and bandgap illumination cause a shift of the
fundamental electronic edge to longer wavelengths and, consequently, decrease the mate-
rial’s transparency in the near-IR, especially in the short wavelength range below 1 pm.
Temperature-induced darkening does not impose practical limitations on the applica-
tions of GLS and GLSO, as the effect at ‘important’ device wavelengths is negligible
for temperatures below 100 °C. In contrast, photodarkening might impose more seri-
ous limitations. Bandgap absorption produces a large increase in the transmission loss
of GLS glass in the crucial region 0.8-1 um, where most of the pump wavelengths for
rare earth-doped devices lie, and the increase is still measurable at signal wavelengths,
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especially at 1.3 um. Since several linear and nonlinear effects in chalcogenide glasses
are known to produce bandgap absorption, it is very important to fully investigate pho-
todarkening in GLS and GLSO. Here we presented, for the first time, a detailed study
of the dependence of the PD on the excitation wavelength in unclad GLS and GLSO
fibres and a study of the kinetics of its formation, decay and reversibility. Still very
little is known about the mechanism producing the PD in GLS and GLSO, but useful
information was obtained by the ‘side illumination technique’. This work has clearly
shown the fundamental and practical relevance of photodarkening in GLS and GLSO

and has also identified new directions of investigation.



Chapter 7

Transmission of GLS and GLSO
Fibres under High-pump Powers

7.1 Introduction

In section 6.7 of the previous chapter, the photodarkening due to low-intensity illumi-
nation in the visible was analysed. It was found that absorption at wavelengths close
to the optical bandgap induces an increase of the optical loss of GLS and GLSO glasses
at important pump and signal wavelengths in the near-IR. In this chapter we intend to
study the effect of intense IR laser irradiation on the transmission loss of these materials.

Photorefractive effects at wavelengths longer than the optical bandgap have been ob-
served in other sulphide glasses; for instance, fibre gratings were written in As-S fibres
by exposure to the 0.63 um light from a He-Ne laser (221), and optical waveguides were
produced in bulk AssS3 glass at 0.8 um using the self-writing technique (222). It was
found (143) that the photosensitivity of As2S3 to sub-bandgap photons is a consequence
of the high third-order nonlinearity of this material, i.e. it is caused by two-photon
absorption (TPA). Furthermore, high intensity irradiation at 1.064 pm was observed to
increase the optical loss of As2S3 (143). In GLS glass, photorefractive effects similar to
AsoS3 have been recently reported, and optical waveguides were successfully produced
by the self-writing technique at 1.064 pm (223); also in this case, the photosensitivity
was attributed to a nonlinear two-photon process.

Photoinduced effects have also been reported in rare earth-doped glasses under in-
tense irradiation with IR wavelengths. For instance, photo-degradation was observed in
thulium-doped fluorozirconate (218) and aluminosilicate fibres (224) pumped at 1.064 pm.
Such degradation was evident through a permanent increase of the fibre attenuation and
was explained as a consequence of visible and UV upconversion fluorescence of rare-earth
ions producing defects in the glass. Visible upconversion is also well-known to occur in

179
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FIGURE 7.1: Setup used for high intensity measurements of Photodarkening

rare-earth doped GLS glass (225), but the occurrence of photoinduced effects associated

with it were never investigated in detail.

We analysed the stability of Pr3*-doped GLS, and of undoped GLS and GLSO fibres
under intense irradiation at 1.064 um from a Nd:YAG laser. The Pr3* ion has an
upconversion transition in the blue-green (3P — 3H, at 508 nm (225)), which is almost
resonant with the optical bandgap of GLS and also with the ‘peak’ of photodarkening
in figure 6.23. Consequently, the excitation energy of Pr®* ions could be transferred to
the host either directly (electronic transfer) or through the emission and re-absorption
of a photon; hence, photorefractive changes might occur, in Pr:GLS, both due to an
intrinsic factor (i.e. material-related) and due to the dopant. In undoped GLS and
GLSO photorefractive changes can obviously only be material-related. The aim for the
present analysis is to assess the occurrence of such photo-induced changes, to establish
their nature (i.e. whether they are metastable or permanent) and measure their impact

on the material transparency.

7.2 Analysis of transmission of GLS/GLSO fibres in the

high-peak power regime

7.2.1 Measurement technique

The setup used is illustrated in figure 7.1. The 1.064 wm source was a mode-locked,
Q-switched Nd:YAG laser with ~ 1 W maximum average power and = 300 ps pulse
width; the pulse structure of the laser beam is shown in figure 7.2. In addition to the very
high peak intensity (up to 178 kW), this source also enables access to the 3Hy —1Gy
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FIGURE 7.2: Peak pulse structure and characteristics of the pulsed Nd:YAG laser

pump transition (1.02 wm) for studying upconversion effects. The beam was passed
through a variable attenuator and then focussed into the fibre; the coupled-in power
was determined by measuring the transmitted power and correcting for the background
loss of the fibre. Since low-loss core/clad GLS and GLSO fibres were not available,
we employed unclad, uncoated fibres. The fibres used were LF292 (Pr3+:GLS), LEF294
(undoped GLS) and LF367 (GLSO). The loss of the three fibres at the pump wavelength
was respectively 5 dBm ™! (LF292), 8 dBm~* (LF294) and 9 dBm~* (LF367); the other
characteristics of the fibres can be found in table A.1 in Appendix A. Since the fibres
were cleaved by hand, the end-faces were inspected using an optical microscope to ensure

good quality, before coupling the laser light.

The transmission of the fibres was probed using a broadband source. This was a tungsten
halogen lamp, filtered by a suitable LWP filter to eliminate the visible component. The
output of the fibre was collected via a multimode silica fibre and detected by an optical
spectrum analyser (fig. 7.1). Since the transmission of the unclad fibres could have
easily been affected by photodarkening due to side illumination, the white light source
was fully enclosed and the measurements were rigorously carried out in dark conditions.
In addition, fibres were kept in complete darkness for 15 hrs+ prior to the experiments;
this ensured the full decay of any previously induced PD of the fibres. Since it was
shown in the previous chapter (section 6.6) that temperature darkening can be induced
by heating up the fibre to above = 50 °C the temperature of the fibre near the input end
was monitored during the measurements. As a preliminary test, samples of the three
fibres were analysed for end-face damage (226) and thermal effects using a CW Nd:YAG
laser; the power coupled into the fibres was ~ 85 mW . As no change was observed in
the transmission of the probe light, we concluded that temperature darkening was not
affecting the measurements, and no damage was occurring at the fibre ends. The 1.3 um
fluorescence of Pr®+ was observed in fibre LF292, which indicated that the pump light
was exciting the 1Gy4 level of Pr3t.
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FIGURE 7.3: High-power photoinduced darkening of fibre 1.F292 (Pr3*:GLS)
7.2.2 Analysis of a Pr3*:GLS fibre

When the pulsed Nd:YAG laser light was coupled into the fibre, it was very obvious that
photorefractive effects were occurring in the fibre (see figure 7.3). A shift in the position
of the absorption edge, with an increase of the transmission loss, was observed; this
shift was very similar to the photodarkening induced by side illumination with bandgap
light. In fact, this high-intensity photoinduced darkening (HI-PD) was also observed
to be metastable at room temperature, i.e. the fibre reverted back to its background
transmission loss upon the removal of the pump. The decay time of HI-PD was in the
range of ~ tens of minutes, and the formation time was in the range of ~ minutes, which
also correlates well with what was previously observed for the PD.

