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The incorporation of bismuth (Bi) as a dopant in silica fibre has demonstrated great
potential for the development of fibre lasers and amplifiers. Silica fibres doped with Bi, in
combination with aluminium (Al), phosphorus (P), and germanium (Ge), can provide
amplification covering different spectral bands in the wavelength range of 1.1-1.5 um and
1.62-1.75 um, which are typically inaccessible to rare-earth (RE) doped silica fibres.

This thesis presents a detailed study of Bi-doped fibres (BDFs) in phosphosilicate and
aluminosilicate host, fabricated using the modified chemical vapour deposition (MCVD)-
solution doping technique. The study investigates the impact of various fabrication
conditions on the performance of Bi-doped phosphosilicate fibres (BPSFs) and Bi-doped
aluminosilicate fibres (BASFs). The conditions include soot deposition temperature,
solution composition, collapsing of preforms in 02/He atmospheres, and fibre drawing
speed. The optical properties of the BDFs were characterised through measurements of
absorption and unsaturable loss. The results of this characterisation and the subsequent
laser experiments were used as feedback for the optimisation of the fabrication process.
Spectroscopic studies of BASFs were also conducted, including measurements of
fluorescence spectrum, lifetime, absorption and emission cross-section, and unique anti-

stoke emission in the visible wavelength region.

Additionally, Bi-doped fibre lasers (BDFLs) were developed to assess the performance of
the fibres. A BDFL based on a 200m BPSF was demonstrated to operate at 1340nm with
172mW output power and 38% slope efficiency. Afterwards, the laser was continuously
tuned in the spectra range of 1305-1375nm by employing different tuning elements, such
as an optical filter and a tunable fibre Bragg grating. However, the development of BDFLs
inthe 1.1um band based on BASFs faces challenges due to high unsaturable loss in the fibre,
resulting in poor laser output performance. Thus, further optimisation of the fabrication
process is crucial to increase the efficiency of BASFs.

Overall, this work provides important insights into the fabrication and optimisation of Bi-
doped silica fibres for use in fibre lasers and amplifiers.
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1.1 Motivation and Challenge

Silica fibre has been developed rapidly over the past decades and has been applied widely
in various fields, such as fibre amplifiers, fibre lasers, fibre sensors and gyroscopes. It has
revolutionised optical communications with low propagation loss in a large bandwidth,
allowing data transmission over long distances [1, 2]. The invention of the fibre amplifier,
particularly the erbium-doped fibre amplifier (EDFA) [3], was a breakthrough in optical
communications and boosted the field dramatically. At the same time, the fibre laser keeps
playing an essential role in the industry, from laser weapons and material processing [4, 5],
to spectroscopy and medicine [6], benefiting from its high gain, efficient cooling, high-

quality optical beam, and compactness.

In recent years, exploring fibre lasers and amplifiers capable of operating in the new
wavelength bands has drawn significant interest. Optical fibres doped with rare-earth (RE)
ions are widely used in the near-infrared (NIR) wavelength region, covering bands around
1 um, 1.5 um, 1.8 um, and 2 um, respectively, with different RE ions such as neodymium
(Nd), ytterbium (Yb), erbium (Er), thulium (Tm) and holmium (Ho), as shown in Figure 1.1.
However, there exists a significant gap in the working laser wavelengths of RE-doped fibres
in the spectral region of 1.1-1.5 um and 1.62-1.75 um. In particular, the wavelength gap
around 1.3 um is crucial for the availability of lasers and amplifiers, as it can fill the low-loss
transmission window of SMF-28 [7], increasing the capacity of today’s fibre optic
communication. Furthermore, with the help of low-loss hollow-core fibre that provides ~
0.5 dB/km loss at 1064 nm and 1100 nm [8], the telecommunication bandwidth can even
be extended to 1 um, indicating the need for new amplifiers and lasers. In addition, a
suitable fibre laser operating at 1100-1200 nm would enable an efficient visible light source
in the wavelength range of 575-590 nm by frequency doubling, which can be beneficial for

astronomy [9], ophthalmology [10] and dermatology [11].



Chapter 1 Introduction

Er3+
H
. Yb3+
I .Nd3+

800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength(nm)

RE Element

Figure 1.1 Wavelength bands covered by silica fibres doped with

different REs and Bi ions.

Different dopants have been extensively studied in silica fibres to broaden the wavelength
range of operation. Among them, bismuth (Bi) has emerged as a leading candidate as it can
extend the emission wavelength beyond what is normally covered by REs when doped in
silica fibres. Thanks to the host-dependent spectroscopic properties, BDFs with different
co-dopants such as aluminium (Al), phosphorus (P) and germanium (Ge) with a low or high
(>50mol%) concentration can cover wavelength bands around 1.1, 1.3, 1.45 and 1.8 um
respectively [12]. This unique feature enables amplifiers and fibre lasers in wavelength
bands that are difficult to achieve with RE-doped silica fibres, with a view to many potential
applications such as fibre optic communications, optical fibre sensing, biomedical imaging

and so on.

It cannot be denied that there are alternative technologies to achieve laser sources or
amplifiers for the wavelength band of 1.1-1.8 um discussed above. Although some
wavelength bands can be achieved by bulk lasers and semiconductor lasers, the fibre laser
has certain unique advantages. Initially demonstrated in a Neodymium (Nd)-doped glass
fibre in the 1960s [13, 14], the fibre laser gradually replaced many bulk laser sources and
became widely used because of its compactness and robustness as the fabrication
technique of active-doped fibres developed. Compared to semiconductors which have
limited output power, fibre lasers have greater potential for power scaling, with additional
attractive features such as the ability for single mode and narrow linewidth operations.
Among different types of fibre lasers, although the Raman laser can generate light at many

wavelengths, it often necessitates a relatively high pump power to surpass the Raman
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threshold. The Raman laser also has drawbacks of limited spectral control in comparison to
lasers based on active fibres. In the case of amplifiers, no efficient amplifier with RE-doped
fibres has been demonstrated to operate covering the wavelengths region 1.1 to ~1.5 um
and ~1.65 um. Therefore, there is a high demand for developing BDFs in various glass hosts
to cover the wavelength gaps not accessible using RE-doped fibre, for both lasers with high
power and good beam quality, and amplifiers with efficient gain and low noise figure.
Furthermore, the potential for future power scaling of these laser sources is of vital
importance. Concerning the amplifiers, the implementation of a broader operating
bandwidth is desirable in conjunction with the existing EDFA-based optical

telecommunications system.

Despite the broadband emission of BDFs supports lasers and amplifiers operating over a
wide wavelength range, their efficiency is currently limited by the performance of the BDFs
used to demonstrate such devices. Additionally, due to the experimentally observed fact
that low Bi concentration in BDFs perform better compared to high-concentration, thus
long device lengths, sometimes of the order of hundreds of meters, are required to provide
sufficient gain for Bi doped fibre lasers and amplifiers (BDFLs and BDFAs). Improving the
fibre performance and associated laser/amplifier efficiency requires a proper
understanding of the bismuth active centres (BACs) that contribute to the near-IR emission

and a reduction of the unsaturable loss (UL) in such fibres.

The primary objective of this project is to develop BDFs with different dopants in a silica
host and to build the corresponding fibre lasers operating in different wavelength ranges.
This study follows a closed loop sequential approach, starting with (1) the fabrication of
BDFs using MCVD-solution doping technique, followed by (2) the characterisation of a
number of BDFs produced under different fabrication conditions, (3) the spectroscopic
study of the fibres, and (4) the demonstration of BDFLs. Based on the fibre characterisation
and laser results, the fabrication conditions were further modified, in terms of deposition
temperature, solution content and concentration, collapse atmosphere, and fibre drawing
conditions. This study developed both Bi-doped phosphosilicate and aluminosilicate fibres
(BPSFs and BASFs) that were used to demonstrate both fibre lasers and amplifiers, with a
focus on laser performance in this thesis. Information on BDFAs and related results can be

found in [15-18].
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1.2 Layout of the thesis

Chapter 1 explains the motivation behind this study of Bi-doped fibres and briefly discusses

the challenges and difficulties of the topic.

Chapter 2 reviews the history of development of BDFs and briefly explains the origin of
their NIR luminescence. It summarises the improvement of both BDFL and BDFA at

different spectral regions.

Chapter 3 introduces the background knowledge about the optical fibre fabrication,
including the specific technique so called ‘modified-chemical-vapour-deposition (MCVD)
combined with solution doping’, which is used in this study to manufacture both BPSFs and
BASFs. It presents a detailed overview of the general production process, including preform

fabrication, analysis, and fibre drawing.

Apart from the review and introduction of fundamental knowledge related to this topic,
this study can be generally separated into two modules based on the glass host of BDFs: (1)
the study of BPSFs, covering chapter 4 -5 and (2) the study of BASFs, covering chapter 6-8.

In each module, the study involves the fibre development and the device demonstration.

Chapter 4 shows the development of the fibre fabrication process, particularly for BPSFs.
The modifications made during the preform fabrication are introduced in detail, followed
by characterisation of the resulting fibres in terms of both chemical analysis and optical

properties.

Chapter 5 details the construction of a laser setup used to evaluate the performance of the
BPSFs manufactured in this study. The cavity was modified to achieve the highest possible
output power. After optimisation of the BDFL operating at 1340nm, its wavelength-tuning
ability was demonstrated using an optical filter and mechanical-tunable fibre Bragg gratings
(FBGs). Comprehensive results of the laser output, including power, slope efficiency, and

spectrum, are presented in both experimental scenarios.

Similar to Chapter 4, Chapter 6 introduces the development of BASFs fabrication and the
related characterisation of the fibres. The modification of the BASF fabrication involves

different parameters in both MCVD process and fibre drawing.
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Chapter 7 introduces our spectroscopic study related to BASFs. The study includes
measurement of fluorescence spectrum, the lifetime, and cross-section. A methodology for
cross-section analysis that can be generally applied to BDFs is presented. Additionally, this
chapter discusses a critical phenomenon of visible luminescence in BASFs at new
wavelengths, which is believed to be one of the reasons contributing to the low efficiency

of BASFs.
The laser performance of in-house fabricated BASFs is presented in Chapter 8.

Chapter 9 concludes the contributions of this thesis to knowledge in this field and discusses

some potential work for the convenience of researchers studying on BDFs in the future.

With the exception of a few samples created collaboratively with colleagues as part of early
project training, the author played a central role in fabricating the majority of preforms and
fibres utilised in this study. While the characterisation of the BPSFs was partially carried out

by another colleagues, the entire work related to BASFs was conducted by the author.
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Chapter2  Introduction to Bi-doped optical fibres

2.1 Introduction

This chapter provides a review of the development of Bi-doped fibres (BDFs) over the past
20 years, highlighting the latest achievement in both Bi-doped fibre lasers (BDFLs) and
amplifiers (BDFAs). The study of BDFs has been focused on two main areas: the physical
theory of its working mechanism and the device development. This chapter is organised
accordingly, beginning with a discussion of the origin of the near-infrared (NIR)
luminescence in BDFs in Section 2.2. The subsequent section (2.3) provides a review of
BDFLs, covering three areas: (1) Continuous-wave (CW) BDFLs operating at a single
wavelength within 1100-1800 nm; (2) Tunable BDFLs; and (3) Pulse BDFLs. In Section 2.4,
the progress made on BDFAs is summarised based on the working wavelength, including:

(1) 1100-1250 nm; (2) 1260-1360 nm; (3) 1300-1500 nm; (4) 1600-1800 nm.

2.2 Origin of the NIR luminescence in Bi-doped fibres

The doping material Bi in silica fibres has attracted increasing attention from researchers,
due to its unique feature of exhibiting host-dependent absorption and emission properties,
which is attributed to its distinct fundamental structure as compared to REs. The typical
electronic configuration of REs is (Xe)4f*5d¥s? (x=0-14, y=0 or 1), where the 4f subshell is
partially filled and the 6s subshell is full-filled. As a result, the interactions between the
unpaired electrons and the glass host are mostly prevented because the 4f subshell is
shielded by the 6s subshell. In comparison, the electronic configuration of Bi is (Xe)
4f145d%0%6s%6p3, in which the inner subshells are full filled, leaving the outer 6s and 6p
electrons to have significant interaction with the surroundings. The host-dependence of Bi
has enabled a broad gain bandwidth to be observed from 1.1-1.8 um, particularly in the

silica optical fibres when the host glass is co-doped with Al, P, Ge, or a combination of those.

Historically, the NIR luminescence of Bi-doped silica glass was first discovered in 1999 by
Murata et al. at 1132 nm with a full width at half maximum (FWHM) of 150 nm [1]. Since
then, significant efforts have been made in the past decades to develop Bi-related glass

and optical fibres. However, after over 20 years investigation, the nature of Bi-related NIR
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emission remains unclear. One of the main reasons for this is that Bi ions at different

valence states can coexist in the glass, including Bi*, Bi?*, Bi** and Bi>*, as well as Bi clusters

and negative Bi dimers, such as Biy” and Bi? [2-19]. This makes the manufacturing

procedures of BDFs heavily depend on fabrication conditions as the oxidation states of Bi

ions can be easily affected by factors such as temperature, atmosphere, and concentration

of other elements present in the glass. Table 2.1 lists the hypotheses and related evidence

of Bi NIR luminescence origin in the past and current, categorised by the valency states of

the Bi-ion.

Table 2.1 Origin of NIR luminescence in Bi-doped glass

Origin of NIR luminescence Glass composition Reference
Bi clusters GeOZ_TaZOS_B_iZO3 [2]
Ge0,-Al;03-Bi;03
50  Bi2038:05:5i0xPbO 3l
Bi203-B203:Si02:Pb0-Sb;03
B,03-Ba0-Al;03-Bi>03 [4]
P,0s5-Al>03-Bi>03 [5]
Ge0>-Al,03-Bi;03 [6]
Si0;-Al;03-Ge0,-P,05-Bi;03
Si02-Al;03-Ge0;-Bi;03 7]
Bi* Si0z-Al;03-Bi;03
Ge0;-5i0,-Ta05-P205-Bi 03
Si0,-Ge0,-Al;03-Bix03 8]
Si02-Ge0,-Biy03
Si02-Al;03-Ge0;-P,05-Bi03 (9]
Si02-Ge0,-P205-Bi>03
Bi%* Ge0,-Sr0-Al;03-Bi;03 [10]
Si02-Al;03-Ge0;-P,05-Bi03
SiO2-Alx03-Ge0;-Bix03 7]
Si02-Al;03-Bi;03
B Ge0-5i05-Ta;05-P205-Bi>0s
Si02-Al;03-Bi;03 [11]
Al,03-Ge03-NaO(or BaO, Y,03)-Bi,03 [12]
Si02-Al;03-P,05-Li20
Negative Bi dimmer Si02-Al03-P,05-B203-Na20 [13]
Bi, Bir? $i0,-Al,03-Zn0-MgO-TiO-Zr0;
Si02-Al,03-MgO-Bi>03 [14]
Bi**On2~ Model [15]

10
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Model [16]
Si02-Al,03-Y203-Bi,0
2 2VU3-12U3 2U3 [17]
+ Model
Al,03-Ge0,-P,05-Si0,-Bi,0
{[A|O4/2]', BI+} 2U3 2-F2U5 2 2VU3 [18]

Al>03-Si02-Bi;03

Ge0;-Al;03-Bi,0
Point defect eI [19]
(or PbO, In03, Sn0O3, Sh,03, TeO3)

Reports of luminescence from Bi-doped glass and crystals related to Bi?* and Bi** had been
previously published [20-23]. However, in those reports, the luminescence was limited at
visible wavelengths. After the NIR fluorescence was discovered in Bi-doped glass, Fujimoto
et al. refuted the hypothesis that Bi** and Bi** were the origin of this new NIR luminescence
for the following main reasons [11]: (1) The absorption peaks of their samples were
different from those of previous Bi** doped glasses, and the lifetime of this new
fluorescence was two order magnitude longer than that of typical Bi* ions at room
temperature (630us and 3us respectively); (2) Electron spin resonance (ESR)
measurements failed to detect any signal resulting from unpaired electrons, which would
exist if there were Bi%* in the sample. The possibility of impurities as the cause of the NIR
luminescence ruled out, and Bi*>* was suggested to be responsible for this new feature. This
opinion was further supported by experiments showing that the NIR emission increased
with Bi®* concentration in three Bi** doped glass samples [12]. However, later studies found
that melting temperature could also have great impact on the optical properties of Bi-
doped glass [24]. Therefore, the comparability of the experiment in Ref. [12] was
reconsidered since the temperature was not controlled to be identical thus the conclusion
was not persuasive. Another hypothesis emerged, suggesting Bi in the lower valency states
[4,5] could be the source for the NIR emission based on the energy matching conditions.

This hypothesis was later supported by [6-9].

After successful fabrication of BDFs in an aluminosilicate host [18], Dvoyrin et al.
hypothesised that the luminescence feature of BDFs was due to the [AlO42]" complex as
there was no infrared emission without co-doped Al in the fibre. However, this hypothesis
was quickly disproved when a series of Bi fibres co-doped with other elements (P, Ge, or
the combination of these dopants) were fabricated and showed amplification in the
spectral range of 1.2-1.55 um [7]. Peng et al. proposed that the emission could come from

Bi cluster in the Bi-tantalum (Ta) -co-doped germanium oxide glass [2], while Ren et al.

11
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suggested that the infrared emission could be assigned to BiO molecules in Bi-doped
silicate glass [25]. Over the years, several other hypotheses were also proposed, including
negative Bi dimers (Bi%/Bi% [13], Bi%>/Bix* [14]), Bi° [3], and point defects [19]. Some
researchers suggested that Bi>*0,2~ molecules could be responsible for the NIR emission
using an intramolecular charge transfer model [15-17]. Overall, the most acceptable
opinion is that the NIR emission does not come from Bi?* and Bi** [26], but the exact origin

of the Bi-related NIR emission is still a topic of intense debate.