The magnitude and characteristic time of HI-PD were determined by measuring the
photoinduced increase of the transmission loss of the fibre. Firstly, the white-light (WL)
transmission of the unexposed fibre was recorded in the range 0.7-1.4 ym; the pump was
then coupled into the fibre and 15 minutes were allowed for the darkening to saturate;
subsequently, the pump was turned off and the spectral transmission of the darkened
fibre was recorded by the optical spectrum analyser. This procedure could be adopted
due to the slow decay of HI-PD and ensured that the measurement was not affected
by the unabsorbed pump or by the 1.3 um fluorescence. The extra attenuation due to
HI-PD was then calculated as:

10
AaHj_pD()\,Ipump)[dBm_l] = — log [ (7.1)

P Lyump)
L

FPo(A)
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where L is the fibre length, P(\, Ipump) is the WL intensity transmitted by the darkened
fibre and Py() is the transmitted intensity of the fibre before exposure to the pump. The
spontaneous decay of Aagr—pp was observed by collecting WL transmission spectra for
increasing times after the pump was removed; since the decay of the of HI-PD was much
slower than the acquisition time for a single scan (& 30 s), this analysis provided reliable

information on the characteristic decay time.

Figure 7.4 shows the spectral dependence of Aays-pp for increasing times, measured
at an average power of 280 mW. The higher curve was collected soon after removing
the pump from the fibre, hence it is the saturated value for this pump intensity. The
wavelength dependence of Aagr—pp is virtually identical to the Aapp measured in the
previous chapter by side illumination. The log plot on the right-hand side of figure 7.4
clearly shows that the photoinduced loss is due to a shift of the electronic edge. The loss
increase decayed spontaneously to zero, which proved that the effect was metastable at

room temperature.

Figure 7.5 shows Aagr_pp at 0.8 um and at the important wavelength of 1.02 um as
a function of time. The decay curve can be fitted by a stretched-exponential function,
as previously done for the PD decay. However, as also shown in figure 7.5, decay time
of HI-PD is even longer (~ 1400 s) than the one measured for the PD.

The magnitude of the photoinduced loss versus the pump intensity is shown in figure
7.6. The pump power was varied from 0.35 to 280 mW and in all the cases the pho-
toinduced change was metastable and no permanent damage of the fibre was observed.
The maximum temperature increase at the input end of the fibre was less than 3 K,
which confirmed that Aay;_pp was in fact due to photorefractive effects and not to
the temperature darkening. Plotting Aagr—pp at fixed wavelengths versus the pump
power (figure 7.7) shows clearly that the amplitude of the photorefractive change is
proportional to the pump power.
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FIGURE 7.4: Photoinduced increase of transmission loss in Pr3+:GLS fibre LF292 and
its spontaneous decay (average pump power: 280 mW @1.064 um)
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7.2.3 Analysis of an undoped GLS and GLSO fibres

In order to better understand the origin of the photoinduced changes measured in the
Pr3+:GLS, the same experiment was repeated using an undoped GLS fibre (LF294).
Photorefractive effects were observed also in the undoped fibre. Figure 7.8 shows the
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FIGURE 7.7: Photoinduced loss due to HI-PD at fixed wavelengths versus the (average)
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photoinduced attenuation Aayr_pp for different pump powers at 1.064 ym. A quick
comparison with figure 7.6 reveals that the order of magnitude of the effect in the
doped and undoped fibre is comparable. Figure 7.9 shows the loss increase Aagr_pp
at 800 nm in the Pr®+-doped and undoped GLS fibres; the Aayr_pp in the undoped
fibre is approximately 25% smaller, and it appears to have a threshold at pump power
of about 70 mW; the origin of this threshold is not clear.

Samples of GLSO fibre (LF367) were also analysed in the same range of pump powers
and no photoinduced effects could be observed.

7.3 High-intensity photodarkening: thresholds and possi-

ble practical implications

The results given in the previous section provide convincing evidence that photorefractive
effects occur when GLS glass is exposed to a high-intensity pump source at 1.064 um, as
previously reported in ref. (223). In this work we established that such photorefractive
changes also induce an increase of the transmission loss of GLS. The effect is qualitatively
very similar to the PD induced by low-intensity bandgap absorption described in section
6.7.

The photoinduced attenuation is higher in the Pr3t-doped fibre than in the undoped
fibre 7.9; the difference is more obvious at lower pump intensities, as the effect appear
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to have different thresholds for the two fibres. These differences might partly be due to
a differences in the preparation of the glass and in the drawing conditions for the two
fibres. Consequently, it is difficult to draw a definitive conclusion whether the presence
dopant enhances the effect; while the occurrence of high-intensity darkening at this
wavelength is certainly intrinsic of GLS, from our measurements a contribution due to
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the Pr3* ion cannot be completely ruled out.

The analysis of the dependence of Aagr_pp on the peak intensity of the pump pro-
vided an unexpected result. In general, it can be assumed that the magnitude of the
photorefractive change is proportional to the absorbed pump intensity, hence the follow-
ing relationship:

Aa o (Ipymp)" (7.2)

where n is the ‘order’ of the absorption process, i.e. n = 2 for TPA, n = 1 for linear
absorption and n > 2 for higher order processes. Our results show unequivocally that
the dependence is linear, hence the true two-photon absorption is to be ruled out as
the cause of the high-intensity darkening. This result contradicts what was previously
assumed for GLS.

Since one-photon absorption at ~ 1 um can only be caused by gap state absorption,
our results provide a proof of the presence of such states in GLS. What is the nature
of these states still remains to be determined, but it is possible that a correlation exists
between our findings and the midgap luminescence peak previously observed in GLS by
Lima, et al. (227). As to what is causing the photodarkening, Tanaka remarks that
carriers excited to gap states could be thermally excited to extended states (228), or
also two-step sequential absorption of photons might occur (229; 230). Energy transfer
between rare earth ions and gap states is also known to occur in chalcogenide glasses (231;
232), which might provide an explanation for the differences observed in the undoped
and Pr3t-doped fibre. The results presented here should be complemented by more
measurements at different wavelengths, and this will also provide an explanation for the
different behaviour observed in GLSO.

The information on the stability and damage thresholds of GLS and GLSO at 1.064 um
is summarised in table 7.1 Permanent damage was never observed, which provides a
lower limit for the damage threshold (LIDT); the corresponding average and peak power
densities are given in the first two columns of the table. It is worth noting that the values
provided here are over an order of magnitude larger than those measured in section 4.8.1
on bulk samples by a FEL with ~ ps pulses (also shown in the table for comparison),
hence they provide a more realistic estimate of the damage threshold in GLS and GLSO.
The thresholds for metastable damage (darkening) are given in the third column; these
thresholds are correctly defined in terms of peak power density, given the nonlinear
nature of the photorefractive effect observed in GLS.

The occurrence of a photoinduced increase of the fibre loss is very important for device
applications of GLS. As seen in Chapter 2, devices such as the 1.3 ym PDFA require small
core diameters and high pump and signal intensities. Here it was found that high pump
intensities around 1 pm can introduce an extra term of attenuation, proportional to the
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Glass Threshold for Threshold for pulse
permanent damage metastable damage | A width
& sample Ave. Intensity Peak Intensity Peak Intensity (um) Ips]
Pr3t:GLS
fibre LF292 > 2.4 kWem™? | > 0.4 GWem™? 0.5 MWem™? 1.064 | =~ 300
GLS
fbre LFoo4 | > 2L AWem™ | >04GWem™2 | 33 MWem™ | 1.064 | ~ 300
GLSO
chre Lpagy | > 2LAWEm™ | >04GWem™ | >04GWem™ | 1064 | 300
GLS
bulk L.D1087 > 0.2 kWem™? >5 MWem™?2 >5 MWem™2 1.55 ~1

TABLE 7.1: Damage thresholds for metastable damage and lower limits for permanent
damage of GLS and GLSO.

pump intensity. This term would reduce the transmission of the signal and especially
of the pump light, and negatively affect the efficiency of the amplifier. A similar effect
was very recently reported in another sulphide glass by Kobelke and co-workers (233).
These authors fabricated low loss Pr3t:4s-Ga-S single mode fibres, and evaluated the
amplification performance at 1.3 um. They found that the efficiency was strongly limited
by intensive material degradation induced by the pump at 1.02 ym. The degradation
was observed to be metastable and was attributed to photoinduced effects similar to the
PD due to bandgap illumination. A decrease of the fibre transmission at both pump
and signal wavelengths was already evident with just a few mW pump power. Modeling
the effects of the photoinduced loss, they concluded that the maximum attainable gain
was limited to = 5dB, as compared to an expected gain of over 30 dB (see chapter 2).

Further study is necessary to establish the practical implications of high-intensity pho-
toinduced attenuation of GLS. However, this investigation provides an initial insight into
this novel effect and shows its relevance. A more quantitative analysis of the effect at
different wavelengths should be performed as a next step. Although the observed ‘high-
intensity darkening’ is likely to affect devices requiring pumping around 1 pm (such as
the 1.3 wm amplifier), it is possible that devices operating at longer wavelengths are
unaffected. No photoinduced effects were observed in GLSO glass, which indicates that
glass composition is also very important and varying the composition could be used to
reduce the photoinduced effects. Further studies should also be directed to a better
understanding of the wavelength dependence and to the role of glass composition.
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7.4 Conclusions

In this final chapter we investigated the transmission properties of GLS and GLSO and
Pr3*_doped GLS fibres under intense IR pump irradiation. We observed photoinduced
attenuation in GLS and Pr3+:GLS. The wavelength dependence, metastable behaviour
and decay time was found to be qualitatively and quantitatively similar to the PD in-
duced by bandgap illumination. By comparing the undoped and the Pr3+-doped GLS
fibres, we concluded that the photorefractive effect is an intrinsic property of GLS but an
enhancement of this effect due to the rare earth dopant cannot be totally ruled out. We
also found that the magnitude of the photoinduced attenuation is linearly dependent on
the pump intensity, which rules out two-photon absorption as the cause of the darkening
and also provides evidence for the existence of gap states in GLS. The nature of these
gap states and the mechanism of high intensity darkening still remains to be fully in-
vestigated. The possible impact on active fibre devices pumped at approximately 1 um
was briefly discussed. We believe that this effect has practical relevance and should be
seriously considered for practical applications of GLS. Photoinduced loss was recently
observed to have a very detrimental effect on the amplifier performance of Pr3*-doped
As:Ga:S fibres. This will be included in the topics for future study.



Chapter 8

Conclusions and Further Work.

Chalcogenide glasses have been known for several decades as infrared transmitting ma-
terials. After the invention and development of silica optical fibre technology, these
materials attracted a renewed interest for all-optical devices. Sulphide glasses and a
few selenide glasses, in particular, were regarded as very promising for several device
applications, owing to their low phonon energy, their high third order nonlinearity and
their transparency from the red-end of the visible to the mid-IR. Gallium sulphide-based
glasses, such as GLS glass, having very high rare-earth solubility, were proposed for op-
tical amplification schemes alternative to the EDFA, such as the 1.3 um praseodymium

amplifier.

Despite the promise, and after over a decade of active research, the success of chalco-
genide glasses for fibre devices is still rather limited, with only a few device prototypes
demonstrated, such as the Pr3*-doped GNS amplifier at 1.34 pum demonstrated by
Tawarayama and co-workers (81) and the all-optical switch in As-S fibres demonstrated
by Asobe and co-workers (234). Fabrication of chalcogenide optical fibres is arguably
very challenging. In their vast majority, chalcogenides cannot be obtained by chemical
deposition, thus they are prepared by melt-quenching; as a result, complicated purifi-
cation techniques must be employed in order to keep the impurities to an acceptable
value. Another problem is glass stability. Glasses like GLS are prone to devitrification
upon heating, which makes the fabrication of single mode fibres very difficult.

In addition to the fabrication-related, chalcogenides have also other, more fundamental
issues. The intrinsic transparency of these materials is very difficult to predict. In oxide
and fluoride glasses, the fundamental transparency limit is determined by the Rayleigh
scattering, which can be estimated and measured with good accuracy. In contrast, in
chalcogenides glasses absorption may occur throughout the whole transmission window
due to the presence of bandgap defects, which give rise to the weak absorption tail.
The weak tail has been identified in several glass systems, including As,S3, where it
causes a much higher loss than the Rayleigh scattering and determines the transparency
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limit; this limit, however, is difficult to gauge as the magnitude of the tail depends also
on extrinsic factors such as impurities. A precise theoretical model has not yet been
achieved for the weak absorption tail, therefore it is still not known whether a weak tail
is also to be expected for the other chalcogenide glasses. This is also the case for GLS
and GLSO glasses, for which the loss mechanisms and the transparency limit are not
yet fully identified.

Another very important point concerns the photoinduced changes. Chalcogenide glasses
are susceptible to a variety of light-induced modifications of their optical properties. In
particular, absorption of light with a wavelength close to the material’s optical bandgap
results in a red-shift of the electronic absorption edge, i.e. the photodarkening effect,
and causes a large increase of the transmission loss at important wavelengths in the
near-IR range. Optical fibre devices require high pump and signal intensities at near-IR
wavelengths; the occurrence of linear and nonlinear absorption or upconversion processes
in the ‘high intensity’ regime could then give rise to photoinduced changes similar to
direct bandgap absorption and in turn affect the material’s transmission of the pump

and signal.