In addition to these hypotheses, another essential concept is the bismuth active centre
(BAC) related to the NIR luminescence feature. Nowadays, it is believed that different types
of BACs can be formed and exist in the glass depending on the glass composition. Energy
level diagrams for BACs formed together with other elements (such as Si, Al, P, Ge)
associated with NIR luminescence have been predicted as shown in Figure 2.1 [27-29].
These predictions were determined from absorption and luminescence properties of the
BDFs, by measuring the intensity of fluorescence light in a wide spectrum range when the
fibre was pumped at different wavelengths. Supercontinuum laser sources were used to

sweep the excitation wavelength continuously from 450-1700 nm and 250-900 nm.
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Figure 2.1 Predicted energy level diagrams of BACs associated with

Si, Al, P and Ge

Despite numerous experimental and theoretical studies, none of the hypotheses proposed
so far has been completely validated. Therefore, there is a need for additional fundamental
research on the Bi-related NIR luminescence in optical fibres to improve the manufacturing

of the fibres and the design and modification of related devices.
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2.3 State of art of the Bi-doped fibre lasers

Research on Bi-doped NIR-emitting glasses and optical devices has experienced rapid
growth since the discovery of the NIR luminescence of Bi-doped silica glass. This section
will focus on the progress in the optical fibre laser field, particularly for CW BDFLs, tunable

BDFLs and pulsed BDFLs operating in the range of 1.1-1.8 um.

2.3.1 State of art of continuous-wave Bi-doped fibre lasers

In 2005, for the first time, BDFs were successfully fabricated by Dianov et al. using the
modified-chemical-vapour-deposition (MCVD)-the solution doping technique [18]. Two
fibres were manufactured with composition of 1Al,03-9Ge0,-2P,05-88Si0, (BAGPSF) and
10AI1,03-90Si0O; (BASF), with bismuth oxide (Bi,O3) concentration of 0.002 and 0.03mol%,
respectively. The BASF fibre showed broad absorption bands peaking at 700, 800 and 1000
nm, while these bands were slight red-shifted in the BAGPSF. In addition, the fluorescence
spectrum of the BASF was observed at 750 and 1060 nm, with the FWHM of 100 and 200
nm, respectively. The BAGPSF also exhibited similar fluorescence properties with the
second peak shifted to 1160 nm. Subsequently, a continuous-wave (CW) lasing was
established using this type of BASFs [30]. The laser cavity was formed by two Bragg gratings
and pumped by a Nd: YAG laser at 1064 nm with an output power of 5 W. A maximum laser
output power of 460 mW at 1146 nm and 400 mW at 1215 nm was reported, with
corresponding slope efficiencies of 10.2% and 14.3%, respectively. A few years later, Bi-
doped phosphogermanosilicate fibres (BPGSFs) were used to demonstrate a BDFL lasing in
the range of 1300-1470 nm, which was pumped at 1205, 1230 and 808 nm [31]. The laser
was monitored at two temperatures, 300 K and 77 K, and the laser slope efficiency was
found strongly dependent on the temperature, with values less than 5% in all cases. At the
lasing wavelength of 1310 nm, the slope efficiency increased with reduced temperatures,
while an opposite trend was observed at 1345 nm. Later, an operating wavelength range
of 1470-1550 nm was also reported by pumping BPGSFs and Bi-doped germanosilicate
fibres (BGSFs) at 925 nm and 1230 nm [32]. Under 1230 nm pumping at room temperature,
lasing peaks were observed at 1500 nm and 1520 nm with a 30 m BPGSF, which exhibited
a slope efficiency of 4.2% and 1.6%. Under the similar condition, a 30 m BGSF also

demonstrated lasing at 1500 nm with the efficiency of 3%. When pumped at 926 nm, lasing
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at 1550 nm was observed with BPGSF, although the slope efficiency was failed to be

measured as the limited pump power exceeded only the threshold value.

The initial studies indicated the high potential of BDFs for the development of devices
operating in the NIR. Significant efforts have been made to increase the fibre efficiency as
well as extend the bandwidth. The presence of unsaturable loss (UL) in BDFs has been
suggested as an important factor for the poor laser efficiency of BDFLs, which will be
discussed in later chapters. Table 2.2 summarises the published BDFLs so far, including
lasing and pumping wavelengths (As and Ap), output power (Pout) and slope efficiency (n)

with respect to the launched or absorbed pump powers as marked by L or A respectively.

Table 2.2 List of BDFLs in the range of 1.1-1.5um

As(nm) | Ap(nm) Pout(mW) n(%) Note | Ref.
1146 460 10
1215 1064 400 14 L 301
1150 13000 19
1160 15000 22
1205 1070 5000 7 A [33]
1215 4500 13

1068 3000 22
1160 1075 | 3600(T=300K) 8600(T=77K) 21 (T=300K) 52 (77K) A [34]
1090 | 5000(T=300K) 8400(T=77K) 28 (T=300K) 50 (77K)

1150 300 14
1200 1060 550 24 L 35]
1160
1146 1064 300 10 A [36]
1178 1070 6400 15 A [37]
1150 1300 19
1160 1070 1500 21 A 38]
1310 | 1205 2.5 1.4 (T=300K) 5.4 (77K)
1310 1230 18 3.2 (T=300K) 5.0 (77K) A [31]
1345 1230 5 0.8 (T=300K) 0.6 (77K) [39]
1470 1230 28 3.4
1330 1230 2500 24
1480 1340 2000 23 A [40]
1280 1230 8900 31
1330 1230 1060 37
1340 1230 8800 31 A [41]
1360 1230 5230 18
1480 1340 1940 21
1500 1230 80 4.2
1520 1230 40 1.6 A [32]
1550 925 At threshold -
1389 2200 36
1480 1340 8000 65 A [42]
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1500 4000 68
1538 1600 35
1703 1568 560 20 L [43]
[44]
1705 1568 1050 33 L [45]
15 5
1730 1568 45 13(thermal treatment) L [46]
1460 1340 400 41(PANDA) L [42]
1460 1310 3000 72(W-type fibre) L [47]
1460 808 50 0.2(cladding pump) L ES}
1360 793 300 .
1460 308 150 1.4(cladding pump) L [50]

In the wavelength range of 1.1-1.3 um, the maximum slope efficiencies were 28% at room
temperature (300K) and 50% at 77 K at 1160 nm [34]. The output power and slope
efficiency were found to be strongly dependent on temperature, with values roughly
doubling when the fibre was cooled from room temperature to 77 K. The CW laser
demonstrated was later applied for yellow light generation using frequency-doubling
technique [36-38]. Currently, the maximum laser output power reported within 1.1-1.3 um
is around 15 W at 1160 nm with a slope efficiency of 22% with respect to absorbed pump

power.

In the wavelength range of 1.3-1.5 um, Bufetov et al. found that the laser slope efficiency
depended significantly on the pump power level [41]. Two BPGSFs were pumped by a
Raman laser operating at 1230 nm with 28 W power, resulting in 10.6 W output power at
1330 nm. It was observed that the slope efficiency increased from 17% to 50% at lower and
higher pump power levels, respectively. A spectrum broadening was also observed at the

output under high-power pumping.

The study of BDFLs has also made progress in extending the spectral range to 1.6-1.8 um
[43]. By increasing the concentration of Ge to >50mol%, luminescence at 1700 nm was
observed when the excitation wavelength was around 460, 950, and 1600 nm. Using this
high-Ge-doped fibre, a BDFL operating at 1703 nm with a slope efficiency of 20% and an
output power of 560 mW was demonstrated [43]. The pump power was 3 W, and the
pumping wavelength was 1568 nm. Several BDFLs operating in this wavelength range were

later developed to the Watt-level and showed a maximum slope efficiency of 33% [44,45].
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In recent years, there has been a shift in the development of BDFLs towards exploring the
potential of modifying the fibre refractive index profile. This approach has shown promising
results in significantly enhancing the performance of BDFLs. A PANDA-type polarisation
maintaining BDFs was demonstrated with a 41% slope efficiency with respected to the
launched power at 1460 nm [42]. A W-type graded-index BDFs was fabricated and
improved the laser performance significantly with a 72% slope efficiency at 1460 nm [47].
Additionally, some preliminary results related to double-cladded BDFs have been reported,

which show potential for future power scaling in BDFLs [48-50].

2.3.2 State of art of tunable Bi-doped fibre lasers

In the past, only a limited number of tunable BDFLs have been reported, despite their
potential for applications in fibre-optic communications, sensing, and medical fields. Figure
2.2 provides a summary of published tunable BDFLs across different wavelength bands.
One tunable BDFL based on a BGSF and an external diffraction grating was reported to
operate from 1366-1507 nm [51]. This laser demonstrated output power ranging from 25
to 50 mW across the tuning bandwidth, using 300 mW of pump power at 1340 nm. Another
tunable laser operating within the range of 1.65-1.8 um was also demonstrated, using a
BGSF with a high Ge concentration (>50%), with 300 mW pump light at 1564 nm [52]. The

maximum output power was 6 mW at 1.7 um.
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Figure 2.2 Output power and bandwidth of reported tunable BDFLs.
Each curve represents one published result which can be found in

[51-54].
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Our group recently reported a BDFL tunable from 1315 to 1375 nm, which was pumped at
1270 nm using a BPSF as gain medium in a ring laser cavity [53]. The BDFL had a maximum
output power of 60 mW and a slope efficiency of 10% at 1353 nm. The output power was
further increased to 138 mW with the help of a Bi-doped fibre amplifier (BDFA).
Subsequently, by improving the BDFs and further optimising the laser cavity, we
demonstrated a tunable BDFL with a tuning range of 1305-1375 nm and a maximum output
power of 150 mW without any additional amplification of the output light [54]. The laser’s
tuning was achieved using an optical filter, and its slope efficiency exceeded 25% in a 60
nm bandwidth from 1311 to 1371 nm. In parallel, another tunable BDFL was also reported
with a similar output power in the 50 nm tuning bandwidth from 1320 to 1370 nm, using a

mechanically-tuned fibre Bragg grating (FBG) [55,56].

233 State of art of Bi-doped fibre pulsed laser

The broad gain bandwidth of BDFs enables the development of pulsed lasers using Q-switch

or mode-locking techniques. Table 2.3 and

Table 2.4 summarise the reported pulsed BDFLs, including their operating wavelength (As),
pulse-width (tp), repetition rate (R), average pulse power (Paw), and pulse generation
mechanism. Active-mode-locked BDFLs used acousto-optic modulators (AOMs) [71,76],
while passive mode-locked BDFLs were realised by using different saturable absorbers,
such as carbon nanotubes (CNT) [61, 67, 72], single-walled carbon nanotubes (SWCNT) [65],
semiconductor saturable absorbed mirror (SESAM) [57-60,62,63,70,74], non-linear
amplifying loop mirror (NALM) [64,73], non-linear optical loop mirror (NOLM) [64], and
nonlinear polarisation rotation (NPR) [75]. Pulsing can even be achieved by the BDF itself
[66,68,69], as the unsaturable loss (UL) of the fibre can act as a natural absorber in the

cavity.

In 2007, the first pulsed BDFL was demonstrated successfully using a 6m BDF and a SESAM
[57]. The laser generated pulses at a wavelength of 1162 nm with a pulse width of 50 ps
and an average power of 2 mW, which was pumped by an Ytterbium-doped fibre laser with
~800 mW power at 1064 nm. The repletion rate of the pulse was 13 MHz. Since then, BDFs
co-doped with Al, P, and Ge have been utilised to demonstrate pulsed lasers at 1100-1250
nm, 1300-1500 nm, and 1600-1800 nm, respectively. For the 1100-1250 nm range, a pulsed

BDFL based on a SESAM and a master oscillator power amplifier (MOPA) exhibited a pulsed
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output of 150 mW average power at 1177 nm [62]. The output was then frequency doubled
at 588 nm with a power of 13.7 mW. For the 1300-1500 nm wavelength range, the shortest
pulse reported had a duration of 240 fs at a repetition rate of 20 MHz, achieved through a
CNT and MOPA system. The peak power of the output was 3.1 KW [67]. In 2016, the first
pulsed BDFL operating at 1.7 um was demonstrated using a CNT as the saturable absorber
[72]. Another pulsed BDFL at 1.7 um was later developed with a 630 ps pulse duration and
a 20 mW average power, utilising a NALM and further pulse amplification and compression

[73]. Furthermore, several tunable pulsed BDFLs were demonstrated at the wavelengths of

1153-1170 nm [74, 75] and 1310-1370 nm [76].

Table 2.3 Summary of pulsed BDFLs results

As: Operating signal wavelength, t,. pulse-width, R: repetition rate, Pave: average pulse

power; ‘-“ was used where the data is not given in the reference.

As(nm) to(ps) R(MHz) |Pave(mW) Mechanism Reference
1162 50 13 2 SESAM [57]
1162 1.9 6 4~6 | Chirped FBG+SESAM [58]
1180 5 2.4 0.56 SESAM [59]

1158-1168 1.1 - 0.3 SESAM [60]
1177 4.7 5 0.015 Chirped FBG+CNT [61]
1177 150

28 9.1 SESAM+MOPA [62]
588.75 13.7
1320 2.51 2.5 0.3 SESAM [63]
11.3 6
1300-1340 3.5 NOLM/NALM+MOPA [64]
0.53 30
1320 7.8 10 1.15 SWCNT [65]
1340 1.2 6.3 18 Self-mode-lock+MOPA [66]
1440 0.24 20 15 CNT+MOPA [67]
1463 1.8x10° 6.5x1072 20 Self-Q-switch [68]
4.7x10°% |3.15x102 Self-Q-switch/
1470 0.1 . (69]
1.2x103 3.088 Q-switch-mode-lock
1450 0.9 9 - SESAM [70]
1450 1.89 9 - AOM [71]
1700 1.65 4 10 CNT [72]
17 0.3 NALM
1700 3.57 [73]
0.63 20.4 Amplify+compress
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Table 2.4 Summary of tunable pulsed BDFLs

As(nm) Min. tp(ps) | R(MHz) |Pave(mW) Mechanism Reference
1153-1170 0.9 7.5 - SESAM [74]
1153-1174 21.4 4.254 - NPR [75]
1300-1370 | 1.3x10% 1.683 101 AOM+MOPA [76]

2.4 State of art of Bi-doped fibre amplifiers

BDFs have found an essential application in amplifier development, particularly for
extending the working bandwidth and increasing the capacity of optical fibre
telecommunication. The operation wavelength for modern telecom systems can be
classified into various bands, including O-band (1260-1360 nm), E-band (1360-1460 nm), S-
band (1460-1530 nm), C-band (1530-1565 nm), and L-band (1565-1625 nm), which are
defined by the ITU-T standard. While erbium-doped fibre amplifiers (EDFAs) are commonly
used in the C-band and L-band, no efficient amplifier has been widely used for other bands.
Therefore, huge efforts have been devoted to developing BDFAs that operate in O-, E-, and
S- band, as well as in the extended spectral range of 1100-1250 nm and 1600-1800 nm. The
performance of these BDFAs is summarised in Table 2.5, including the maximum gain and
the wavelength, the operation band and its corresponding bandwidth, input signal and

noise figure.

Table 2.5 Summary of BDFA parameters
Agmax: wavelength with maximum gain; BW: bandwidth; Ps: input signal power; NFmin:

minimum noise figure; ‘-" used where the data is not mentioned in the reference.

Operating band P | NFmin

Agmax(nm) Gmax{dB) Range(nm) |BW(nm)| Note [(dBm)| (dB) Ref.

1160 ;3 Z(T(;iggg Single A -6 - [77]

1180 11.5 Single A -4 - [78]

1321 24 1305-1342 37 3dB -25 4-6 [41]

1340 25 1320-1360 | 40 g | O 46 [79]

29 -30
1340 39 1330-1360 30 1dB -23 6 [80, 81]
1340 40 1300-1360 60 Min~Max| -23 4.8 [82]
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45 (T=-60°C) -30 4
1330 30 1287-1354 67 85% - 7 [83]
1296 19 1272-1310 80 2dB -6 5 [84, 85]
1320 >25 1302-1345 43 3dB -25 5-6 | [86,87]
1343 13 (on-off) 1240-1485 245 |Min~Max| - - [31]
1430 24 1414-1450 36 3dB -20 6 [88, 89]
1360
1410 26 1306-1441 135 3dB - 7.3 [90,91]
1420 31 1345-1460 115 >20dB -23 4.8 [92]
1430 38 1410-1450 40 3dB -23 6 [93]
1334 30.6 1325-1441 116 3dB -23 5.6 [94-96]
1442 21 1427-1461 34 3dB -25 4-6 [41]
1430 30.6 1405-1460 55 >20dB -20 4.75 | [97,98]
1430 29.5 1300-1467 67 >20dB -20 4.6 [47]
1710 23 1697-1737 40 3dB -20 7 [99,100]
1651 18 .
1687 -6 Single wavelength -16 - [101]

Figure 2.3 illustrates the maximum gain of these BDFAs, along with their bandwidth over
the 1.1-1.8 um spectral range. Note that the O-, E-, and S-bands are marked on the figure,
whereas the S- and C-bands were omitted since EDFAs are commonly used in those regions,
and no BDFA has been developed in this area. The single star point represents the BDFA

whose gain was measured only at a single wavelength.