As far as GLS and GLSO glasses are concerned, a great deal of effort was devoted in
the past towards improving the various aspects of fabrication, from the synthesis of the
glass precursors to preform fabrication and fibre drawing. However, the loss mechanisms
and the transparency limit for these glasses had not yet been fully identified. Similarly,
the occurrence of photoinduced effects and their impact on practical applications of
GLS and GLSO glasses had not been previously assessed. To investigate these two very
important and novel aspects was the principal aim of the research that inspired this
thesis. Suitable analytical techniques were identified and developed to this purpose,
such as the innovative use of FEL-based laser calorimetry for measuring bulk absorption
and the side illumination technique for characterising the photodarkening effect.

In the following we summarise the main achievements of this work.

¢ Glass and fibre fabrication (Chapter 3). In the area of fabrication of high
purity GLS and GLSO glasses, improvements are required in the control of com-
position of raw materials and also of the glass composition. In this thesis, it has
been shown that XRD can be effectively used to quantify the amounts of the gal-
lium sulphide phases and thus to accurately determine the nominal composition
of the glass batches. Due to the substantial mass loss during glass melting of GLS
and GLSO in an open controlled atmosphere, a compositional characterisation of
the as-quenched glass is also required. We showed that Rutherford Backscattering
(RBS) can measure very accurately the Ga/La ratio, however a different technique
is required to quantify the lighter elements, particularly oxygen. As the optical
properties and, especially, the thermal stability of GLS and GLSO are strongly de-
pendent on the oxygen content, this a very relevant point. Glass stability was also



Chapter 8 Conclusions and Further Work. 192

analysed, and some initial work on the devitrification of GLSO was carried out.
However, the crystallisation of GLS and GLSO glasses is complex and when the
present project was carried out, a suitable setup for thermal analysis (high tem-
perature DSC) was not yet available. Finally, a novel characterisation technique
for core/clad fibres was devised. GLS and GLSO have a very high refractive index,
which implies that cladding light cannot be suppressed by conventional techniques,
i.e. by acrylate coating or index-matched oils. The properties of graphite-based
coatings were investigated and the more suitable preparations, among those com-
mercially available, were identified. We demonstrated that graphite coating pro-
vides a very effective way to remove the cladding modes and to characterise high
index fibres. Unfortunately, the loss of core/clad fibres is still in excess of several
tens of dB per meter, thus substantial improvements of fabrication and a better
understanding of glass stability are required for GLS and GLSO.

e Laser Absorption Calorimetry (Chapter 4, 5). A new concept was proposed
and realised in order to overcome one of the main limitations of this technique.
While its use has been limited to the very few wavelengths for which high power
laser sources were available (typically CO, and Nd-YAG lasers), we used a used
a tunable free-electron laser source to achieve measurements at different wave-
lengths. The FEL source at the Jefferson Labs is a unique light source with ideal
characteristics such as a very wide tunability range, high average power and high
beam quality. The results presented in this thesis included the design and commis-
sioning of a calorimeter and the first measurement of near-IR bulk absorption of
GLS and GLSO at 1.55 and 1.7 um. As a part of this project, a very comprehen-
sive modelling work was produced in order to fill a significant gap in the theoretical
heat flow analysis of laser calorimetry; the improved model takes into account the
effect of a sample holder with thermal contact resistance at the sample/holder
interface, and provides the theoretical heating/cooling curves for a calorimetric
measurement with disc-shaped samples. The theoretical description presented in
the Chapter 5 of this thesis is, to the best of the author’s knowledge, the most
exhaustive theoretical description of laser calorimetry produced to date.

e Interpretation of the optical loss of GLS and GLSO (Chapter 6). By
comparing the bulk absorption, measured by laser calorimetry, and the total at-
tenuation of the same set of samples in the same wavelength range, we obtained
clear evidence that the transmission loss of GLS and GLSO is mainly caused by
optical absorption in the region 1.55-1.7 pm. This is a novel result, as previous
studies failed to identify whether the loss in the region above = 1 um was to
be attributed to scattering or absorption. The other important question is what
mechanism is actually causing this absorption, as both a weak absorption tail and
impurity absorption from transition metal ions could cause optical absorption in
the near-IR range. More absorption measurements by laser calorimetry at longer
wavelengths (beyond 2 pum) are required to draw a definitive conclusion on this
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point. However, we measured the specific absorption of transition metal ions in
GLS and GLSO, and the estimated value for the impurity absorption is in both
cases lower than the total absorption measured by laser calorimetry; this suggests
that impurity absorption cannot fully account for the total absorption and that
another mechanism, i.e. the weak tail is present in these materials.

¢ Study of photoinduced effects (Chapter 6, 7). Two different types of effects
have been investigated. On one hand, the photodarkening due to bandgap illumi-
nation was characterised using unclad fibres and the side illumination technique.
Furthermore, the transmission loss of GLS and GLSO fibres under high-intensity
optical pumping at 1.064 um was examined. Photorefractive effects have been
studied in several chalcogenide systems, but are a relatively novel topic in GLS
and GLSO glasses. In this thesis we presented a detailed study of the depen-
dence of PD on the excitation wavelength in unclad GLS and GLSO fibres and a
study of the kinetics of its formation, decay and reversibility. Although the the
mechanism producing PD in GLS and GLSO was not investigated in detail, we
proposed the use of the side illumination technique to that purpose. In particular,
the measurement of the absorption coefficient in the region of the optical bandgap
region will enable the determination of the nature of the peaks observed in the
spectral dependence on the excitation (see figures 6.23 and 6.24). The high-peak
power transmission loss had never been investigated before, to the best of our
knowledge, in GLS and GLSO optical fibres. Our results show that high-intensity
optical pumping at 1.064 um causes a significant increase of the transmission loss
of undoped and Pr3t-doped GLS. This photoinduced loss can affect the perfor-
mance of any optical device requiring optical pumping in that region, such as the
1.3 pm GLS optical amplifier. The loss was observed to increase proportionally
to the pump intensity, which clearly rules out two-photon absorption as the cause
and provides clear evidence of absorption from gap states. Damage thresholds for
metastable damage (darkening) and lower limits for permanent damage of GLS
and GLSO were also established here for the first time. The results presented in
this thesis are novel and very interesting, and could stimulate a more complete

study at different wavelengths.

Below are given some topics for further study.

Concerning the critical issue of the glass stability, the crystallisation of GLS and GLSO
still appears to be poorly understood. Owing to the initiative of the author, a new high-
temperature DSC-TGA (system Q600 from TA Instruments) has now been acquired
by the Optoelectronics Research Centre, which provides a very powerful tool. This
instrument will enable the quantitative study of stability and phase changes and hence
more precise information on the kinetics of the devitrification and its dependence on the
atmosphere, on the glass composition, impurities and thermal history.
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Concerning the interpretation of the loss mechanisms in GLS and GLSO glasses, more
calorimetric measurements in the wavelength regions around 2 pum and in the range 3.5-
5 um, will provide a definitive answer to the question of the presence of a weak tail and,
consequently, a quantification of its magnitude and of the transparency limit of these
materials. Direct measurements of the scattering loss in bulk samples could provide an

independent verification of the results.

Another important direction for further activity is the characterisation of photo-induced
effects in GLS and GLSO. Concerning the low-intensity photodarkening due to bandgap
absorption, more studies are required to identify the mechanism causing the photodark-
ening, and in particular to verify the model of the photostructural changes proposed for
other materials. To this end, wavelength-resolved measurements at different tempera-
tures should be performed. In addition, the effect of bandgap illumination at higher

intensities should also be investigated.

The photo-induced increase of transmission loss of GLS in the high-intensity regime is
very relevant to device applications and needs to be fully characterised. The mechanisms
producing this effect in GLS should be identified and the reason for the different be-
haviour of GLSO should also be identified. On a more applied topic, the photo-induced
loss increase should be studied at different wavelengths, aimed at quantifying the non-
linear ‘photoinduced’ absorption coefficients, which would then be used to gauge the
impact on practical devices. Although this ‘high intensity’ darkening is likely to nega-
tively affect rare-earth doped devices requiring optical pumping around, or below, 1 um,
it is possible that devices employing pumps at longer wavelengths are unaffected. As
shown in this thesis, the glass composition has an important impact, as the photorefrac-
tive changes observed at 1.064 um in GLS, are not observed in GLSO; this point should

be investigated too.

Finally, it is also worth mentioning that these photorefractive changes could possibly be
used for the design of new devices. In our studies we could only measure metastable
changes. These could be exploited for writing erasable structures, such as waveguides
and gratings; the results of this thesis show that changes are observed at relatively low
intensities, which could be attractive for practical devices. Photodarkening could also be
used to obtain an optically-controlled change of the refractive index or the attenuation
in GLS and GLSO glass, alas a fast response would not be attainable due to the slow
intrinsic time of PD in these materials. The possibility of writing permanent structures
through irreversible effects at higher intensities is another point of interest, which could

provide an alternative to the more conventional UV writing.



Appendix A

Summary of the Characterisation
of GLS and GLSO Optical Fibres.

TABLE A.1l: Characteristics and measured loss of unclad GLS and GLSO fibres

Attenuation
Code Glass Composition Diameter | @1.3 yum | @L.35um | ()
[um) [@Bm~Y | [dBm™Y
LF291 | (Er,Dy):GLS 65:2.5:32.5 135-160 | 35 —45 (1) - P
1000ppm Dy, 500ppm Er
LEF292 Pr:GLS 65:2.5:32.5 130-140 2—3 (%) — P
1000 ppm Pr
LF293 Er:GLS 65:2.5:32.5 140 5—6 — P
1000 ppm Er
LEF294 GLS 65:2.5:32.5 150 7-8 8-9 P
LF316 GLS 65:2.5:32.5 155 2042 1942 E
LF321 | GLS+LaF; 62.4:3.8:25.3:8.5 180 5—10 5-10 | E/Et
LF322 | GLS+LaF; 62.4:3.8:25.3:8.5 190-200 30 — 35 20-30 | E/Et
LEF325 GLS 65:31:4 170-180 15 —20 15—-20 P
LF327 GLSO 72.5:27.5 160-170 20 20 E
LF328 GLSO 72.5:27.5 160-180 > 40 =~ 40 E
LF340 GLSOF - 150-160 2 20 =~ 20 P
LF344 GLSO 72.5:27.5 140-160 13x2 13+2 P
(1) Rods pulled from: P = polished rod; E = extruded rod; Etc = etched
() @ 1.4 pm
(*) @ 1.15 um
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TABLE A.2: Table A.1 (continued)

Attenuation
Code | Glass | Composition | Diameter | @1.3 ym | @L.55um | (1)
[um] (dBm™'] | [dBm™Y]

LF345 | GLSOF - 140-160 34+5 34+5 P
LF346 | GLSO 72.5:27.5 140-150 1542 15+2 | P/Et
LF355 | GLSO 77.5:22.5 150 6—7 5—-6 P
LF361 | GLSO 77.5:22.5 140-150 | 13—14 | 12-13 E
LF365 | GLSOF - 120 34 3-4 P
LF367 | GLSO 77.5:22.5 140-160 7T+1 61 E
(1) Rods pulled from: P = polished rod; E = extruded rod; Etc = etched

TABLE A.3: Characteristics and measured loss of unclad GLS and GLSO fibres

Fibre Glass Composition Core Loss @1.5 pym
ID Core Clad size [um] [@Bm™1]
LF282 GLSO 725:27.5 71:29 20 306
LF284 GLSO 72.5:27.5 71:29  20-30 > 40
LF329 GLSO 72.5:27.5 71:29 100 40




Appendix B

Expression of the ‘Heat Source’

Term in Laser Calorimetry

B.1 General expression of absorbed optical powers from a

glass plate

B.1.1 Definitions

A collimated beam incident on a plate-shaped glass sample undergoes reflection and
refraction at the air/glass interfaces, absorption at the sample surfaces and attenuation
in the bulk. Surface absorption is caused by residual damage from polishing and pos-
sible surface contamination. Bulk attenuation occurs due to scattering and absorption.
Reflection and refraction are governed by Snell’s Law. In this description the beam is
assumed to be perfectly collimated and normally incident, which allows the expressions
to be simplified (no complicated dependence on the angle of incidence and on the polar-
isation of the beam). Also, the beam is assumed monochromatic, the optical medium is
supposed to have low absorption at the wavelength of interest and nonlinear effects (i.e.

intensity-dependent refractive index) are also considered negligible.
The three above mentioned phenomena are described as follows:

Reflection/Refraction: if Iy is the optical power of the incident beam and r is the re-
flection coefficient (normal incidence), which, in the limit of low absorption, is expressed

as:

n—1\2
r= (n n 1> (B.1)
(n = n()) is the refractive index), then the reflected and transmitted powers at every
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air/glass interface are:

Pt intf. =7 -1 (B.2)
Ptransm, intf. = (1 - T) -1

Surface Absorption: The surface absorptivity o (=o())) is defined as:

! abs,surf.
g = —222 B.3
HO ( )

Thus, the absorbed and transmitted fraction of power are:

{ Pabs, su'rf=U‘H0 (B4)

Ptransm, surf. = (1 - J) -1Ip

Bulk Attenuation: The power intensity inside the glass sample decreases exponen-
tially with increasing traversed thickness, z, according to the Lambert-Beer’s Law:

P(z) = P(0) - exp(—o - 2) (B.5)

The quantity o = «(}) is called the absorption coefficient and is the sum of the terms due
to different attenuation mechanisms (scattering and absorption), which are material and
wavelength dependent. Since laser absorption calorimetry does not measure scattering,
it is assumed here to be negligible, thus the bulk attenuation is assumed to be entirely
caused by absorption. The absorption in a region of infinitesimal thickness between z
and z + dz is:

[dP(2)] ;. = aP(z)dz (B.6)

abs

The total absorbed fraction over a finite thickness L of material is:

Pps(L)=1—exp(—al)=1-m (B.7)

where we have defined the quantity 7; = exp(—alL), commonly indicated as the internal
transmission of a thickness L.