In the O-band, the highest gain achieved to date was demonstrated in [82] at 1340 nm,
with gains of 45 dB and 40 dB at temperatures of -60 °C and room temperature, respectively.
A 60nm bandwidth was reported from 1300 to 1360 nm in the BDFA. In 2008 [31], the
positive on-off gain was observed in a BPGSF covering both O- and E- bands from 1240 to
1485 nm. Since then, efforts have been made to extend the operating wavelength to the
shorter side of the O-band within the range of 1260-1310 nm and to the longer side to E-
band. Amplification was proven at the wavelength of 1280-1370 nm in [41], with a 37 nm
3 dB bandwidth centred at 1321 nm. In [86], another BDFA was developed with only 36 m
BPSF, operating from 1287-1354 nm with a maximum gain of 30 dB, with a 3 dB bandwidth
of >40 nm. To cover the entire O-band, a BDFA was demonstrated with a 6 dB bandwidth
of 80 nm and a maximum gain of 19 dB at a wavelength centred flexibly at 1305-1325 nm
[84, 85]. Regarding the E-band BDFA, a maximum gain of 38 dB was achieved at 1430 nm

20



Chapter 2 Introduction to Bi-doped optical fibres

with an input signal power of -23 dBm. The 3 dB bandwidth was 40 nm. More importantly,
BDFAs covering both O- and E- bands were under deep investigation, with results discussed
in [90-92, 94-96]. In addition to standard optical fibre telecom bands, BDFAs also

demonstrate amplification in extended spectral range of 1100-1250 nm and 1600-1800 nm
[77,78,99-101].
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Figure 2.3 Operation wavelength and maximum gain of BDFAs
demonstrated so far [31, 41, 47, 77-101]. Star point: amplification
only measured at a single wavelength. Special conditions including

low temperatures and on-off gain are marked.

2.5 Conclusion

This chapter provides an overview of the current research state of BDFs, including the
discussion of the NIR luminescence origin, and the introduction of two main applications
of BDFs: BDFL and BDFA. Significant progress has been made in the development of these
fibres and the devices, to achieve the higher output power and efficiency of the laser as
well as the higher gain and broader bandwidth of the amplifier. For BDFLs, CW and
broadband tunable BDFLs have been demonstrated operating in the spectra range of 1.1-
1.8um. Pulsed lasers with pulse duration at ps/fs level have also been developed.
Meanwhile, BDFAs have been successfully demonstrated in a wide spectral range in the O,
E, S-bands, with over 20dB gain in most situations, as shown in Figure 2.3. Amplification in

the shorter side of 1.1-1.2 um and the longer side of 1,7-1.8um has also been approved
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and under progress, which can further enhance the capabilities of optical fibre
telecommunications. These achievements not only demonstrate the enormous potential
of BDFs, but also encourage further research to improve their performance in the future.
Additionally, efforts have also been made to reduce the fibre length used in the system,
which is a crucial challenge in enhancing BDFs-based devices. This is because fibres with
higher Bi concentration and NIR absorption tends to exhibit high UL at the pump
wavelength, comparing to low Bi-doped fibres. Overall, the development of BDFs still
leaves a vast space that requires researchers to conduct in-depth investigations into the

underlying physics and mechanisms.
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Chapter 3 Introduction to optical fibre fabrication

3.1 Introduction

The purpose of this section is to present a comprehensive introduction to the silica fibre
fabrication process, which was utilised in the preparation of all the Bi-doped fibres (BDFs)
in this project. The fibre fabrication typically consists of two essential stages, namely
preform fabrication and fibre drawing. Additional glass working processes, such as sleeving
and jacketing, may also be incorporated between these stages, depending on the intended
geometry of the final product. In Section 3.2, the modified chemical vapour deposition
(MCDV), combined with solution doping technique for preform fabrication is elaborated in
detail. Subsequently, the preform processing and analysis are presented in Section 3.3.
Section 3.4 outlines the fibre drawing process. Finally, a conclusion is provided in Section

3.5.

3.2 Fabrication of the preform

A fibre preform is typically a cylindrical rod of optical glass with a cladding layer and a core
layer. Various chemical elements are doped into the two layers to create the desired fibre
refractive index profile. The preforms fabricated in this work are typically around 40 cm
with a diameter of approximately 10 mm, although it can be longer and larger diameter in
particular for telecom preforms. The preform is subsequently processed in a fibre drawing
tower, where it is drawn into optical fibres with much smaller diameters, typically around

125 pm.

Several deposition methods are available for fabricating a standard preform. The four
primary techniques include MCVD [1], Outside Vapour Deposition (OVD) [2,3], Vapour Axial
Deposition (VAD) [4] and Plasma-activated Chemical Vapour Deposition (PCVD) [5].
Recently, a uniqgue method for preform fabrication using 3D printing has been developed
and studied for different glass hosts and fibre geometry structures [6,7]. In situations where
the vapour deposition cannot be applied due to the absence of suitable raw precursors,
the rod-in-tube technique may be used as an alternative [8]. Additionally, for specialty
fibres such as multi-core fibres, photonic crystal fibres, and hollow-core fibres, preforms

are fabricated using the stacking-and-draw technique [9,10].
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Among the four vapour deposition techniques, MCVD is widely used in both industry and
research for specialty fibres for its ability to provide low background loss and also for the
control of dopants to achieve the desired refractive index profile in fibres. This method was
developed in the 1970s, with pioneering contributions from the Bell Telephone
Laboratories (Bell Labs) Corning and NTT (Nippon Telegraph and Telephone Corporation).
The process was later improved for Res doped fibre fabrication by combining a solution-
doping technique by the Optoelectronics Research Centre (ORC) in University of
Southampton (UK) [1]. In the MCVD process, the dopant chemical is introduced in vapour
form inside a horizontal glass tube, whereas in OVD process, the deposition occurs outside
a target rod which is subsequently removed. When it comes to VAD, the deposition occurs
at the end of a target rod, and the preform grows in an axial direction. In addition, it
requires an extra drying process as a huge amount of moisture is involved when the
reaction happens. This technique can produce preforms with a very long length. In PCVD,
the reaction happens with the help of microwave-induced plasmas instead of a traditional

burner, resulting in precise deposition control of dopant/refractive index profile.

1. Tube preparation
S
2. Cladding deposition
|
NS

3. Core layer deposition

Tube warming Tube polishing

Chemical deposition Tube polishing

Porous soot deposition

NS

4. Solution doping

Solution filling into the tube

NS

5. Drying

Vertical and horizontal drying

NS
6. Solidifying

Sintering ‘ Collapsing

Figure 3.1 Procedure of standard MCVD-solution doping technique
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MCVD combined with solution doping is a mature technique to fabricate rare-earth (RE)-
doped fibres and has been applied to make Bi-doped preforms in this study. The flow chat
of the MCVD-solution doping process is shown in Figure 3.1, which consists of six main
steps. The preform fabrication process begins with the warmup pass during which the
substrate tube is heated to a temperature of approximately 1800 °C. Next, the substrate
tube undergoes a gas-phase etching with SF6 to remove any existing impurities, and
subsequently flame polished to smooth out the inner surface. The next two steps involve
the deposition of cladding layers and porous soot layer inside the tube. The chemical vapor
used in these steps depends on the refractive index profile and the fibre design. After the
tube is separated from the lathe, the process moves to solution doping. Solution containing
RE ions or Biions, in this case, is incorporated into the inner surface of the tube. A detailed
explanation of the deposition and solution doping processes will be given later. Next, the
tube is dried and returned to the MCVD lathe, where it is sintering into a transparent core
layer and eventually the tube is collapsed into a solid rod at high temperatures at around
2000 °C (heated by the burner on the lather), driven by the surface tension effect of the

glass on the inner wall.

Figure 3.2 shows the schematic diagram of an MCVD system. The system employs a bubbler
system to generate chemical vapour, which is delivered to the tube through a rotary seal.
The tube is heated by a burner that moves along the MCVD lathe, facilitating the chemical
reaction. An extract line is installed at the end of the tube to collect wasted gas. Cameras
are positioned at the top of the lathe to monitor the temperature and diameter of the tube
during the fabrication. The MCVD process is primarily computer-controlled, but manual

operation can be employed when necessary.

? Camera
72z ~
2] Glass tube ) ):FI Extract
Rotary“4 L4
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system

0; H;

Figure 3.2 Schematic diagram of the MCVD system structure

A schematic diagram of a bubbler system is shown in Figure 3.3. The MCVD process involves
vaporising halide precursors such as SiCls, GeCls or POCl3 and delivering them via a carrier

gas, usually oxygen (O2), through a bubbler system containing the liquid precursor. The
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states of SiCls, GeCls or POCl3 shown in the chemistry equations (3-1, 3-2 and 3-3) below

are in gas form.

Carriage gas (02)
Flow control

Rotary Seal
Silicatube

SiCl4 POCI3 GeCl4 Other dopants

Figure 3.3 Diagram of bubbler system of the MCVD process

Start tube Deposition tube Soot tube | Pump
w ]
SiCly + 0, —i—; Porous core layer i—b Extract T
' Burner
T |
Hy/0;
Solution
(A) (B)

Figure 3.4 Principal diagram of the MCVD process. (A):
Configuration of the tube on the MCVD lathe, including a start tube,
a deposition tube, and a soot tube with typical outer/inner
diameters of 20/16, 16/13 and 36/31 mm, respectively. The
reaction takes place inside the tube, with a burner move forwards
and backwards. B: A simplified diagram of the solution doping step,
where the tube is placed vertically and connected to a pump for

maintaining the liquid level.

Figure 3.4 (a) displays the configuration of the tube assembly on the lathe and the
deposition process occurring inside the tube. The process first involves joining a CFQ_ (clear
fused quartz) start tube, an F300 deposition tube (made of Heraeus F300® material with

high purity, commonly used for standard fibre fabrication) and a CFQ soot tube on the
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MCVD lathe. The typical outer/inner diameters of the three tubes used for BDFs fabrication
are 20/16, 16/13 and 36/31 mm, respectively. In most cases, the deposition tube for REs
doped fibres fabrication has the outer/inner diameter of 20/16 mm, but a smaller tube is
preferred in this study because less collapse pass would be required after the solution
doping, which can reduce the evaporation of the Biions. The F300 tube is gas phase etched
by passing through O, and SFs at a high temperature followed by the flame polishing at
~2000 °C. Depending on the preform design, several silica inner cladding layers are

deposited and sintered at a temperature ~2000°C, based on the chemical equation:

SiCl,(g) + 05(g) = Si0,(s) + 2Cl,(g) 3-1
The chemical reaction happens at the hot zone and forms glassy particles that deposit at
the cooler zone (downstream) of the tube and subsequently sintered into a transparent
glassy layer as the burner passes over. (Note that Figure 3.4(a) shows a forward-moving
burner as an example, but it can move in both directions.) This process follows the principle
known as thermophoresis [21], which suggests that particles suspend in a gas with a
temperature gradient tends to move towards the direction of decreasing temperature.
Therefore, SiO, particles move with the gas flow and adhere to the inner wall of the
substrate tube. Obviously, when the burner moves in the forward direction, the deposition
occurs ahead of the burner, while when the burner moves in the reverse direction, the

deposition occurs behind of it.

After deposition of the cladding layers, the temperature is lowered to ~1400-1600°C for
the deposition of the soot. A porous core layer with white colour is formed in this step,
which will form as the preform core at the end of the whole fabrication. The core can be
deposited with a pure silica, or combined with other dopants such as Ge and P. The
balanced oxidation reactions involved in the deposition process are shown in equation 3-2

and 3-3.
GeCl,(g) + 0,(g) = Ge0,(s) + 2Cl,(g) 3-2
4P0OCl;(g) +50,(g9) = 2P,05(s) + 6Cl,(9) 3-3
The optimal soot deposition temperature depends on the glass composition, and
adjustments may be necessary to achieve the desired porosity. A higher soot deposition

temperature may cause partial sintering of the soot body, in which the porosity of the soot

is reduced, resulting in poor incorporation of the dopants from the solution. Conversely, if
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the deposition temperature is too low, the soot layer may peel off from the inner surface

of the tube during subsequent steps due to inadequate adhesion.

Another crucial step in the RE/Bi-doped preform fabrication process is solution doping [12].
Figure 3.4(b) presents a simplified diagram of the solution doping procedure. After the soot
deposition stage is completed, the tube is removed from the lathe and soaked in a solution
for approximately one hour. Subsequently, the tube is slowly drained and dried both
vertically and horizontally. The horizontal drying is performed by placing the tube back into
the MCVD lathe with a slow rotation speed and allowing nitrogen/oxygen/helium
(N2/02/He) gas to flow through it. Once the tube is thoroughly dried, it is joined with
another soot tube with an outer/inner diameter of 20/16 mm. An oxidation/sintering pass
is then applied with a certain amount of O, flowing through the tube, to oxidize the
incorporated ions from the solution and to transform the porous soot layer into a clear and
transparent glass. Lastly, the deposition tube is collapsed to a solid preform that requires

several passes of the burner at high temperatures exceeding 2000 °C.

3.3 Preform processing

After the MCVD-solution doping process, the preform undergoes analysis using a
commercial preform refractive index profiler (Photon Kinetics PK2600). The preform is fixed
vertically and partially immersed in a cell containing a specific oil with a slightly higher index
than pure silica. A laser at a specific wavelength (633 nm in this study) spans around a
specific position of the preform and some of the incident light will be reflected. Based on
the angle of the reflected light, the index of the core and the cladding is measured. The
preform is rotated and moved longitudinally to measure the profile at different angles and

positions.

Figure 3.5 and Figure 3.6 depict the refrative index profiles of a Bi-doped phosphosilicate
preform (L10619) and a Bi-doped aluminosilicate preform (L10730), respectively. The
position of measurement on the preform cross section is shown on the x-axis while the y-
axis displays the refractive index of the core at each point. The Z value indicate the position
of this sampled cross section along the entire preform, for instance Z=180mm means the
measurement was take at a position of 180mm from the preform tip. The angle between

two consecutive measurements is 90 degrees, which is denoted by W=0/90. The circularity
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of the core can be assessed by the consistency of the refractive index measurements at
different angles. By comparing the profiles measured at different positions (Z values), the
uniformity of the preform can be estimated, which is a critical parameter determining the

section for subsequent fibre drawing and other investigations.

Preform Refractive Index Profile
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Figure 3.5 Refractive index profile of the Bi-doped phosphosilicate
preform (L10619)
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Figure 3.6 Refractive index profile of the Bi-doped aluminosilicate

preform (L10730)

The L10619 profile (Figure 3.5) exhibits a central index depression, which is caused by the
high volatility of phosphorous during high-temparature treatment, such as sintering and
collapsing passes, at a temperature above 2000°C. Conversely, this phenomenon does not
happen in case of aluminosilicate preform, L10730 (figure 2.3) because the chemical bond
between aluminium and oxygen is stronger than that between phosphorus and oxygen,
making aluminium oxide more difficult to decompose and evaporate under high

temperatures. In most cases this central depression would impact the overlap of the light
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and the doped area, depending on the transmission mode. For instance, the fundamental
mode of light propagating within the fibre would exhibit a peak at the core's center where

the refractive index undergoes a significant reduction.

Based on the obtained refractive index profile, the concentration of P,Os and Al;Osz can be

estimated using equations 3-4 and 3-5 [13,14]:

An ~ (0.88 x 1073) x C (mol%) 3-4

P205

An =~ (2.44 X 1073) X Ca1203 (Mol%) 3-5

Here, An is the refractive index difference between the core and cladding shown in the

measured profiles, C and Cy;203 are the concentration of the corresponding oxides in

P205

mol% unit.

3.4 Fibre drawing

The final step in the manufacturing of optical fibres is the drawing of the preform on a fibre
drawing tower. This process can be divided into several stages, as depicted in Figure 3.7(a):
Preparation, glass pulling, coating, diameter adjustment, cross-section checking, and fibre
collection. The individual stages involve various procedures such as furnace purging and
positioning the preform inside the furnace, preform heating, formation of preform neck-
down once the draw temperature is reached and drop-down of the preform, preform
feeding, fibre drawing speed adjustment, coating and UV curing of fibre, and concentricity
checking before collection. Figure 3.7(b) shows a schematic of the drawing tower which
consists of a preform chuk on the top for holding the preform, a furnace, a first diameter
gauge to measure the diameter of the bare fibre, a cane puller used to start the fibre
drawing process, a coating applicator containing liquid coating material, a ultraviolet (UV)
light to cure the coating liquid to a solid state, a second diameter gause to measure the

coated fibre diameter, a rotating capstan and a spool for the fibre collection.

The optical fibre drawing process starts with the preparation of the preform and furnace.
The preform is mounted vertically on the top of the furnace, with its x-y position aligned to
the furnace’s central point. Before loading the preform, the graphite furnace which is
widely used for the fibre drawing is purged with an inert gas (Argon, Ar) to prevent any

reaction of the graphite at high temperature with oxygen. The preform is then loaded into
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the hot zone and heated to a temperature above the glass softening point, which is
approximately 2000°C. At this point, a necked-down region is formed, and the tip of the
preform falls down due to the force of gravity. The drop is then cut, and the tapered region
is fed into a cane puller that applies drawing force on the glass. As a result, the bare fibre
diameter monitored by the first diameter gauge will see a preliminary decrease with

continuously pulling.

1. Preparation Preform chuk D
Furnace purging ‘ Preform positioning ‘ Preform heating Preform————»
ii furnace
2. Glass pull
Neck-down forming ‘ Preform dropping ‘ Cane pulling Diameter gauge 133
i? Cane puller
. . Bare fibre ——»
3. Fibre coating f
Coating ‘ UV curing Coating application
4. Diameter adjustment
Capstan pulling ‘ Preform feeding ‘ Speed adjusting uv curing Iight
< i Coated fibre ——»
5. Cross-section check Diameter gauge 2 |

Concentricity checking

NS

6. Fibre collection

Take-up spool Capstan

(a) (b)

Figure 3.7 (a) Procedure of standard fibre drawing; (b) Schematic of

a fibre drawing tower.

Once the fibre diameter has decreased to a suitable value, the coating step begins. The
bare fibre is placed into a coating cup containing liquid polymer coating material, and a UV
light is used to cure the liquid. The coated fibre is then wound onto a bottom capstan, while
the cane puller must be realised at this time. The fibre should be only pulled by cane puller
or the capstan. A second diameter gauge is installed below the UV light to monitor the
coated fibre diameter. The preform starts moving down into the furnace at a feeding speed,
balancing with the capstan pulling speed to obtain the fibre diameter to the target value.

Once the target diameter is reached and maintained stably, a short piece of fibre is cut as
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a sample for checking the concentricity of fibre and coating under optical microscope.

Eventually, the fibre is wrapped onto a take-up drum for collection.

As previously mentioned, the diameter of the optical fibre is adjusted by balancing the
preform feeding speed and the fibre drawing speed provided by the capstan. According to
the principle of conservation of volume, these two speeds are related by the following

equation:

2 _ 2

Here, V,, V¢, Dy, Dy, refer to the preform feeding speed, the fibre drawing speed, the

diameter of the preform, and the diameter of the fibre, respectively.

Fibre drawing temperature and speed play crucial roles in the fibre fabrication and are
investigated by many researchers [15, 16]. Firstly, a higher drawing temperature can
reduce the viscosity of the glass and make the fibre easier to draw. Conversely, a lower
drawing temperature can increase the viscosity and lead to a more stable fibre, but it may
also require a higher drawing force and increase the risk of breakage. On top of that, the
fibre drawing is affected by the temperature distribution at the hot zone inside the furnace.
In addition, the fibre to be cooled before the coating can be applied and is affected by the
drawing speed. For the high-speed fibre drawing, the natural cooling of fibre is not
sufficient to bring the fibre temperature lower to a level as required for applying the
coating and as such forced cooling is used. The drawing temperature and the drawing speed
give a combined effect on the tension being exerted upon the optical fibre, which also
influence the ultimate performance characteristics of the resulting fibre [17]. Other
parameters such as the cleanliness of the furnace, the preform quality, and the coating

process quality can also impact the drawing process and the final product [18].

In our study, the drawing speed typically ranged from 10~40 m/min, with most samples
being drawn at a speed of 10 m/min. The drawing temperature is 2000 °C. The typical
diameter of a bare fibre is around 125um, although this value may vary depending on the
fibre design. In this study, diameters of BDFs are within the range of 100~125 um. The

coating material is DSM-314 with high refractive index.
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3.5 Conclusion

This chapter introduces a complete process of optical fibre manufacturing, from preform
fabrication, analysis, to the fibre drawing. The MCVD-solution doping technique is used
widely for RE-doped active fibres. The development of Bi-doped fibres in this work is also

based on this fabrication procedure.
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Chapter 4 Development of Bi-doped phosphosilicate fibres

4.1 Introduction

This chapter presents the fabrication and spectroscopic characterisation of Bi-doped
phosphosilicate optical fibres (BPSFs), which are utilised for lasers and amplifiers
developments in the wavelength range of 1300-1380 nm. Section 4.2 details the efforts
made to produce efficient BPSFs by modifying different fabrication conditions, while
Section 4.3 outlines the analyses and measurements carried out on these fibres. The glass
composition has been analysed by secondary ion mass spectrometry (SIMS) or electron
probe microanalysis (EPMA). In addition, the absorption and unsaturable loss, two critical
factors used to evaluate the performance of BPSFs, have been measured and presented in
detail. The results were used as feedback to optimise fabrication parameters. A
reproducible fabrication process of BPSFs was established, which yielded fibre capable of
providing a >25 dB gain in the amplifier [1], or a >170 mW output power and a >35% slope
efficiency in the laser [2]. (Laser development will be presented in Chapter 5.) Section 4.4

provides a summary of the BPSF development.

4.2 Fabrication of the Bi-doped phosphosilicate fibres

A sequence of Bi-doped phosphosilicate preforms were fabricated in this study based on
the MCVD-solution doping technique. A conventional procedure of this technique was
introduced in Chapter 3, while this section outlines fabrication parameters and their
modifications used in the development of BPSF specifically. F300 silica tubes with external
and internal diameters of 16 and 13mm, respectively, were employed as deposition tubes
throughout the entire study. The core of the Bi-doped phosphosilicate preforms contains
Si, P and Bi ions. Among the three elements, Si was incorporated during the porous soot
deposition stage, while both Bi and P ions were introduced through a solution containing
both Bi and P precursors dissolved in ethanol (EtOH). The soot layer was deposited on the
inner surface of the tube in the temperature range from 1300 to 1400 °C. The soot
deposition temperature is correlated with the tube's cross-sectional area (CSA), which will
be higher around 1400-1450 °C if a tube with a 20/16 mm (outer/inner) diameter is used.
This is due to the larger CSA of such tubes than that of 16/13 mm diameter tubes used in

this work, requiring a higher temperature to attain the appropriate temperature inside the
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tube for the chemical reactions to occur. Afterward, the tube was removed from the MCVD
lathe and subjected to solution doping, followed by drying, sintering, collapsing and sealing
procedures as described in Section 3.2 and in Figure 3.1. For BPSF fabrications, there was
no individual oxidation pass, as oxidation occurred simultaneously during the sintering

pass.

In this study, the impact of varying the (1) soot deposition temperature and (2) solution
concentration on the doped Bi concentration and corresponding fibre performance was
investigated. Details of the BPSFs fabricated in this project are shown in Table 4.1 below.
Except from these two parameters, other conditions remained same in the fabrication of

all BPSFs. The fibre drawing speed was 10 m/min.

The soot deposition temperature is an important parameter in the fabrication of Bi-doped
phosphosilicate preforms, as it affects the morphology and structure of the deposited layer.
A lower deposition temperature can result in a more porous layer with a larger surface
area, which can be beneficial for achieving a higher Bi concentration. However, this also
increases the risk of soot peeling off from the substrate during subsequent processing
steps. On the other hand, a higher deposition temperature can produce a more compact
and stable layer, but it can also make it more difficult for the solution to penetrate and

bond with the SiO; host, especially if the soot has already been pre-sintered [3].

In addition to the deposition temperature, the solution concentration is another important
parameter that can impact the performance of the BPSFs. Increasing the concentration of
the dopants in the solution can result in a stronger incorporation of Bi and P ions during
the solution doping process thus a higher Bi concentration in the core of the fibre. However,
using a highly concentrated solution also poses some challenges, such as increased viscosity
and the risk of precipitation or agglomeration of the dopant ions [4]. Therefore, finding the
optimal solution concentration is crucial for achieving high-quality BPSFs with desirable

performance characteristics.
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Table 4.1 List of fabricated BPSFs (Manual: manually H,/O> flow control)

Solution refractive
Dopants . D D D i
P Preform No. | Fibre No. BiCls P,0s Tsoot(°C) raw speed core/ Dctad d'flfndex
/Host concentration | concentration | Solvent (m/min) (um) Ifrerence
(gm/100mL) | (gm/100mL) An
L10619 A1340 1400+20* 0.004
L10625 Al1351 1360+20 0.003
L10626 A1353 1340425 0.004
L10627 Al1356 1320425 0.005
0.04 7.5 12.5/125
L10628 A1359 1300425 0.005
. . N
Bi+P/Si 110629 A1368 EtOH 1340410 10 0.005
(Manual)
+
L10651 A1496 13505 0.005
(Manual)
+
L10642 A1435 0.08 7.5 1340+10 10/100 0.005
(Manual)
+
L10645 A1350 0.16 9.5 1340+10 10/100 0.006
(Manual)

*This preform was fabricated prior to a maintenance operation on the fabrication system. The soot temperature here should not be directly compared to

those of other preforms, as the engineering work may have had an impact on the system’s temperature and gas regulation.
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From the table it can be found that, the change in soot temperature from 1360°C to 1300°C
during the fabrication of preforms L10625 to L10628 led to an increase in refractive index
difference (An) from 0.003 to 0.005. However, a further reduction in temperature resulted
in a fragile soot layer and peel-off from the substrate tube causing difficulties for
subsequent steps in the preform fabrication. Therefore, a temperature of 1340°C was
chosen for subsequent Bi-doped preform fabrication (L10629, L10651, L10642 and
L10645). It should be noted that the relatively high temperature fluctuation of 25 °C in
preforms L10619~L10628 was due to the temperature auto-control mode of the system.
The fluctuation came from the small diameter of the tube and slight mismatch of the
camera monitoring the temperature in the central of the tube. The use of the manual
control mode, which fixed the flow of H,/O; at a certain value instead of adjusting it based
on real-time temperature measurements, resulted in a much tighter temperature
fluctuation of within 10 °C. This can be observed in preforms L10629 to L10645, which were

fabricated under this mode.

Two preforms, L10642 and L10645, were fabricated with a higher concentration of Bi
solution. Specifically, the concentration of Bi in the solution for the two preforms was
double and four times respectively, than the concentration used in the majority of the
preforms. To ensure full dissolution of BiCls, a higher P concentration in the solution was
required for the fabrication of L10645, in order to balance the pH of the solution. The aim
of fabricating these two preform was to study the impact of Bi concentration on the

absorption and unsaturable loss of BPSFs.

After fabrication, the resulting BPSFs were subjected to a series of characterisation
techniques, including chemical analysis to determine their composition, measurement of
absorption in the near-infrared region, and assessment of unsaturable loss, which is

described in the following section.

4.3 Characterisation of Bi-doped phosphosilicate fibres

In order to gain a better understanding of optical properties and performance
characteristics of BPSFs, and to optimise the parameters for the construction of an efficient
fibre fabrication process, it is necessary to analyse the glass composition, as well as to

characterise their absorption spectrum and unsaturable loss. The spectroscopic
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characterisation of BPSFs including fluorescence spectrum and lifetime measurements
were carried out previously by another colleague [5] thus the full study about these
parameters will not be discussed in detailed here. The lifetime of the BPSFs is in the range
of 740-780 ps. The absorption cross-section (oa) and the emission cross-section (oe) are

measured to be 2.7 and 1.8 pm? at 1295 and 1360 nm, respectively.

43.1 Glass composition of BPSFs

It has been observed that with an increase of the Bi concentration, the preform core tends
to show a red-brown colour when viewed through the preform tip, whereas a yellow-pink
colour is more likely to appear when the concentration is low. It should be noted that this
colour can only be observed when looking along the axis of the rod and appears transparent
when viewed along the radial direction. An example of the Bi-doped preform core is
presented in Figure 4.1. This approach can provide a quick and simple assumption that

whether Bi is doped in the preform successfully.

( | 4w direction

Figure 4.1 Pictures of some Bi-doped preforms’ core. When the Bi
doping concentration in the preform changes from low to high, the

core appears yellow, pink, red, brown, and even black colour.

In addition, another quick indication of whether the Biis doped in the preform is by relating
it to the P concentration, assuming that the ratio of doped P ions and Bi ions remains the
same as it in the solution. However, in reality, the Bi and P ions do not strictly adhere to
this assumption; thus, this indication is merely used to establish a relative value among

preforms of the same type.

Based on the fact that the refractive index difference (An) of BPSFs is only affected by P
ions in the preform while Bi ions do not have any contribution, the concentration of P ions

can be calculated from the An using the following equation:
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C ppos (M01%) ~ An/(0.88 x 1073) 4-1

where C is the concentration of P,0s and 0.88 x 1073 is the contribution to the refractive

index of the preform per mol% of P,0s.

In case of preforms fabricated with the same solution, the preform with a higher An has
more P ions in the core, which often corresponds a higher Bi concentration than the
preform with a lower An. However, it should also be noted that the actual deposition rate
between Bi and P may not always follow the same rate as that in the solution, as fabrication

conditions during MCVD process can impact the final product.

To gain a more accurate understanding of the glass composition in both the preforms and
fibres, two techniques were utilised to determine the radial distribution of the chemical
composition in the core: secondary ion mass spectrometry (SIMS) and electron probe

micro-analysis (EPMA).

The SIMS analysis was conducted by Loughborough Surface Analysis Ltd, UK. This technique
provides a direct analysis of composition of solid surface and thin film. It involves the
bombardment of a sample surface with a primary ion beam, which then result in a eject of
the charged secondary ions from the surface. These ions are then analysed by a mass
spectrometer to identify and quantify the elements existing in the sample [6]. In this study,
the measurement was performed on preform slices with a diameter of around 9 mm, or
BPSFs with a core and cladding diameter of 12 and 125 um, respectively. The SIMS linescan
measurements were performed at an interval of 2 um. The SIMs intensity profile of preform
L10619 is presented in Figure 4.2 as an example, revealing the presence of Si, O, P and Bi
ions. The number indicated in front of each element corresponds to its molar mass. The
distribution of Si and O was found to be uniform, as these ions exist as SiO» in both the
cladding and core in the preform. Conversely, the distribution of P and Bi ions follows the
refractive index profile of the preform. This method can provide a qualitative comparison
of the elements in the preform, however the calculation of Bi concentration was not
possible due to the absence of a standard profile for comparison. However, it is worth
comparing the ratio between the intensity of Bi and P among different BPSFs, as it might
establish a relative relationship between the fibre’s concentration and other

characteristics, such as the NIR absorption or the UL.
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Figure 4.2 SIMS analysis result of the preform L10619, showing the

distribution of O, Si, P, and Bi ions.

The EPMA analysis was performed by the University of Massachusetts, USA. The analysis
works by directing a focused electron beam onto the fibre and detecting the X-ray photons
emitted by the various elemental species present in the core [7]. The wavelength of these
X-rays is dependent on the emitting species, thus allowing the identification of composition
and distribution by recording the spectrum. Figure 4.3 displays the distribution of P and Bi
in BPSF L10626-A1353 and L10645-A1450 along a 30 um diameter scan with 1 um step. For
the purpose of clear presentation and comparison, the concentration of Bi was magnified
by a factor of 100. The fluctuation of Bi concertation observed in the two fibres is attributed
to EPMA noise. The calculated concentration of Bi and P ions in the BPSF samples are listed
in Table 4.2. The absorption at 1240 nm of these two fibres are given for comparison. When
the glass was doped with 0.004 mol% Bi ions, an absorption of 0.57 dB/m was observed,
while a doping concentration of 0.014 mol% resulted in an increase in absorption of
approximately three times. The values are calculated by integrating the concentration

profile along the core area and taking the effective result.
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Figure 4.3 Radial distribution of P,0Os and Bi,03 in mol% for fibres
L10626-A1353 (left) and L10645-A1450 (right) determined by

EPMA. (The concentration of Bi was magnified by a factor of 100).

Table 4.2 Concentration of Bi and P in BPSF measured using EPMA technique.

(The concentration of Bi presented here represents an average across the core area,

while the Al results correspond to peak values)

. | Preform | Fibre Bi,O3 5103 Absorption
Analysis An
No. No. (mol%) | (mol%) @1240nm(dB/m)
L10626 | A1353 | 0.004 4.80 [0.004 0.57
EPMA
L10645 | A1350 0.014 5.28 |0.006 1.3

It needs to be noted that different chemical analysis methods such as the SIMS and EPMA
sometimes provide different values for the same sample. That is the limitation of these
technique. Although in our study the SIMS cannot provide an exact concentration of Biions,

it is still worth to using multiple methods and compare the results.

4.3.2 Fundamentals of optical fibre loss and absorption

The loss of an optical fibre can be classified intrinsic and extrinsic. The intrinsic loss is
primarily caused by ultraviolet absorption, infrared absorption, and Rayleigh scattering [8].
Figure 4.4 illustrates the fundamental loss of silica-based fibres. The lowest loss of a silica
glass fibre is limited by the Rayleigh scattering at short wavelengths and infrared absorption
at long wavelengths, and the minimum value occurs at a wavelength around 1550 nm. On
the other hand, extrinsic loss can result from micro and macro bending or any impurities in

the glass. Hydroxyl (OH-) groups as one of the impurities, can be identified by observing the
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loss at specific wavelengths. In a silicate fibre, absorption peaks at 950 nm, 1240 nm, and

1380 nm are indicative of OH- groups with corresponding absorptions of 1, 2 and 50 dB/km,

respectively, at an OH- concentration of 1 ppm [8].
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Figure 4.4 Fundamental loss of silica fibres including Rayleigh

scattering, UV absorption and infrared absorption at different

Wavelengih {um)

wavelength bands [4]

The absorption spectrum represents the fraction of incident light absorbed by the material

at certain wavelengths. Special absorption bands will occur if there are any active dopants

in the material, such as Biions in our BDFs. The small signal absorption was measured based

on the conventional cut-back technique. The schematic diagram of the setup is shown in

Figure 4.5, including a white light source (WLS) as input, a collimated objective to launch

the light into the fibre under test (FUT), and an optical spectrum analyser (OSA, Yokogawa

AQ-6315A in this study) to collect the transmitted light through the fibre.