Note: r and ¢ are non-dimensional, and usually expressed as a percentage; 7; is also non-
dimensional, while [a]= [~! is usually expressed in cm™! or dBm~1. It must be noted
that n (thus r), o and beta are all temperature dependent material properties; however,
the dependence is relatively weak, and can be neglected for temperature variations of
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Air | Glass Air | Glass Glass
Iy " (1-0) Il POy P(2)  P(»)-dP(2)
L -~ — —> —_— > — —»5 — P
: (1-nJTo oils M dP(3) = BP(a1dz
cflo
n=1]o=20) Surface Layer P(@ = Pll)exp-f2)
Surface Reflection Surface Absorption Bulk Attenuation

FiGURE B.1: Simplified sketch of reflection, surface absorption and bulk absorption
processes.

up to a few degrees. Also note that, in the expressions above, the powers Il and P(0)
can have an arbitrary dependence on the transverse coordinates, as long as the beam is

collimated.

We also define:

¢ The absorptivity, i.e the total fraction of power absorbed by the sample:

Pabs tot
= ghatol B.
A= (B5)

e The reflectivity, i.e the total fraction of power reflected by the sample:

_ Prefl,tot
R=- (B.9)

¢ The transmissivity, i.e the total fraction of power transmitted by the sample:

_ Ptrans,tot
T = T (B.10)

In the absence of scattering:

A+R+T =1 (B.11)

The total absorptivity A is the sum of the bulk absorptivity plus the contribution from
the surfaces (surface absorptivity). To give the orders of magnitude, in the case of a
1 em thick GLS glass sample: R ~ 32%, 7 =~ 67%, A ~ 1%.
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FIGURE B.2: Representation of transmission, reflection and absorption processes in a

glass plate.

B.1.2 Exact expressions for A, R, 7

As seen above, when the beam traverses an interface, it is split into two components.
Thus an infinite number of components is created by the two parallel surfaces of a
glass plate, with the multiple bounce situation shown in figure B.2. All the components
contribute to the exact expressions for the three quantities A, R, 7. The simplest case is

when the power components interact incoherently, i.e. they do not produce interference.
This approximation works well for thicker samples or for slightly wedged samples. In our
case, this assumption is valid because the light source is pulsed, the pulses are ultra-short
(~ ps) and the repetition rate is low (~ 18 — 74 M Hz) (see Chapter 4).

The exact expressions for T, R, Apyr and Agy,s are calculated through the sums of

geometrical progressions (see fig. B.2); it follows that:

T =
n

[ee]

IS
Tn = Z PT,n/HO

=0 n=0

(B.12)

=(l-r—o)rn+Q-r—0)1 -0+ (1 -r—0o)?P(1-a)*+. ..

+ (1 =7—0)27 (1 - 0)r?n 4 ..

1-r—0o)n Y [1-o)n]™"
n=0

(1—7r—0)?rn
1-(1—0)*r27?
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R= ZRﬂ ZPRn/Ho (B.13)

n=0
=rd+r(l—r—0) 27 l-0)+r(l—r—0)2 (1 -0)+...

+r(l—7r—0)?* Pt (1 - o)’ +r(1 =7 — 0)? tau?™ (1 — )2+ | =

1+ (1—7-0)2(1 Z[ l1—0o 'M'Z]Z"J

_ (1-r-0)7(1-0)
=7 [1 + -(1- 0')21"27'1.2
o0 (o)
Aputk = Z Aputkn = Z Pay /o (B.14)
n=0 n=0

=(l-r-—0)l-m)+QQ-r—o)(l-0o)yrn{l—7)+...
+(1-r—o)l~-o)** 2l -m)+A—-r—o)1-o)r" (1l —T)+...=
=(1l-r—0)1-7)" Z (1= o)rn]”
n=0
_(Q-r—0g)(1-m)
1- (1 —U)TTi

Asury = Z Asurfn = Z Phgyrrn/To (B.15)

n=0
=c7+(1—7’—-0’)7’1;0‘4-(1—?“—0')(1*O’)TTZO'-I-
+(1—-r—-0o)(l- )2r27“230-|—(1—rma)(l—cr)”nn“}'1 +...=

=0 [H(l—r—a)n-Z[a—a)m]"]

n=0
1—pr— .
o |14 Lzr=o)n
1—-(1—o)rn
Agurf is the sum of the contributions contributions from the first and second interface,
that are respectively:

—r—o)rt?(l —o
[Asursly =0 [1 L T _)0;25}272 )] (B.16)
e fly = - [ 270 ®.17)

The total absorptivity (bulk plus surface) is then:
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A= Abulk + Asu'rf (B.].S)
_ (1-—r—0)(1—-m+T70)
=0t 1-(1—-o)rmn;

In the limit of low bulk absorption (@ < 1, 73 ~ 1+ L) and low surface absorption
(0 €1, 0 € 1—r), the above expression can be simplified to:

Axco+(1—7)+om~20+al (B.19)

It is also useful for the following discussion to write the expression for the (internal)
total optical power within the glass plate:

Punls) = P*(2)+P(2) (B.20)
= [Mo(l-r—o)e® (1+ (1 -0+ )]+
+ [Ho(l —r — J)e"a(L_z) - ((1 —o)yrm+ (1—=0)r3 78 + - )}

= Ip(l-r—-0)- [e""‘" : Z [(1 = o)rr)™ + r72(1 — 0)e® - Z [(1- J)TTZ-]Q"]
n=0 n=0

l1-r-o0)
1—(1-0)%272

= Il [em + rr2(1 — 0)e*]

It can be easily verified that, as expected, it follows:

L
/0 an;‘tot(z)dz = Abulkno (B.Zl)

B.2 Expressions of the heat source term

B.2.1 Exact expression

The above formalism is now applied to the description of laser absorption calorimetry on
a disc-shaped sample. A rigorous heat flow analysis of a laser calorimetric experiment
should take into account three ‘heat source’ terms, i.e. a ‘volume’ term due to bulk
absorption, and two surface terms due to absorption at each of the interfaces. Absorption
in the bulk produces a 3-d extended heat source in the sample; a general form is assumed
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for the incident power distribution:

o(r, 9, 2) = Py - I(r,9) (B.22)

where P, is the total power of the laser beam and I(r,) is an arbitrary normalised inten-
sity distribution. For instance, for a beam with a uniform, ‘top-hat’ power distribution
of diameter d and a gaussian beam of diameter d, it follows respectively:

1 /2\2
Igauss (T'a 19) = ﬂidiekﬁg)z (B.24)