& = O
-0- = /
WLS FUT

ooooo

OSA

Figure 4.5 Schematic of the absorption measurement setup

In theory, the power of incident light is expected to experience an exponential decrease

after propagating a certain length of the fibre, which can be expressed as:
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Where L is the fibre length, P, is the initial power of light launched to the fibre. a is the

attenuation coefficient. By changing the propagating fibre length, we have:

Pl =P0€_aL1,P2 zpoe_aLz (4‘3)

Therefore, the absorption coefficient is calculated as:

InP,—InP Inf2
D=0 =i (4-4)
Li—Ly Li—Ly

a(m

As mostly the active fibre absorption is measured in dB/m unit, the equation is revised as:

p2(mw)
gpl(mW) _ Pz (dBm)—P1 (dBm)

Li—-L; Li—-L;

a(dB/m) = 10

(4-5)

Therefore, the absorption spectra can be measured by recording the intensity of the output
light across a wavelength range with a constant input and varying fibre lengths. In this
study, the absorption was measured in a continuous wavelength range from 350 to 1750
nm. Measured absorption spectrums in this wavelength range will be given in section 4.3.4
(Figure 4.8) for BPSFs and in section 6.4 (Figure 6.5) for BASFs. The length of the fibre
depends on the absorption level at the target wavelength and is typically 100m and 10m

for background loss and near-infrared absorption, respectively.

4.3.3 Fundamental of unsaturable loss

BDFs are known to exhibit unsaturable loss (UL), where the absorption at a certain
wavelength, usually pump wavelength, differs when the incident power is at a small signal
or a relative high level. This phenomenon is typically observed in both RE-doped fibres and
BDFs due to interaction between active ions. It becomes particularly significant at high
concentrations of these active ions and can have a large impact on the fibre performance.
Figure 4.6 depicts a diagram illustrating the concept of ion interactions, including
cooperative upconversion, cross relaxation and energy migration, which have been
observed in RE-doped fibres [9]. In the cooperative upconversion process, a first excited
ion transfers its energy to a second excited ion and returns to ground level. The second ions
also release its energy by a radiative or non-radiative emission. During cross relaxation
process, a first ions at excited state transfers part of its energy to its neighbouring ion,
leaving both ions at an intermediate level and eventually decay to the ground state. When

certain energy matching conditions are achieved, energy migration process occurs with a
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first excited ion gives its energy to a different ion, lifting it from the ground level to a higher

level and then decay to the upper level of the desired laser process.
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Figure 4.6 lon-to-ion interactions existing in RE-doped fibres
including co-operative upconversion, cross relaxation, and energy
migration [9]. The solid-red arrow represents the radiative
emission, and the dashed-red arrow indicates the fast decay of the

ions.

During ion interaction, energy can be transferred to undesired levels and become wasted
through non-radiative decay. Such processes can induce additional loss in the system,
known as UL, and will influence the population inversion, ultimately decreasing the
efficiency of the related laser systems. Research has shown that an increase in UL of BDFs
typically results in poor laser and amplifier performance [10]. A concentration dependence

of the UL has also observed in BDFs [11].

In this study, the UL of all the BPSFs were measured using the experimental setup

illustrated in Figure 4.7. A laser diode (LD) at 1240 nm was employed to pump the fibre,
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followed by an isolator (ISO) to prevent any damage due to back-reflected light. An
attenuator (ATT) was connected after the isolator to achieve a small signal power level
below -20 dBm. Ninety-five percent of the pump power was launched into the fibre under
test (FUT), while the remaining 5% was used as a reference to monitor the incident pump
power to the FUT when the attenuator was adjusted. The pump power was varied in 5 dBm
steps, ranging from -35 dBm to the maximum available power provided by the laser diode,
to attain the pump saturation level of the BPSF. The loss measured at low pump power
should be the same as the small signal absorption measured using the cutback technique
by WLS. The percentage of the loss at the saturation to the small signal absorption was
used to indicate the UL in the fibre. The length of FUT for UL measurement is typical around
1-2 m to avoid any influence from the amplified spontaneous emission (ASE) generating in

the fibre.

o

"

LD Coupler Power meter 1
I. 0000,
Ef Power meter 2
Figure 4.7 Schematic diagram for UL measurement setup. LD: laser
diode; ISO: isolator; ATT: attenuator; FUT: fibre under test
4.3.4 Experimental results and discussion

Figure 4.8 shows a typical absorption of BPSFs from 400 nm to 1700 nm, as measured by
an OSA with a resolution bandwidth of 10 nm. The fibre lengths were varied for different
wavelength ranges: 0.5 m for 400-600 nm, 1 m for 600-900 nm, 10 m for 900-1400 nm, and
100 m for 1400-1700 nm. The inset in Figure 4.8 shows the absorption in the NIR range of
1.1-1.5 um. Particularly, the wavelength range of 1.2-1.3 pum is commonly used for pumping
of BPSFs. The small peak observed at ~1380 nm corresponds to the loss contributed by OH
bond. The spectrum shows three distinct absorption bands: 420-440 nm, 700-750 nm, and
1200-1300 nm. These bands are contributed from the active centre formed by Bi and P ions
(BAC-P), while small peaks sitting above the broad absorption curve at ~490 nm, ~785 nm

might originate from the active centre of Bi and Si ions (BAC-Si) [12]. These peaks are
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compressed by the presence of BAC-P in BPSFs. Additionally, BAC-Si also causes absorption
at approximately 1420nm, although it is overshadowed by the BAC-P’s broad absorption
band at 1.2~1.3 um. Figure 4.9 presents the absorption spectra for different BPSFs
fabricated in this study, as listed in Table 4.1. The absorption peaks contributed by BAC-P
and BAC-Si, as well as the loss coming from OH are marked at the corresponding
wavelengths. The absorption at 1270nm is around 0.5 dB/m except for L10625, L10642 and
L10645. The lower absorption of L10625 (0.29 dB/m) resulted from the less incorporation
between the solution and soot that was deposited under a higher temperature (details in
Table 4.1), while the higher absorption (0.74 and 1.26 dB/m, respectively) of L10642 and

L10645 is due to higher Bi concentration in the solution.
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Figure 4.9 Absorption spectrum of different BPSFs within the range
of 1150-1450 nm

Figure 4.10 illustrates the power-dependent behaviour of the UL in a BPSF, measured at
1240 nm. At low input powers below -20 dBm, the absorption remains relatively high,
which should be the same as the small signal absorption at the same wavelength measured
using the WLS. As the input power increases to 0 dBm, the absorption gradually drops and
saturates at a relatively low level with an incident power above 20 dBm. In this case, the
small signal and saturated absorption were measured to be ~0.38 and ~0.05 dB/m,

respectively, corresponding to a UL ratio of 13%.
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Figure 4.10 Typical BPSF absorption vs launched power at 1240nm

Table 4.3 Absorption and UL of BPSFs

i Background loss

Preform | Fore g0 | at 1550mm oomy | 2t 12400m

' ' (dB/m) (dB/m) (%)
L10619 | A1340 0.50 0.02 2~3 13
L10625 | A1351 0.29 0.03 2~3 12
L10626 | A1353 0.57 0.03 2~3 13
L10627 | A1356 0.50 0.04 0.8 17
L10628 | A1359 0.63 0.04 0.8 17
L10629 | A1368 0.58 0.04 0.8 16
L10642* | A1435 0.74 0.05 0.8 21
L10645* | A1350 1.26 0.07 0.7 23

*Different solutions with high Bi concentration were used
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Details of measured absorption and UL in BPSFs in this study are summarised in Table 4.3.
The UL measurement was conducted at 1240nm, with results closely resembling those at
1270 nm. Figure 4.11 and Figure 4.12 show the relationship between Bi absorption and the
UL and background loss, respectively, for different BPSFs. These figures clearly
demonstrate that, with Bi absorption increases in the NIR wavelength band, the
background loss and UL increase correspondingly. It is essential to achieve a balance
between absorption and UL to ensure optimal performance and high efficiency of the Bi-

doped fibre lasers.
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4.4 Conclusion

The MCVD-solution doping technique was employed to fabricate a range of BPSFs, which
were characterised by measuring their absorption and unsaturable loss. Additionally, some
BPSFs underwent further analysis, such as SIMS and EPMA, to investigate their glass
compositions and dopants distributions. A reproducible process has been established that
yields BPSFs with excellent laser performance. Further details about the fibre performance

will be discussed in the next chapter.
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Chapter 5 Bi-doped phosphosilicate fibre lasers at 1.3 um

5.1 Introduction

This chapter presents the study of the continuous-wave (CW) Bi-doped fibre laser (BDFL)
based on Bi-doped phosphosilicate fibres (BPSFs). Firstly, a free running cavity was built to
observe the laser behaviour and its operating wavelength. Afterward, the laser was
modified by inserting a commercial fibre Bragg grating (FBG) in the cavity to define the
operating wavelength at 1340 nm (see Section 5.2). The cavity was optimised for maximum
output power and slope efficiency by adjusting the fibre length and the coupling ratio.
Eventually, to demonstrate the tuning capability of the laser, two tuning components an
optical filter and a compression-based tunable FBG (each induced separately) were utilised
in the cavity. The results of these tests are presented in Section 5.3 and 5.4, respectively.
Section 5.5 presents the study of a master oscillator power amplifier (MOPA) system by
connecting the tunable BDFL to a Bi-doped fibre amplifier (BDFA). At the end, Section 5.6

summarised the establishment of the BDFL. This study has been reported in [1-5].

5.2 Bi-doped phosphosilicate fibre laser at 1.3um band

5.2.1 Experimental setup
ISO WDM WDM 1ISO
BPSF
LD LD
1267nm 1270nm
ISO
Version A
Coupler
rBG A3 P
1 OSA/
Version B

Power Meter

Figure 5.1 Schematic diagram of setup of the CW BDFL. LD: laser
diode; ISO: isolator; WDM: wavelength division multiplexer; FBG:
fibre Bragg grating (Version A: free running cavity setup; Version B:

laser cavity at operating wavelength of 1340nm)
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At the beginning of the study, a BDFL was constructed using a free running ring cavity
configuration, illustrated in Figure 5.1 (version A). The design of the ring cavity is based on
prior study where a linear cavity was unable to provide lasing for our BPSFs. Different BPSFs
were pumped bi-directionally by two laser diodes (LDs) operating at 1267 nm and 1270 nm
with a total incident pump power around 700 mW. The forward and backward pump power
were similar, each around 350 mW. To prevent damage from back reflection within the
cavity and any unabsorbed pump light passing from one pump diode to the other, two
isolators (ISOs) were employed following the LDs. Two filter wavelength division
multiplexers (WDMs) were used in order to combine the pump and signal beams. One port
of the WDMs transmitted at 1270 nm, while the other had a flat transmission spectrum
from 1300 to 1380 nm. To maintain the unidirectional operation of the ring cavity, an
isolator was utilised, while a coupler was used to extract the output power from the cavity.
The laser cavity was adjusted by using different fibre length and output coupling ratio. The

output power and spectrum were monitored using a power meter and an OSA, respectively.

It was observed that the free running cavity exhibited two lasing peaks at 1360 and 1430
nm, which were believed to be generated from different Bi active centres with P and Si
(BAC-P and BAC-Si). To select a specific lasing wavelength, a fibre Bragg grating (FBG) was
introduced into the ring cavity via a circulator, as illustrated in Figure 5.1 (version B). The
isolator was no longer necessary as the circulator ensured unidirectional operation. The
FBG had a high reflectivity of 99% and operated at 1340 nm, which was chosen because it
was at the centre of the gain profile of the BPSF pumped at 1270 nm and 1267 nm. Figure
5.2 presents the ASE spectrum of the same fibre when the pump power was increased from
200 mW at 1270 and 1267nm and increased by every 100mW. The left peak centres at 1340
nm and shifts towards 1360 nm as the pump power increased. The entire band gain
spectrum ranged from 1300 to 1380 nm. Meanwhile, the right ASE peak accumulates and
eventually centres at 1430 nm. With regard to the subsequent study of the tunable laser,
the central wavelength (1340nm) was selected to obtain a broader tuning bandwidth.

Based on this choice, the cavity was then modified.
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Figure 5.2 ASE spectrum of the BPSF pumped at 1270 and 1267nm
with the power increased gradually by every 100mW, starting from

100mW, measured by 2nm resolution bandwidth.

5.2.2 Results and discussion

Table 5.1 Maximum power and slope efficiency in the ring laser setup

Fibre Max Output power Slope efficiency Fibre length Output ratio

No. (mWw) (%) (m) (%)
L30370 100 15 70 50
L10619 172 38 200 90
L10626 150 30 100 70
L10628 109 23 200 80
L10629 120 24 100 70
L10642* 118 22 90 70
L10645* 35 11 50 70

* Cavity not optimised with different fibre length and couplers

Table 5.1 summarises the laser performance of the several BPSFs tested in the ring laser
cavity, including the maximum output power and slope efficiency with respect to incident
pump power of approximately 700 mW. Additionally, the corresponding fibre length for
each BPSF and the output coupling ratio are provided in the table. L30370 was tested using
the free-running cavity (version A), while the remaining BPSFs were measured using the
configuration with an FBG implemented (version B). The absorption and UL of these fibres
can be found in section 4.3.4 (Table 4.3). (L30370 was fabricated before this study, with the
absorption and UL of 0.59 dB/m and 16% at 1270nm). The lifetime of these BPSFs is around
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740-780 us. The absorption cross-section (ca) and the emission cross-section (oe) are
approximately 2.7 and 1.8 pm? at 1295 and 1360 nm respectively, as mentioned in section

4.1.

For L30370, the fibre length and output coupling ratio of the cavity were modified to
achieve the highest output power of 100 mW under a full pump power of approximately
770 mW. The slope efficiency was measured to be 15%. Figure 5.3 presents the output
spectrum measured by an OSA with a resolution bandwidth of 0.5 nm, under full pump
power. The fibre exhibited a gain spectrum ranging from 1300 to 1380 nm and from 1380
to 1480 nm. In the absence of an FBG in the cavity, lasing occurred at two wavelengths
simultaneously, with slightly higher power observed at 1360 nm than at 1430 nm. The
decrease in gain at 1380nm was caused by the OH absorption existing in the fibre. Once
the FBG at 1340 nm was employed, lasing at 1430 nm was prevented and the lasing was

forced to happen only at 1340 nm.
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Figure 5.3 Spectrum of free running cavity with L30370 under full
pump of 770 mW, measured with 0.5 nm OSA resolution

bandwidth.

In the case of dual wavelength lasing, the total output power was divided between 1360
nm and 1430 nm by integrating the two peaks in the spectrum. Figure 5.4 depicts the
change in output power at each wavelength as the pump power increases. The threshold
for lasing at 1360 nm is below 100 mW, while it increases to 150mW for lasing at 1430nm.

The maximum output power was calculated to be 70mW at 1360nm and 30mW at 1430nm,
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with corresponding slope efficiencies of 9.47% and 4.8% respectively. As explained in
Section 4.3, the emission at 1360nm arises from the active centre formed by Bi and P ions
(BAC-P) while the 1430nm lasing is associated with the active centre of Bi and Si ions (BAC-
Si). BAC-P dominates the absorption and gain in the BPSF, resulting in higher output power
and slope efficiency at 1360nm than those at 1430nm.
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Figure 5.4 Output power of the laser with L30370 at different pump
power, at different wavelength (black: signal at 1360 nm; red: signal

at 1430 nm)

The presence of a second lasing peak at 1.4 um resulted in a consumption of pump power
and reduction of pump efficiency at the desired lasing wavelength of 1.3 um. To overcome
this issue, a FBG at 1340 nm was introduced in the ring cavity (version B in Figure 5.1). This

configuration was used to test all the other BPSFs.

Among the fibres listed in Table 5.1, L10619 exhibited the best laser performance in terms
of both the output power and slope efficiency. Fibres with lengths ranging from 100 m to
250 m were tested, and couplers with output coupling ratios between 30% to 90% were
used at each length. Figure 5.5 illustrates the change in output power as the pump power
at different output ratios. The four sub-figures correspond to the fibre length of 100, 150,
200 and 250 m. In each case, the BPSF was pumped with an incident power varied from

100 to 700 mW.

69



Chapter 5 Bi-doped phosphosilicate fibre lasers at 1.3 um

100 T T T T
——0C=10% 180F e 0C=30%
80F —— 0OC=30% - 140 —— 0OC=50%
_ 0C=50% 120} 0C=70% /
=70% =20°
2 60| 0C=70% ! 400} 0C=80% <
§ a0l . i § 80 /
20} ; 40 -
. g L =100m 20l / .
I . . . . . .' ol . . . . . . ]
100 200 300 400 500 600 700 100 200 300 400 500 600 700 800
160 T T L 160 T T
—— QC=70% 140F —— 0OC=80%
140F . 0c=80% 1 1ol —— 0C=90%
120 ——0C=90% 1
Z 100} 1 2100}
é 80 B n é 80 B
2 60 ] 3 eof
8 40 i 8 40}
20} 1 20}
o} L=200m ot L=250m
20— . . . . . -20 . . . . .
200 300 400 500 600 700 200 300 400 500 600 700
Pump power (m\W) Pump power (mW)

Figure 5.5 Laser output power of BPSF L10619 versus incident pump
power at different output coupling ratios. The sub-figures are
arranged sequentially starting from 100 m and proceeding to 150,

200, and 250 m, respectively.

From Figure 5.5, it is clear that the laser threshold power, output power under full pump,
and the slope efficiency with respect to incident power are all dependent on the cavity
parameters, including the active fibre length and the output coupling ratio. For a fixed
length of fibre, a higher output coupling ratio leads to greater inter-cavity loss, resulting in
an increase of the threshold power. The slope efficiency also increases with an increase in
output coupling ratio, as output power is extracted at a higher percentage of the total
power generated in the fibre. However, beyond a certain output coupling ratio, the slope
efficiency starts to decrease due to a combination of gain and loss in the cavity. The similar
trend is also observed in the output power at a fixed pump power. The comparison of the
threshold, output power and slope efficiency with different cavity parameters is

summarised in Figure 5.6.
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Figure 5.6 Change of laser output power under full pump power,
threshold power, and slope efficiency with different output
coupling ratios. Lines of different colours represent different fibre

lengths.

Figure 5.6 describes the optimisation process for the laser cavity. By adjusting the coupling
ratio (x axis), an optimised value of output power was reached preliminarily at a fixed fibre
length. For instance, Figure 5.6 (a) shows that for a 100m fibre length, the output power
curve reached its maximum value with an output ratio of 50%. Furthermore, by varying the
fibre length (represented by different coloured lines), the maximum output power
increased with a length of 100m to 200m and decreased with a length of 250m. The slope
efficiency also varied accordingly, as shown in Figure 5.6 (c). There are three cases the
output power exceeded 150mW: 150m fibre length at 70% output ratio, 200m fibre length
at 80% output ratio, and 200m fibre length at 90% output ratio. Notably, the laser slope
efficiency was higher with the 200m fibre than with the 150m fibre.
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Figure 5.7 Spectrum of the laser output with 200m L10619

The optimisation process resulted in a final output power of 172mW and a slope efficiency
of 38% for the laser, which is illustrated in Figure 5.7, by utilising the 200 m of L10619 and
90% output ratio. The output power is presented at different pump power and the
spectrum of the output light under maximum pump power is given in the inset. The signal-
to-noise ratio (OSNR) was greater than 50 dB and its linewidth was ~0.24 nm, measured

with an OSA resolution bandwidth of 0.05 nm.

Previously, the maximum slope efficiency achieved with BPSFs at 1340 nm was 50% [6].
However, the result was achieved by using a pump power of over 20 W and led to serious
issues of spectral broadening. At low pump power in the same work [6], the maximum slope
efficiency achieved in BDFLs at 1340 nm in prior was less than 25%. In our experiment, the
spectrum broadening was not observed, and the output maintained a stable linear
correlation. To the best our knowledge, this is the highest slope efficiency with BPSFs at

1340 nm with low pump power.
5.3 Tunable Bi-doped fibre laser based on the optical filter

5.3.1 Experimental setup

After optimising the laser cavity at 1340 nm, two BPSFs, L30370 and L10619, were tested
for the study of the tuning capability of the BPSF laser. The setup was modified as shown

in Figure 5.8. Compared to the CW version at 1340 nm, the circulator and the wavelength-
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fixed FBG were replaced by an isolator and a mirror optical filter (from WL Photonics Inc.).
The filter had a tuning bandwidth from 1250-1375 nm and was tuned by every 5 nm. Within
this tuning range, the filter had a full width at half-maximum (FWHM) of 0.45 nm, with a
uniform insertion loss of 1.5 dB within the entire bandwidth. The isolator was to guarantee
the unidirectional operation of the cavity. The pump diodes remained same at 1267 nm
and 1270 nm. The fibre lengths here were chosen according to the optimised results when
being tested in the prior BDFL study (Section 5.2), which were 70 m for L30370 and 200 m
for L10619. The coupler was also changed to their corresponding optimised values. For the
two fibres tested in this situation, L30370 and L10619, the couplers were 50:50 and 80:20
(80% output), respectively. Although 90% output ratio gave a higher slope efficiency, it
would lead to a high pump threshold at the shorter and longer wavelength edges, thus an
80% output ratio was preferable in order to have a broader tuning bandwidth and more

flat output power profile within the whole tuning range.
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Figure 5.8 Schematic diagram of the tunable BDFL setup based on

an optical filter. ISO: isolator; FUT: fibre under test.

5.3.2 Results and discussion

Table 5.2 is summarised the results of this study on tunable BDFLs using two BPSFs, L30370
and L10619. The table includes data on the maximum power, central wavelength, tuning

bandwidth (FWHM of the output signal) and the OSNR.

Table 5.2 Details of the tunable BDFLs with fibre L30370 and L10619

Fibre Maximum power Max. at wavelength Bandwidth OSNR
No. (mW) (nm) (nm)
L30370 60 1350 47 48
L10619 150 1340 60 40
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With fibre L30370, the output power at different wavelengths of tunable BDFL is displayed
in Figure 5.9. A maximum power of 60 mW was obtained at 1350 nm. The tuning bandwidth
was 47 nm from 1323 nm to 1370 nm considering a 3 dB power decrease. The slope
efficiency of the tunable laser at 1350 nm was measured to be 10%. Figure 5.10 presents
the spectrum of the tunable laser under a full pump power of 700 mW, with an OSNR of 48

dB within the entire tuning range of 1315-1375 nm.
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Figure 5.9 Output power of the tunable BDFL with L30370 from
1315 nm to 1375 nm (Dotted line: 30 mW power level)
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Figure 5.10 Spectra of the output light in the tunable BDFL with
L30370, measured from 1317 nm to 1375 nm with 0.5 nm OSA

resolution bandwidth.

Similarly, the BDFL with fibre L10619 was tuned from 1305 nm to 1375 nm by 5 nm. The
output power at different wavelengths under full pump power was presented in Figure

5.11.
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Figure 5.11 Output power at different wavelength of the tunable
BDFL with L10619 (Dotted line: 100 mW power level; solid line: 75
mW power level); inset table: the optical slope efficiency at

corresponding wavelengths.

As shown in Figure 5.11, the maximum output power was 150 mW at 1335 nm (x5 nm) and
remained above 100 mW (dotted line) within a 54 nm range from 1314 to 1368 nm. Within
the broad 60 nm bandwidth extending from 1311-1371 nm, the output power was above
75 mW (indicated as solid line), which represents a 3 dB drop compared to the maximum
power. The sharp decrease at both shorter and longer wavelength edges was mainly
because of the gain profile of the BPSF used. The inset of Figure 5.11 shows the slope
efficiency of the tunable BDFL with respect to the incident pump power at different
wavelengths. At 1335 nm, which gave the maximum output power, the efficiency was 35%.

Within the 3 dB bandwidth (1311-1371 nm), the slope efficiency remained >25%.

Moreover, Figure 5.12 presents the spectrum of the tunable laser from 1305 to 1375 nm.
The OSNR was above 40 dB across the entire tuning range, measured with an OSA
resolution bandwidth of 0.5 nm, while the linewidth was around 0.07 nm, measured with

an OSA resolution bandwidth of 0.02 nm.
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Figure 5.12 Spectrum of the tunable BDFL with L10619 from 1305

to 1375 nm, measured with 0.5 nm OSA resolution bandwidth.

In conclusion, two tunable BDFLs with BPSF L30370 and L10619 have been demonstrated.
The tuning of the laser was realised by an optical filter. With L30370, the output power was
maximum of 60 mW at 1350 nm. The tuning bandwidth was 47 nm from 1323 nm to 1370
nm, with over 48 dB OSNR within the range. With L10619, a maximum power of 150 mW
was achieved from 1330 nm to 1340 nm, which was more than twice of BPSF L30370. This
improvement was attributed to the development of the fibre with a slight reduction in the
UL and lower ASE at 1.4 um, originating from the BAC-Si. Additionally, the components in
the cavity were also modified and optimised to reach a higher possible output power. The
slope efficiency at 1335 nm was 35% and remained >25% across the full 3 dB tuning range,

which was 60 nm from 1311 nm to 1371 nm.

5.4 Tunable Bi-doped fibre laser based on the fibre Bragg grating

In addition to optical filters, FBGs are also being used in tunable fibre lasers recently due to
a range of advantages [7]. FBGs can serve as cheaper and cost-effective tuning elements
than conventional optical filters, as well as with their lower component loss and more
compact size. Compared to an optical filter, a FBG can be made with a smaller linewidth,
which enables the production of narrower output light in the tunable laser. Furthermore,
FBGs can accept higher power levels than optical filters, which opens up opportunities for

power scaling in the future.
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5.4.1 Principle of tunable fibre Bragg grating

The central wavelength of a FBG can be described as the formula below:

mA = Zneff A 5-1

Where m is an integer (usually is 1), n.fy is the effective refractive index of the FBG, and A
is the period of the grating. By changing the n. s or the grating period A, the tuning of the
FBG operating wavelength can be achieved, which forms the fundamental principle of the

entire theory.

The operating wavelength of the FBG is sensitive to both thermal and mechanical situations
because both the refractive index and the period of the FBG can be influenced by the two
conditions. Particularly, the refractive index change caused by the strain is typically
disregarded since it is deemed to be negligible. In this study, the primary factor contributing
to the wavelength shift of the FBG is the grating period. (The temperature was maintained

at room temperature of ~25 °C)

When a FBG experiences any temperature change or strain, the wavelength shift will follow

the equation [8]:
2
A/ = €qx — n? [Er “(p11 t+ P12) + D12 Eax] + (a5 + Q) - AT 5-2

Here, A4 and AT represent the wavelength and temperature shift. €., is the axial strain
(positive for axial tension, negative for axial compression); €, is the radial strain; p;; and
D1, are photoelastic coefficients; a; and (s are thermal expansion coefficients and

thermos-optic coefficient respectively.

Assuming that the FBG is stretched or compressed along the axial direction, the strain on

the axial and radial directions have the relation as:

€qx = AL/L 5-3

& = —Vg ' Egy 5-4

Where L is the length of the FBG; AL is the change of length due to the stretch or

compression; Vg is a constant named as Poisson’s ratio.

By substitute Equation 5-3 and Equation 5-4 to Equation 5-5, we obtain:
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AL
g:(l_pe)'sax_i'(as_i'Zs)'AT 5-6
nZ
Pe =~ " [P12 — V5" (P11 + P12)] >-7

By substituting the values of the constants p;4, P12, Vs, &g and g in optical silica fibres, an

approximate equation is derived as:

AX/Ag = 0.78 - g4y + 7.5 X 1076 - AT 5-8

Many designs of tuning setups have been reported based on these equations including
those utilising thermal effect [9] and mechanical stress [10-13]. However, the design based
on thermal effect shows practical drawbacks, as it can only achieve a small tuning band due
to the relatively low influence of temperature [7]. Alternatively, methods based on strain
can provide a more significant change in the grating period and thus offer a broader tuning

range.

If the temperature maintains constant and the FBG is only subjected to stretching or

compression, the resulting wavelength shift AA can be described by the following equation:

AL = 0.78 g4 Ap = 0.78 - - Ay (5-9)
Note that AL is positive for tension and negative for compression.

It is important to limit the bending radius or strain applied to the fibre as there is a risk of
breakage, which varies depending on the quality of the fibre and its coating materials. It
should be noted that silica fibre is generally more robust under compression than tension.
As a result, within the damage limit of the FBG, a broader wavelength shift towards the

shorter edge can usually be achieved compared to the longer edge.
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5.4.2 Experimental setup
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Figure 5.13 Schematic of the tunable BDFL setup based on an FBG.

Figure 5.13 shows a schematic diagram of the tunable laser setup that uses a FBG for
tuning. The setup is similar to the wavelength-fixed BDFL depicted in Figure 5.1 (version B),
with the only difference being the replacement of the conventional FBG with a
mechanically tunable FBG to achieve a wavelength-tunable BDFL. The setup also includes

another 95/5 coupler that is used to monitor both the power and spectrum simultaneously.

The FBG was made by Pro. Morten Ibsen in the Optoelectronics Research Centre (ORC),
University of Southampton. It was embedded in a 10 cm long relatively soft flexible slab,
and then adhered to an elastic beam. This tuning apparatus used a pure arc bending
technique to apply a compressive or tensile force to the grating [13], as shown in Figure
5.14. The metal base was manufactured in the workshop of the ORC. As the movable block
was translated inwards, a bending of the FBG occurred, resulting in a tunable shift of the
Bragg wavelength towards either shorter or longer wavelengths. The bending radius or
distance was controlled by a micrometre-screw. In our experiments, only compression was

applied to the FBG to prevent any potential damage via stretching.
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Figure 5.14 The mechanism-based tuning package configuration.
This tuning package involves a conventional FBG embedded in a
flexible slab and an elastic beam which is held by a metal bracket.
The micrometre screw is used to apply the force to the movable

metal block and to bend the FBG.

The wavelength shifting of the FBG depends on the strain induced in the fibre, which is a
function of the bending radius (R) and the distance of the FBG from the neutral axis of the

bending substrate (d). The stain ¢4, can be described as:
€ax = £d/R (5-10)
When a FBG with length L is bend with a radius of R, the stain it experiences can be
described as:
R=1L/96 (5-11)
Where 0 is the central angle of the bending arc which can be calculated from the length of

the elastic beam and the displacement of the movable metal block. The arc can be formed

either upwards or downwards, responding to tension and compression respectively.

tl
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Figure 5.15 Structure of a bending beam with a two-layer material
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In this experiment, a soft flexible slab was employed and adhered to an elastic beam, as
the effective distance from the FBG to the neutral axis can be enhanced by using a hybrid
of layered materials [10], resulting in an increase of the stain g4, at a limited bending
radius. Figure 5.15 provides an example of a two-layer material structure, where the top
layer is a soft material with lower Young’s modulus E; and thickness t;, and the bottom
layer is a hard steel with higher Young’s modulus Ej and thickness t;,. The effective

distance deff is described by the follow equation:

Eh'thz—El'tlz

2:(Eptp+Erty) (5-12)

deff = tl +

When bonding two materials, it is important to consider two factors. Firstly, the FBG and
the two materials must be firmly and strongly bonded to ensure a complete transfer of the
strain from the substrate to the grating. Secondly, the chosen of the soft material is crucial.
If the Young’s modulus of selected materials is too low, the FBG might suffer from inelastic

deformation or axial shear force when a high strain is applied.

Several FBGs were tested with BPSF L10619 and the result is discussed below.

5.4.3 Results and discussion

To begin with, a FBG with a central wavelength of 1340 nm and a reflectivity of 96% was
securely bonded to the tuning package, with tuning carried out solely through compression
to prevent any potential damage to the FBG. The resulting output power and slope
efficiency were measured under a total incident pump power of 720 mW, with
measurements taken at various wavelengths. A 25 nm bandwidth from 1340 to 1315 nm
was achieved, with a decrement of 5nm from 1340nm. Figure 5.16(a) shows the output
power and slope efficiency, while Figure 5.16(b) presents the spectrum at different

wavelength, measured with a OSA resolution bandwidth of 0.5 nm.
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Figure 5.16 (a) Output power of the tunable BDFL at different
wavelengths; inset: laser efficiency at different wavelengths (b)
Spectrum of the tunable BDFL from 1315-1340 nm measured with
0.5 nm OSA resolution bandwidth.

As shown in Figure 5.16(a), for the wavelength band investigated here, the output power
was above 120 mW across the entire 25 nm band with a maximum power of approximately
165 mW at the longest wavelength of 1340 nm. In addition, the laser efficiency was above
30% throughout the 1315-1340 nm operating band. The tuning spectra of the laser shown

in Figure 5.16(b) demonstrates an OSNR of >50 dB across the full tuning range.

In this demonstration, the tuning range was limited because the original operating
wavelength of the FBG was 1340 nm and the FBG was only tuned to shorter wavelengths.
However, a wavelength tuning from 1315 nm up to 1375 nm should be expected based on
the BPSF gain profile. Therefore, a second FBG with a central wavelength at 1370 nm was
used to cover the longer wavelength side of the BPSF gain spectrum. The reflectivity and

FWHM of the second FBG was 97% and 0.14 nm, respectively.

Figure 5.17 illustrates the output power of the tunable BDFL with the second FBG, with the
maximum power maintained around 165 mW at 1335 nm within a 10 nm bandwidth. The
output power exceeded 100 mW in a 50 nm range from 1320-1370 nm, and the laser
efficiency was > 25% in this range. The laser efficiency also remained > 30% throughout the

1325-1365 nm operating band, as shown in the inset of Figure 5.17 .
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Figure 5.17 Output power of the tunable BDFL under full pump
power (720 mW) at different wavelengths from 1320-1370 nm.
Dotted line: 100 mW. Inset: laser slope efficiency at different

wavelengths

The power drop at the longer wavelength edge was due to the limited gain profile of the
BPSF used, while at the shorter wavelength edge it was due to the increased component
loss caused by the compressed FBG. If a more widely tuned FBG is applied, the output
power at 1320 nm is expected to reach a higher level of 140 mW compared to the case with

the first FBG.
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Figure 5.18 Spectrum of the tunable BDFL at different wavelengths

from 1320- 1375 nm, measured with 0.5 nm OSA resolution.

The spectrum of the tunable BDFL with the second FBG from 1320-1370 nm is shown in
Figure 5.18, measured with an OSA resolution bandwidth of 0.5 nm. The OSNR is 250 dB
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across the whole 50 nm tuning range. The linewidth of the output signal at 1340 nm was
measured to be ~0.04 nm, as presented in Figure 5.19, with an OSA resolution bandwidth

of 0.02 nm.
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Figure 5.19 Linewidth of the tunable BDFL at 1340 nm, measured
with 0.02 nm OSA resolution bandwidth.

In conclusion, by employing two tunable FBGs, a total tuning bandwidth of 55 nm has been
demonstrated. With the first FBG at 1340 nm, the BDFL was tuned in a 25 nm range from
1340 nm to 1315 nm with a maximum output power of 165 mW and an OSNR of 250 dB.
By using a second FBG with an operating wavelength at 1370 nm, the BDFL tuning
bandwidth was extended to 50 nm from 1370 nm to 1320 nm, with the same maximum
pump power. The output power remained > 100 mW over the whole 50 nm bandwidth. At
the wavelength which gave the maximum output power, the slope efficiency of the BDFL
was 35%, and maintained 230% from 1325 to 1365 nm. To the best of our knowledge, this
is the first demonstration of a 50 nm wideband continuously tunable Bi-doped all-fibre

laser operating in the 1.3 um wavelength region by employing wavelength-tunable FBGs.