To calculate the absorbed power density, the expression (B.6) must be modified in order
to account for the multiple reflected beam components within the plate. The absorbed

power in a region between z and z + dz is:

dQ(r,9,z) = aP(r,¥,2)dz (B.25)

where P(r, 9, z) is the total power, given by the relationship (B.20), where however the
expression (B.22) for Il is substituted; the absorbed power density is then:

(1-r—-0a) s \ o
o TR (B20)
l—-r—o Ti _ _ _ _
= aPyl(r,9)- 1(_(1_0)22‘2”_2 . [6 a(z L)+7‘(1—cr)e o(L z)]
2

Q(r,d,2) = abl(r,d)-

Note that Q(r,9,z) can also be expressed by means of the total transmitted power
Piranstot = T - PoI{r,?) (i.e. the power that is actually measured):

P, oo
Q(r,d,2) = ———(01[ j ini‘t;t) . { e—a(z=1) 4 (1 — U)e_o‘(L—z) ] (B.27)

The relationship (B.20) and the definition (B.22) ensure that the above quantity is

normalised correctly, i.e. it follows:
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0o p21 pL
/ / / Q(r, Y, 2)yrdrdddz = / I(r,®)rdrdd -
0 0 0 R?

L
(1 -7 - 0) —az 2 az
‘/0 aPy T= (1= o) [e7** +r72(1 — 0)e**] dz

)
1—(1-0)?r%7?
(1-r-0)(l—-m) P
1-— (1 - O')T"Ti
= Aputk Po = Poabs,tot (B.28)

= 1 (l=m+rr2(l-o)r = 1)]- Ry

On the other hand, the ‘surface terms’ translate into terms in the boundary conditions
for the flat faces of the disc sample. The heat flow at these boundaries is determined by
surface absorption (heat flowing in, expressed using the equations B.16, B.17) and by
irradiation towards the chamber’s walls (heat flowing out). The correct formalism for

these terms is not developed here.

The description with three source terms leads to a far more complicated heat diffu-
sion problem than the model described in Chapter 5. The solutions are expected to
have a complicated dependence on the two ‘unknown’ quantities of the problem, « and
o, making it hard or impractical to use the theoretical solutions for interpretation of

experimental heating curves.

It is therefore necessary to introduce some degree of approximation; indeed, while the
expressions developed in the previous two sections are valid for the general case, in laser
calorimetry one is generally measuring small bulk and surface absorption; also, samples
are thin discs, i.e. temperature gradients along the longitudinal direction can often be
neglected. Bearing this in mind, it is possible to simplify the heat source term.

B.2.2 The ‘uniform heat source’ approximation

This approximation is based on a few assumptions:

e The bulk absorption of the glass sample is small at the wavelength measured, and
the sample is optically thin (el < 1); thus, the variation of intensity of the laser
beam along the longitudinal coordinate z is negligible. The absorbed heat per unit
volume is then independent of the longitudinal coordinate z, i.e. the beam releases
heat uniformly in a cylindrical volume (diameter d, height L) at the center of the

sample.

e Bulk and surface absorption are low, the sample is thin, the laser beam hits a small
area at the center of the sample and the temperature is measured at the edge of the
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disc (R > d, where R and d/2 are the disc and the laser beam radius respectively);
thus, the surface heat source terms are considered as volume terms, i.e. the heat
absorbed by the surfaces is assumed to be ‘spread’ in the same cylindrical volume.

Under these assumptions, the absorbed heat density in a sample of thickness L is given
by (B.19, B.22, B.24):

I gauss (T> 19)

Q(r,9) = (20 + al) By - 7

(B.29)
where the 1/L term must be added in order to ensure that a correct ‘normalisation’ such
as in (B.28) is satisfied, i.e.:

L
/ / Q(r,9)rdrdddz = (20 + aL) Po = Pays oz (B.30)
R2 JO

The expression {B.29) provides a very practical way to determine both o and 0. The
absorbed power is a linear function of the sample thickness L; hence, by measuring the
absorption of a set of samples with different thickness, both o and ¢ can be determined.

Different approximations can be assumed; one possibility is to relax the approximation
of ‘uniform heat source’ and allow for a single exponential dependence of the absorbed

power inside the sample, i.e. to assume a source term:

Q(r,9,z) x (20 + aL) - Polgauss(r,¥) - 7% (B.31)

The exponential of the longitudinal coordinate z can be approximated with a linear
dependence, obtaining:

I gauss (Ty 19)

Q(r,9,2) = (20 + al)Fy - I (1 = %)
2

(1 —az) (B.32)

This form of absorbed heat density is still relatively ‘simple’, retains the advantage of
eqn. (B.30), and still allows the boundary value problem of heat diffusion for a disc
sample to be solved analytically.



Appendix C

Summary of the Solutions of the
BVP for the Calorimetric System
with Sample and Holder
(Composite Double Layer
Problem)

The solution of the boundary value problem of heat diffusion in the cylindrical double
layer (originally 2-d, reduced to 1-d through the ‘approximation of thin sample’) is given
by eq. 5.104:

Tir 1) = APy~ > AuFin(r)- (C.1)

n=0

&1 - et t < to
L1 - embleit) ¢ > ¢

where i = 1 indicates the sample, and ¢ = 2 indicates the holder. The variable r is
defined in the interval [0, Ry], where the interface sample/holder is located at r = R;.
In addition, A is the optical absorptivity of the sample, and Py is the average power of
the laser beam on the sample; the laser is ‘on’ between ¢ = 0 and ¢t = ¢g3. In eqn. C.1,

the {Fi,n(r)}ifelgf are the (radial) eigenfunctions, defined as (see eqns. 5.59, 5.84):

( Fl‘o(T) X IO(bl,O . ’I') n= 0
(sample)
| LRt o) nz1
(C.2)
Foo(r) < Cro- Jo(Bao 1)+ Cop - Yo(Boo-r) n=0
(holder)
FQ,n("") X Cl,n : JD<162,n : T) + C2,n ‘ YO(ﬂZ,n : T) n>1
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where the coefficients {Ci,n};_eﬁ are defined by the expressions (see egns. 5.69-5.70,

5.97-5.98):

Cro=mf |~ 21—0 11(51 oR1) = Io(b10R1)  Yo(B2,0R1) —0
' L1 wb10l1(b1,0Ry) B2,0Y1(B2,0R1)
ﬁ (sample)
Ci . = TR 7 J1 ([31 aR1) = Jo(B1nR1)  Yo(B2nR1)
ln = 73 n Z 1
251,71»71 (B1,nR1) Bo,nY1(BanR1)
( Cyo = ™1 Jo(B20R1)  — M I (by,0R1) — In(b1oR1) _0
' 2 B2,0J1(B2,0R1) —; bi,0l1(b1oRr)
i (holder)
Com = T Jo(B2nR1) Jl(fl,an) = Jo(Br,nRa) n>1
| B2,nJ1(B2nRi) —-2PnJ1(BLnRr)
(C.3)