5.5 MOPA system of the tunable BPSF laser

In a previous publication, a tunable laser source was presented with a MOPA configuration
[4]. The system utilised a BDFL as the seed of a BDFA, resulting in an increase in maximum
output power from 60 mW to 144 mW at a wavelength of 1350 nm. In this study, we
investigated the performance of a similar MOPA system utilizing the tunable BDFL

described in Section 5.3.
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5.5.1 Experimental setup
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Figure 5.20 Schematic of experimental setup of Bi-doped MOPA
laser source. TL: tunable laser; LD: laser diode; ATT: attenuator. C1

and C2: circulators.

The schematic of the Bi-doped MOPA system is depicted in Figure 5.20. The tunable laser
(TL) was connected to a BDFA with an isolator to prevent back reflection of the signal. The
BDFA included two pump diodes operating at 1270 nm and 1240 nm with a combined
power of 800 mW (400 mW from each), each followed by an isolator. Two WDMs were
employed to combine the pump light into the BDF and separate the signal. Two circulators
(C1 and C2) were used to control the path of the signal in the BDFA. In this study, a single-
pass operation of the amplifier was employed, where the signal from the TL was directed
from port 1 to port 2 of C1, and the output was monitored at port 3 of C2. In the case of a
double-pass operation, the signal would be directed back to the BDF and further amplified
by splicing port 3 and port 1 of C2 together. In this configuration the signal should be
monitored at port 3 of C1. The length of the BPSF used in this BDFA is 150m.

5.5.2 Results and discussion

The MOPA was initially tested by launching a signal from the TL at 1335 nm with different
seed powers of 0, 10, and 20 dBm. The output power from MOPA was then measured by
increasing the pump power of the amplifier. Figure 5.21 illustrates a linear increasing trend
in the output power in all three cases. The forward pump at 1270nm was first increased to
the maximum of 400mW, followed by another 400mW power from the backwards pump
at 1240nm. As a result, a slightly different of the slope efficiency was observed at the switch

point. When the BDFA operated under full pump power, the maximum output power was
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72, 129, and 166 mW (~19, 21, and 22 dBm) for input powers of 0, 10, and 20 dBm,

respectively, with a corresponding gain of 19, 11, and 2 dB.
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Figure 5.21 Output power of the Bi-doped MOPA under different
pump power of the amplifier. The seed power was 0, 10, 20 dBm at

1335nm.

Furthermore, the seed was tuned to five different wavelengths of 1310, 1320, 1335, 1360,
and 1370 nm with the power increased from 0 mW to the available maximum value. The
BDFA was fully pumped (800 mW). Figure 5.22 shows the variation of the output power
from the MOPA with different input power. The curve exhibited a sharp increase at low
input power but gradually reached saturation with the seed power over 40 mW. The gain
of the BDFA was calculated and presented in Figure 5.23. With the increase of the seed
power, the gain decreased significantly until the amplifier was saturated. The output power
was higher between 1320-1360 nm and decreased at shorter (1310 nm) and longer (1370
nm) wavelengths, as can be seen from Figure 5.22. Correspondingly, the gain was higher at

the central wavelengths than it at the edges, shown in the inset of Figure 5.23.
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point at approximately 36 mW input as an example.

Figure 5.24 compares the maximum output power of the TL and the MOPA system. The
output power was also calibrated as the output WDM in the BDFA had a wavelength-
dependent loss in the wavelength range of 1300-1375nm. A uniform insertion loss of 0.5dB
was considered for the WDM impact. It can be found that the MOPA configuration did not
significantly improve the output power when compared to the output power from the TL
itself as the input power was already high enough to saturate the amplifier. Even by

attenuating the seed power, the MOPA output power remained similar to the maximum
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available power from the TL. However, the output power was increased at both shorter
and longer wavelength edges with a slightly flatter output profile by considering a flat loss
of the WDM in the amplifier. The 3 dB power-drop bandwidth was increased to 72 nm from
1303 to 1375 nm, which was 10 nm broader compared to that without amplification from
1308 to 1370 nm. The output power of the MOPA system exceeded 150 mW in the range
of 1315-1365 nm, while it could only be reached within 1320-1355 nm in the TL itself.
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Figure 5.24 Maximum output power of the Bi-doped MOPA laser,

compared to the maximum power from the tunable BDFL.
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Figure 5.25 Spectrum of the Bi-doped MOPA laser from 1300 to

1375 nm, measured by 0.5 nm OSA resolution bandwidth.

The spectrum of the MOPA output light from 1300 to 1375nm is shown in Figure 5.25,

measured with an OSA resolution bandwidth of 0.5 nm. The in-band OSNR remained above
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45 dB except at 1300 nm (31 dB) and 1375 nm (40 dB), but the out-of-band OSNR was above
23 dB from 1305 to 1375 nm and only 9 dB at 1300 nm. The OSNR degrade was due to the

noise and amplified spontaneous emission (ASE) accumulated in the BDFA.

5.6 Summary

Overall, the study demonstrated the feasibility and potential of BDFLs for various
applications. The establishment of CW BDFLs was discussed, including the cavity
optimisation of the laser at 1340 nm, and the demonstration of the tunable version with
the help of the optical filter and two FBGs. The homemade BPSFs showed their ability to
provide a 38% slope efficiency of the laser and more than 160 mW output power at 1340
nm, which is only limited by the pump powers. Lasing at this wavelength is believed to
benefit many fields, such as telecommunications, sensing, and biomedical applications. By
employing an optical filter in the ring cavity, the laser was tuned from 1315 to 1375 nm,
with the slope efficiency remaining above 25% within a 3 dB bandwidth from 1311 to 1371
nm. Moreover, the tunable BDFL with FBGs also showed promising results. By using a
hybrid of layered materials to make a compressed-based tunable FBG and carefully
selecting the operation wavelength, a 50 nm tuning bandwidth was achieved from 1320 to
1370 nm with output power above 100 mW. A MOPA configuration was utilised to enhance
the output of the tunable source. However, the improvement achieved was limited as the
BPSFs used in the amplifier were found to be saturated. It was believed that replacing the
output WDM in the BDFA with a component that has wavelength-independent loss could
potentially result in a broader and flatter output profile. Such an improvement would yield
a >70nm bandwidth with a 3dB power drop. The subsequent stage in the development of
this MOPA system involves carefully selecting the relevant components. It is crucial to
highlight that, a long length of fibre (200m in the tunable BDFL and 150m in the BDFA) was
employed in this current system. Therefore, reducing the fibre length in such systems

becomes imperative for future advancements.
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Chapter 6 Development and characterisation of Bi-doped

aluminosilicate fibres

6.1 Introduction

In this chapter, the fabrication and characterisation of Bi-doped aluminosilicate fibres
(BASFs) is introduced. The spectroscopic characteristics of Bi-doped fibres (BDFs) strongly
depend on the surrounding environment of the Bi ion. When the co-doped phosphorous
(P) is replaced by aluminium (Al), the fluorescence wavelength shifts from 1.3 um to 1.1
pum. BASF has potential benefits in both amplifier and laser systems. Although 1.1 um is not
within the low-loss window of traditional optical silicate fibres, there is a growing interest
in amplifiers in this wavelength range due to the lower loss achieved in hollow-core fibres
[1-3]. With a comparable attenuation of 0.5dB/km in recently developed hollow-core
fibres, the 1.1 um wavelength has potential for use in future optical telecom systems.
Additionally, fibre lasers operating at 1.1 um can be utilised for visible-light generation (by
frequency-doubling technique), which is in demand in fields such as astronomy,

ophthalmology, and dermatology [4-6].

In Section 6.2 of the chapter, modifications made to the BASF fabrication process are
introduced, including the solution content, gas condition, and fibre drawing speed.
Refractive index and chemical distribution of the manufactured BASFs were measured and
discussed in Section 6.3; absorption spectrum and unsaturable loss measurements were
carried out and summarised in Section 6.4. Finally, Section 6.5 concludes the impact of
fabrication parameters on BASFs’ performance by comparing the characterisation results
among different fibres. Other characteristics including fluorescence spectrum, lifetime, and

absorption/emission cross-section will be discussed in the next chapter (Chapter 7).

6.2 Fabrication of Bi-doped aluminosilicate fibres

Using the MCVD-solution doping technique described in Chapter 3, a series of BASFs were
fabricated. Specifically, a pure Si soot was deposited to an F300 tube under a fixed
temperature of 1340 °C, which had been previously optimised during the fabrication of

BPSFs. Bi and Al ions were both doped into the glass through the solution. The fabrication
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of BASFs was focused on adjusting three factors: solution content, inner atmosphere during

tube collapsing and fibre drawing speed.

6.2.1 Effect of solution content and collapse atmosphere

In this work, we used BiClz and Al;Os dissolved together in the solution by using either
methanol (MetOH) and ethanol (EtOH) as solvents. The two different kinds of solution were

both studied in this work.

Table 6.1 and Table 6.2 summarise the BASFs fabricated under different conditions in this
study. These tables outline the solution content and concentration, as well as the gas
species used during the glass collapse pass. Details on the resulting colour of the preform

core and the refractive index difference are also provided for reference.

The first four preforms, L10613-L10616, were prepared using MetOH as the solvent. It
should be noted that these preforms were fabricated prior to optimising the soot
temperature, meaning the soot was deposited at a temperature higher than 1340 °C. The
successful doping of Al ions in the glass was confirmed by the refractive index difference
(An) of the preforms, leading to the expectation of incorporation of Bi in the core and
correspondingly, the absorption in the NIR spectral region. However, when observed
through the axis direction, both L10613 and L10614 exhibited a transparent core in the
preform, suggesting negligible Bi incorporation. (The relationship between the preform
core colour and the deposition concentration is discussed in Section 4.2). The absence of
Bi was later confirmed after drawing the fibre from the two preforms, as the NIR absorption
was found to be <0.1 dB/m (as presented in Section 6.4). This result suggested that Bi ions
may not have been deposited along with Al ions, despite being dissolved in the same
MetOH solution, possibly due to the evaporation of Bi during oxidation and collapsing
passes. Therefore, it is necessary to modify the fabrication conditions to enhance the
absorption at 1.1 um. A preliminary experiment was carried out by replace oxygen (02) with
helium (He) during the tube collapsing pass of L10615 and L10616, completely or partially,
respectively. The preform core began to exhibit pink/red colours, indicating an increase in

the Bi incorporation or change of Bi state when He was used.
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Table 6.1 List of fabricated BASFs using methanol solution.

Solution .
Dopants|Preform| Fibre Gas during Colour of the | Core/Cladding Reifrzzzt):ve
/Host No. No. BICI(sgﬁ;\lcggr’;rf;uon AIZO(;;O/TOeon;rStIon Solvent | collapsing pass | preform core | diameter(um) difference (An)
L10613 | A1306 0.04 20 (0} Clear 14/100 0.004
L10614 | A1318 0.08 20 0z Clear 14/100 0.007
Bi+Al/Si MetOH
L10615 | A1322 0.6 20 He Dark red 15/100 0.007
L10616 | A1324 0.6 20 50%He:50%0:; Light pink 14/100 0.007
Table 6.2 List of fabricated BASFs using ethanol solution.
Solution .
Dopants |Preform| Fibre 5l : A0 : Gas during Colour of the | Core/Cladding Re;‘;zcet):ve
No. No. iCls concentration 203 concentration llapsi : .
/Host 0 o) (gm/100mL) (gm/100mL) Solvent | collapsing pass | preform core | diameter(um) difference (An)
L10718 | A1668 0.08 20 0, Clear 14/100 0.013
L10723 | A1672 0.08 20 He Pink 14/100 0.013
Bi+Al/Si | L10730 | A1680 0.08 10 EtOH He Pink 13/100 0.006
L10732 | A1689 0.08 10 75%He 25%0; Clear 13/100 0.006
L10734 | A1692 0.08 10 90%He 10%0; Light yellow 13.5/100 0.006

95



Chapter 6 Development and characterisation of Bi-doped aluminosilicate fibres

The subsequent set of preforms, L10718-L10734, were fabricated using ethanol as the
solvent. The decision to use a Bi concentration of 0.04 g/100 mL in the solution was based
on the successful performance of BPSFs prepared by a solution with the same Bi
concentration. However, similar to preforms L10613 and L10614, a transparent core was
observed in the preform L10715. In an attempt to increase the Bi incorporation, the Bi
concentration in the solution was doubled to 0.08 g/100 mL for the subsequent preform
L10718. However, no colour change was observed. Comparison of preforms L10613,
L10614, and L10718, along with the absorption of the corresponding fibres, revealed no

noticeable difference between the use of MetOH and EtOH solvents.

Similar to L10615 and L10616, experiments were conducted on preforms L10730, L10732
and L10734 to substitute different He/O, ratios during the collapse pass. The gas flow
during fabrication can influence the fibre performance in many cases. In our previous work
on BPSFs, a significant impact on the absorption spectrum was found when He was
completely replaced with O3, with the absorption peak shifted and eventually disappeared
[7]. In some Ge-doped fibres (no Bi-doped), a reducing atmosphere enhanced the
photosensitivity of the fibre and increased the fibre absorption [8, 9]. Thus, it is crucial to
study the impact of the gas atmosphere during the collapse pass to increase the
incorporation of Bi ions in the glass and to improve the fibre absorption at the desired

wavelength.

Table 6.3 presents typical preform collapse parameters used in our fabrication process (not
for BASFs fabrication). The burner was set at a temperature of approximately 1900 °C and
moved in a forward direction on the MCVD lathe at a speed of 40-90 m/min depending on
the inner diameter of the tube. This pass could be repeated for two or three times if the
diameter was not small enough for the final sealing pass. Throughout the experiment in
this study, the burner speed and the temperature remained constant, while the gas flows
were varied by adjusting the ratio of He to O; in the total gas volume. Specifically, L10615
was prepared using 100% He, while L10616 was fabricated using a mixture of 50% He and
50% O,, both using the same MetOH solution. Similarly, L10718, L10730, L10732, and
L10734, were made with varying ratios of He gas (0%, 100%, 75% and 90% separately).

The absorption spectra of these fibres are presented in Figure 6.1, which reveal a significant

decrease in absorption at 1.1 um with an increase in the O3 ratio (or the decrease in the He
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ratio). The lengths of the fibres used in the absorption measurements were determined

based on the absorption values at 1-1.1 um. The absorption values of L10616 at 0.8 um and

1.4 um were not resolved in Figure 6.1 because a 200 m fibre was used. In addition, Figure

6.2 provides a comparison for the absorption at 1120 nm for fibres L10718, L10730, L10732,

and L10734. The results clearly indicate that replacing O, completely with He gas enhanced

the absorption by over ten-fold, from 0.06 to 0.67 dB/m, and from 0.04 to 0.4 dB/m in

Figure 6.1, measured at 1120 nm (details in Section 6.4). However, even with as little as

10% O> during the collapsing pass, Bi incorporation in the glass was ineffective, and no

absorption at 1.1 um was observed.

Table 6.3 Typical collapse log

The log is for general MCVD fabrication but was not used in this study. In case of BASFs

fabrication, the He flow was applied and the O, flow was adjusted correspondingly.

Collapse pass Flow(cm3/min) .
Ps€ P Burner speed(mm/min) | Temperature(°C)
number 0, He
1 500 / 90 1850
2 400 / 60 1900
3 300 / 40 1900
25 —
— L ——L10615 He 100%
E% 2.0  —— L10616 He:02 50%:50%
S 45 -
5 . 3 1000 1200
g 10} -
5 ]
_Q 05 =1
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Figure 6.1 Absorption of BASFs fabricated under different gas

conditions. Up: L10615 and L10616; Down: L10730, L10732 and
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L10734. Inset: Magnified view of the absorption spectrum of
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Figure 6.2 Comparison of the absorption of BASF L10718, L10730,
L10734, and L10732, which were fabricated with different ratio of
He gas at the collapsing stage. A dotted line is given for guidance

purpose.

The underlying cause of the distinctions observed among these BASFs is under
investigation. Two primary hypotheses are: 1) The utilisation of either O2 or He gas is
conjectured to yield different degrees of Bi evaporation during the heating and subsequent
processes; 2) 02 and He gases might have an influence on the oxidation state of the
incorporated Bi within the glass matrix, consequently engendering variable concentrations

of the ‘right’ Bi ions that contribute to NIR absorption.

The gquantification of the overall Bi concentration within the fibre would considerably
benefit from techniques such as SIMS and EPMA. However, the concentration in our
current fibres is proximate to the analysis threshold and cannot indicate the difference
accurately. It is recommended that some reference preforms can be fabricated, for
instance, using of a high-Al-concentration solution (as well as varying the gas ratio). It could
ensure that chemical analysis methods vyield relatively accurate results, no matter the

performance of the fibre is desired or not.
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6.2.2 Effect of fibre drawing speed

The fabrication of BDFs is significantly affected by the fibre drawing speed, which has a
notable impact on various aspects such as temperature distribution and cooling rate of the
fibre. Alongside the preform manufacturing parameters discussed above including soot
deposition temperature, solution composition and gas atmosphere, further investigation
into the impact of fibre drawing on the properties of BDFs is crucial. Previous studies have
demonstrated that an increase in drawing speed (from 10m/min to 70m/min) resulted in a
decrease of unsaturable loss (UL) in BPSFs [10]. In this study, the corresponding effect in

BASFs was also investigated.

In this investigation, a series of preforms were utilised to draw fibres at different speeds,
ranging from 10m/min to 40m/min. The drawing speed in this experiment was limited by
the size and uniformity of the preforms (refractive index variation along the preform
length), as well as the height of the drawing tower. The absorption and UL values of the
resulting fibres at 1047 nm and 1120 nm are documented in Table 6.4, with the fibres being
identified by their unique fibre numbers. In addition, the core and cladding diameters and

the refractive index difference are provided for reference purposes.