The b1 and the {f;,} are the (radial) eigenvectors, defined respectively as in eqns.
5.56, 5.94:

b1o = %Q +# n=0
= (sample)
ﬁl,nz\/,i_n_"fll n>1 (04)

fon=JE-2E n>0  (holder)

The quantities {+y, }nen, which determine the radial eigenvalues C.4, and also determine
the time-variable dependence of the solutions C.1, are defined as the solutions of the
following ‘eigenvalue equations’ (eqns. 5.65, 5.77):

{ /() = det[A(y)] =0 e [ 2] Gefining: ©5)

&(y) = detlA(y)| =0 ~e€ [QH”“ oo]  defining: {Va}nz1

In writing these equations it was assumed the condition %2‘ < %’lﬂ The matrices

A'ly] and A[y] are defined respectively as (eqns. 5.64, 5.83):

Jo(B2(1)R1) Yo(B2(7) Ra) -2 e R0k (M RY)]
Ally= Bz (1) J1(B2(v)R1) B2(7)Y1(B2(7)R1) 1’:—;— b1 (7)1 (b1 () Ry)
(%32 nB(MR)~JolBa(MR2)| [ V1(B2(3)R2)~Yo(Ba(n) Ra))| 0

(C.6)
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To(B2(¥)Ra) Yo(B2(7) 1) (B2 nemR)-JodL(ERY)
Alyl= T2(v)J1(B2(v) Ry) B2 (7IV1(B2(¥)R1) "—l[%‘ﬁl('Y)JI<r31('7)R1)
(B0 51 (B2 (MR- To(Ba(mRD)] [ ZH2 ¥i(Ba()R2)~Yo(Ba2(M)Ra))| 0
(C.7)

In the above expressions (C.3-C.7), the following material constants also appear: the
thermal conductivities k; (i=1: sample; :=2: holder), the thermal diffusivities k;, the
thicknesses (i.e., longitudinal dimensions) L;; Hf:‘%f and HCE%%, where h; are the
radiation heat exchange coefficients and h¢ is the sample/holder interface heat exchange
coefficient.

Finally, the generalised Fourier coefficients A, are defined by the following expressions
(valid in the limit: Ry/d — co) (see eq. 5.105):

1 bl‘Od 2
ef 2

wnm, n=0 (C.8)

_1 ﬁl,nd’ 2
e 3 2

2w L1 Nn

Ay =

where d is the radius of the (gaussian) laser beam and the normalisation coefficients IV,
are defined as follows (eqn. 5.107):

2

No=%%]‘[ §(b1,oR1) — IR (broRy)] +

?5 [1'; ([C1.0J0(B2,07) + ConYo(B2,0r)]° — [Cr,0J1(Baor) + Ca,0Y3 (62‘°T)]2)]:::j n=0
N, = %%{ [ (51 nR1)+J1 (61, an)]

% [%’ ([Cr,nJo(B2,rT) + C2,aYo(B2, 1)) + [Crndr(Bonr) + Cz,nY1(ﬁ2,n7‘)]2)]::: net

(C.9)
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Proof of Additional Relationships
(Chapter 5)

D.1 Proofofthe generalized orthogonality relationship 5.72

Eigenvalue equations 5.57 for the n-th and m-th eigenfunction:

dF; 2 g
il )] + B Finl) =0 B, =T - 1)
; , .
Pl O] B Fumlr) =0 By =32 - B
Multiply the first by F; ;, the second by F;, and subtract:
1 d dF; d dF;
(6;2,11 - ﬁim) Fi,nﬂ,m = ; i:Fi,nE; (7' * d:m) - Fz‘,m% (7‘ - d:‘,n):‘ (DQ‘)
Substitute the expression for the fs and reorganize the right-hand side term:
1 1d aF; dF;
E (')’721 - ’szn) FinFim = v dr [TFi,n ; d:'m —~7F - ——d::n} (D.3)
Multiply by r and integrate between r;—; and r; (over ‘zone 1'):
SR [ rBaFindr=[r (Fn B R Fn) T g
P Yo~ Tm . indimar = (T iw\n ar i,m dr e .
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Multiply by &; and sum over the ‘zone’ index 4:

2 : 2
ki T3 3 =Tz
(7721 - ’Yan) : Zl d_z o1 TFn Fymdr = Zl [T ‘ Bn:m]':::i—l (D5
= 2= =
where:
) dF, dar;
Bn,m =k (E’.,n . —cjfr‘ﬁ — Fim - d:n) (D.6

It will be now proved that the right hand side term of eqn. D.5 vanishes (reference (187
gives a more general demonstration for a composite multilayer system):

Z?:l [T'B'ni,m]::::_l =[T'B;,m] gzl +[TB‘:L,m]J;f

=Riki[FLnFY —Fum ], +Roka[FonFs oo ~Fom Py o] ~Faka[FonFy = FomFj o]
=Rk [P nF]  —~Fi,mF] ] et [FonFy py—FomFy ] gy TRk (—H2Foym) = Fom (—HaFo,)l g,
=R1ki[F] ,,(Fin=F2,n)~F) , (F1,m—F2,m)|r, +0
=Rik1 [(—Ho)(F,m—Fom)(Fin—F2,n)— (~Hc)(F1,n—Fo,n) (F1,m—F2,m) Ry
=0
(D.7)
where the boundary conditions at » = R; and r = Ry were used in the simplification.

Thus, equation D.5 reduces to:

2 .
k[T
(=) = /T 7By Fimdr = 0 (D.8)
T JT—1

=1

from the latter, the generalised orthogonality relation 5.73 is directly obtained.

D.2 Proof of the integral identity 5.106

Given the integral on the left-hand side of eqn. 5.106, and assuming in a first instance
the case Bo(z) = Jo(z), Yo(z), a partial integration is performed:

/wB2(ax)d = z_Q B?(az) — /:c2B (az) - [— D
0 z =5 5 o(az) - [— aBi(az)]ds (D.9)

Then, the following identity for the Bessel functions J(z), Y (z) is used (see eqn. 17a,
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pag 662, ref. (187)):

(—idz [z - Bi(az)] = az - By(az)

Hence, the right-hand side term of the equ. D.9 can be rearranged to yield:

+/[wBl(oz:c)] - lezBo(az)) dz = /[:v31 (az)] - c% [B;(az)] dz

z’B%(az)
2

In the case of the Iy(z), the D.9 becomes:

2
/mIg(az)dw = % I2(oz) — /:z;zlo(oea:) el (oz)|dx
Eqn. D.10 is also satisfied by Ip(z), thus so is D.11:

2712
+ / [z (az)] - [azly(az)] do = 9’—:’12&9

Summarising, the results in the two cases is:

) [ Z[B3(az)+ B}(ez)] for By(z) = Jo(z), Yo(z)
./:EBO (ow)dz = { “32 [IE(az) — IZ(az)]  for By(z) = Io(@)

which concludes the demonstration.

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)
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