Table 6.4 List of BASFs drawn at different speeds.

1 0,
Preform| Draw Deore/Daal  dn Absorption(dB/m) UL(%)
No Fibre No.| speed (An)
' (m/min)| (¥M) 1047nm | 1120nm |1047nm|1120nm
A1322 10 1.44 0.67 68 50
L10615 15/100 | 0.007
A1534 40 1.39 0.67 55 40
A1672 10 0.42 0.26 72 59
110723 | A1676-1 | 30 14/100 |0.013| 1.2 0.64 68 55
A1676-2 | 40 0.91 0.45 65 51
A1680 10 0.66 0.33 61 43
110730 13/100 | 0.006
A1681 30 0.76 0.33 61 44
A1689 10 0.040 | 0.038
110732 13/100 | 0.006
A1690 40 0.053 | 0.055

*UL not measured due to the low absorption within the error range

Figure 6.3(a) depicts the UL variation of BASFs drawn from preforms L10615 and L10723. It

is observed that, in these fibres, an increase in the drawing speed leads to a decrease in UL
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at both wavelengths of 1047nm and 1120nm. However, for fibres A1680 and A1681 drawn
from L10730, there was no variation in UL with the change in drawing speed. It should be
noted that the absorption of L10732-A1689/A1690 at the saturated state was too low to
be accurately measured using our UL setup; therefore, the UL values for these fibres were

not reported.

The absorption spectrum of fibres drawn from L10723, L10615, and L10732 is plotted in
Figure 6.3 (b, ¢, d). Fibres L10730-A1680 and L10730-A1681 exhibited no significant
differences in their absorption spectra, and hence were not included in the figure. Notably,
no consistent trends were observed across the measured spectra. For instance, the
absorption of fibres L10615-A1322/1534 decreased at around 1.1 um when the drawing
speed increased, whereas the trend was reverse for fibres L10732-A1689/A1690.
Additionally, when the fibre drawing speed was increased at smaller intervals (10 m/min
to 30 m/min, and then to 40 m/min), the absorption exhibited an initial increase followed
by a subsequent decrease as the drawing speed was increased, which can be found among

L10723-A1672, A1676-1 and A1676-2.
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Figure 6.3 UL and absorption of BASFs drawn at different speeds.
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According to the findings of BPSFs reported in [10], an increase in the drawing speed
resulted in a reduction in the UL, while the absorption decreased to a minimum value
before increasing again. Khegai et al. suggested that a certain time was required to form Bi
centres that were responsible for UL and NIR absorption and this duration of time when
the fibre stayed in the furnace can impact the formation of such centres. As the drawing
speed increased, the time that the Bi-doped preform spent in the heating zone of the
furnace was effectively reduced. However, this explanation fails to account for the results
obtained in our case of BPSFs discussed in [12], where one BPSF sample exhibited a reverse
trend and both the UL and absorption increased with a higher drawing speed. In this study
of BASF, a similar trend in [10] of increased speed leading to decreased UL was observed in
two series samples, L10615-A1322/A1534 and L10723-A1672/1676-1/1676-2, but with
fibres L10730-A1680/1681, the absorption of the three fibres did not exhibit a consistent

pattern. The reason for this exception is still unclear and requires further investigation.

Given the limited number of samples, it is conjectured that the cooling rate of the glass
may play a crucial role in determining the performance of BASFs instead of the duration of
the fibre in the hot zone of the furnace. An optimum drawing speed may balance the
formation of different species of Bi centres. As preforms L10615 and L10732 were only
drawn at two drawing speeds, a comprehensive trend could not be established and

explained. To achieve this, it is necessary to draw fibres at more finely spaced speeds.

The optimisation of fibre drawing speed represents a promising method for improving
BDFs’ performance, but the underlying physical mechanisms remain under investigation.
The current study could not provide a convincing conclusion due to the limit of time and
samples. More studies are needed to fully understand the relationship between the fibre

drawing speed and the fibre performance.

6.3 EPMA in Bi-doped aluminosilicate fibres

Electron probe microanalysis (EPMA) analysis was carried out to measure the
concentration of Bi and Al in the fibre core. Figure 6.4. shows the ion distribution of fibres
L10718-A1668 and L10734-A1692, with Bi concentration magnified by a factor of 100 for
clarity. The distribution of Al ions follows the shape of the refractive index profile of the

preform and the fibres (as shown in section3.3, Figure 3.6). In contrast, the disposition of
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measured Bi ions appears less clearly defined due to their relatively low concentration.
Nevertheless, a discernible central depression can be observed, which is similar to the
EPMA result of BPSF (Figure 4.3), as the Bi evaporation during the collapse and sintering
process. In the case of L10734, which has a lower Bi concentration than other fibres, the
measured distribution of Bi ions is mainly due to the noise of the equipment rather than
the real deposition in the core or the cladding. Table 6.5 summarised the measured
concentration of Bi,O3 and Al;0s3, and the refractive index difference (An) for BASFs.
However, the concentration of Bi in these fibres was closed to the sensitivity limit, thus the

variation among different BASFs could not be distinguished. The Bi ion concentration is

approximately 0.002 mol%.

L10718-A1668

Al203 (mol%)

- AI203
——Bi203*100

L10734-A1692

Al203 (mol%)

— Al203
—Bi203*100

Radius (um)

Radius (um)

Figure 6.4 Radial distribution in mol% of Al and B determined by

EPMA. (Bi concentration is magnified by a factor of 100)

Table 6.5 EPMA results for BASFs

(The concentration of Bi presented here represents an average across the core area,

whereas the Al results in the table correspond to peak values)

Analysis Preform No. Fibre No. Bi203 (mol%) | Al,O3 (mol%) An
L10718 A1668 6.20 0.013
A1672 6.49
L10723 0.013
EPMA Al1676-1 ~0.002 5.98
L10730 A1680 2.80 0.006
L10734 A1692 3.47 0.006
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6.4 Absorption and unsaturable loss of BASFs

A detailed analysis of the absorption and UL characteristics of the BASF has been carried
out. Figure 6.5 presents the absorption of a typical BASF measured with a OSA resolution
bandwidth of 10 nm. To ensure accurate results at different wavelength regions, various
fibre lengths were utilised and marked with different colours in the corresponding plot.
Inset of the figure is a magnified view of the spectrum in the range of 800-1000 nm. The
results demonstrate that the BASF exhibits high absorption at approximately 500 nm and
700 nm, and broad absorption at approximately 1 um with a bandwidth of 300 mm. The
three peaks are believed to come from Bi-Al active centres (BAC-Al), while the peak around

830 nm is the result of Bi-Si active centres (BAC-Si).

Eos
M
=
w
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£ 0.6
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5 Wavelength (nm)
.E_ d
2 ——L=0.4m
< —— L=0.5m
——L=10m
——L=50m 1

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 6.5 Typical absorption of the BASF, measured with 10 nm
resolution bandwidth. Inset: magnified view of the absorption

spectrum from 800-1000 nm.

The unsaturable loss was measured at 1047 nm and 1120 nm as the fibres were pumped
at the two wavelengths in the subsequent study of the BASF laser. Figure 6.6 shows an
example of the UL result for a BASF with a relatively short length of approximately 1-2 m,
and a pump power ranging from -25 dBm to over 25 dBm. Notably, the results demonstrate
a higher UL at 1047 nm compared to that at 1120 nm, which can be attributed to the higher
absorption observed at 1047 nm. The detailed absorption and UL results for the BASFs are
provided in Table 6.6.
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Figure 6.6 UL of a typical BASF, measured at 1047nm and 1120nm,

respectively.
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Table 6.6 Absorption and UL of different BASFs
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'Flat' is used when the low fibre absorption prevents distinguishing between unsaturable and saturable states.

Absorption(dB/m) Background loss at OH (ppm) Unsturable loss (%)
Preform No. Fibre No.
1047nm 1120nm 1550nm(dB/m) 1047nm | 1120nm

L10613 A1306 0.06 0.04 0.03 3 Flat Flat
L10614 A1318 0.05 0.04 0.04 3 Flat Flat
A1322 1.44 0.67 0.04 9 68 55

L10615
A1534 1.39 0.67 0.04 7 50 41
L10616 Al1324 0.08 0.06 0.04 3.4 Flat Flat
L10718 A1668 0.06 0.06 0.06 7 Flat Flat
A1672 0.42 0.26 0.09 4.5 72 59
L10723 Al1676-1 1.20 0.6 0.08 5.5 68 55
A1676-2 0.91 0.44 0.06 11 65 51
A1680 0.70 0.33 0.07 4 61 43

L10730
A1681 0.76 0.33 0.04 4.4 62 44
A1689 0.04 0.04 0.04 3.8 Flat Flat

L10732
A1690 0.05 0.05 0.04 4 Flat Flat
L10734 A1692 0.18 0.11 0.04 4.4 47 44
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6.5 Conclusion

This chapter discusses the impact of various fabrication parameters on the performance of
BASFs. The incorporation of ions is found to be dependent on the gas types and ratio
utilised during the collapsing pass. In particular, when He is the dominant gas at a level of
>90%, the NIR absorption attributed to the Biion see a dramatic increase. Conversely, when
02 is the primary gas, a reduction of the absorption is noticed, indicating lower Bi ion
incorporation, and suggesting either differing oxidation states of Bi ions in the glass or Bi
evaporation during the hot passes. Furthermore, during the fibre drawing process, an
increase in drawing speed from 10m/min to 40m/min was observed to reduce the UL of
BASFs by approximately 10%, though this effect is not universal. Further investigation is
required to develop a more comprehensive understanding of the underlying physical
mechanisms. The chapter concludes with a comprehensive assessment of the fibre
performance through the provision of detailed data on the absorption and UL

characteristics of home-made BASFs.
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Chapter 7  Spectroscopic study and analysis of Bi-doped

aluminosilicate fibres

7.1 Introduction

This chapter presents a detailed spectroscopic investigation of Bi-doped aluminosilicate
fibres (BASFs), including fluorescence spectrum, lifetime, and cross-sections. This study is
of vital importance as the underlying physics of the Bi-doped active centres (BACs)
responsible for the near-infrared (NIR) emission remains ambiguous. Section 7.2 and
Section 7.3 describe the measurements of the fluorescence spectrum and the lifetime of
BASFs, respectively. Section 7.4 analyses the absorption and emission cross-sections of
BASFs. Section 7.5 presents an important observation of a distinctive visible emission in the
BASF, which is believed to significantly impact the fibre efficiency. Finally, a conclusion of

the entire spectroscopic study is provided in Section 7.6.

7.2 Fluorescence spectrum of Bi-doped aluminosilicate fibres

The fluorescence spectrum of the BASFs was measured using the setup shown in Figure
7.1. The fibres were pumped at 1047 and 1120 nm, in preparation for future laser
performance studies. An isolator was applied to prevent any damage due to light back-
reflection. To collect the fluorescence output from the BASFs, the coatings of the BASFs
were removed, and a double-cladded fibre with high numerical aperture (NA) was utilised
for capturing of fluorescence light. The length of BASFs was maintained at approximately
2m to prevent any generation of amplified spontaneous emission (ASE). To increase the
intensity of the collected light, each tested fibre was coiled in loops, while ensuring that

the circle was not too small in order to avoid any pump source leakage from the fibre.

[ Pump ]—[ ISO Double cladded fibre 0SA

Ap=1047/1120nm
BASF

Figure 7.1 Experimental setup of BASFs fluorescence spectrum

measurement. I1SO: isolator.
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Figure 7.2 displays the spectrum of three tested BASFs measured with an OSA resolution

bandwidth of 2 nm. The black dotted line corresponds to the 1047 nm pump, while the red

dotted line corresponds to the 1120 nm pump. The central wavelength and full-width-at-

half-maximum (FWHM) values for each spectrum are provided in Table 7.1.

Normalised fluorescence (a.u.)
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Figure 7.2 Fluorescence spectrum of different BASFs pumped at

1047 and 1120 nm. Black dotted line: 1047 nm pump; red dotted

line: 1120 nm pump

Table 7.1 Fluorescence spectrum details of BASFs

Preform Fibre Pump at 1047nm Pump at 1120nm

No. No. central A (nm) | FWHM (nm) | central A (nm) | FWHM (nm)
L10723 Al1672 1120 145 1156 133
L10723 | Al1676-1 1121 142 1156 133
L10730 A1680 1126 140 1152 129

One notable observation is the dependence of the BASFs fluorescence spectrum on the

pump wavelength. When pumped at 1047 nm, the fluorescence peaks were observed at

1120-1126 nm with a FWHM of 140-145 nm, while by pumping at 1120 nm, the peaks

shifted to at 1152-1156 nm with an FWHM bandwidth of approximately 130 nm. A 70 nm
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difference in the pump wavelength resulted in a 30 nm shift in the fluorescence spectrum.
The broad fluorescence bandwidth and the pump-wavelength dependence are the two
distinguishing features of BASFs. A similar characteristic was also observed in Bi-doped

phosphosilicate fibres (BPSFs) [1, 2].
7.3 Fluorescence lifetime measurement

7.3.1 Principle and review of the lifetime in Bi-doped glass and optical fibres

Fluorescence lifetime is a fundamental parameter in spectroscopy and refers to the
characteristic time associated with the decay of the population of ions at excited states in
a gain medium. In a typical laser or amplifier gain medium, excited ions at the upper level
of the energy transition relax to the lower level through spontaneous emission, stimulated
emission, or additional quenching effects. The population of the excited ions decays
exponentially with a particular decay time, known as fluorescence lifetime or the upper-
level lifetime. Mathematically, the lifetime corresponds to the period required for the
population of the metastable ions to reduce to 1/e of its original value, which can be
expressed as:

M — e_t/‘l,'

72(0) 7-1

If non-radiative effects are negligible, the fluorescence lifetime is equivalent to the
radiative lifetime. Under the ideal assumption that stimulated emission does not occur, the
decay time is determined by spontaneous emission and can be expressed as follows:

Tem (4)
A

1 8mn?

—= fvzaem(v) dv = 87tn2cf

dl 7-2
T c?

It is worth noting that the application of the lifetime assumption makes the equations

comparatively less precise for a majority of fibres except for Er-doped fibres.

Table 7.2 summarises the previously reported lifetime measurement related to Bi in glass
or fibres. The fluorescence lifetime of Bi-doped glasses ranges from 200-500 ps [3-7], while
in optical fibres, it is mainly measured to be between 600-1000 ps in the NIR region [8-14].
However, a BDF co-doped with Al and Ge exhibited a shorter lifetime of 360 us at NIR

fluorescence with two distinct peaks at 1250 and 1650 nm, pumped at 976 nm. In the same
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study, the lifetime in the visible red region was reported with 3.6 s for both Bi fibres co-
doped with Ge and Ge/Al, pumped at 510 nm [13]. The lifetime is significantly influenced
by the doping concentration of both Bi ions, with a shorter lifetime observed at higher Bi
concentrations due to quenching effects [15]. Additionally, the lifetime is pump-
wavelength-dependent, with a lifetime of 680us at 1120nm when pumped at 975 nm, and
a lifetime of 750 pus at 1160 nm when pumped at 1090 nm [11]. Notably, a previous study

reported a lifetime in BASFs of 1 ms [9].

Table 7.2 Lifetime of Bi-doped glass and optical fibres

Fabrication Fibre composition Fluorescence Lifetime at Ref
method P Af(nm) At (ps)
1100 549
Si0,-Li,0-Al,03-Bi203 (3]
1350 270
Bi»03-Al,03-P,05 1300 500
: (4]
Bi»03-Al,03-GeO; 1300 255
Melting Bi203-Al,03-GeO; 1280 273 [5]
glass Si0,-Li20 -Al;03-Bi,03 1265 456
SiO»-Li»0 -Ta0s5-Bi»,03 1300 420 (6]
Si02-Na0-Al,03-Bi; 03 1310 489
Bi»03-Al,03-GeO> 1310 230
Bi»03-Ta»05-GeO> 1310 222 [7]
Si0;-Al;03-Ge0,-P,05-Bir03 1140 750 [8]
Si0;-Al;03-Bi»03 1150 1000 [9]
Si02-P,05-Bi,03 1230 720 [10]
Si0;2-Al;,03-Ge05-Bi,0 1100 080 [11]
102-Al1203-GeVU2-bl20U3
ML 1130 750
solution
SiO7-P,05-Ge0>-Bi> 03 1300 600 [12]
1250 750
Si0,-Ge0,-Al,03-Biz03 1250+1650 360 [13]
Visible red 3.6
ALD & 1131 701
Si0;-Bi,03-Al.03-Ge O, [14]
MCVD 1145 721

As: peak of the fluorescence spectrum; ALD: Atomic layer deposition
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In general, the lifetime of Bi ions within the NIR region tends to be shorter in glass
compared to optical fibres. This discrepancy can be attributed to material purity and the
ion's immediate environment. However, a definitive range cannot be universally defined
for Bi-doped glass and BDFs, as fibre performance is profoundly influenced by fabrication
conditions and glass composition. The lifetime analysis is crucial as it can reveal the rate of
energy transfer or excited state reactions, as well as indicate the unsaturable process such
as quenching occurring in the BDFs. From this perspective, when comparing BDFs of the

same type, a longer lifetime may be considered preferable.

7.3.2 Experiment setup

In this study, the lifetime measurement was conducted on the BASFs. Traditionally, the
fluorescence intensity can be measured by collecting scattering light from the side of the
fibre. However, in the case of BASFs, the light collected from the side was found to be weak,
posing difficulty in distinguishing it from system noise. To overcome this, the fluorescence

light was monitored by analysing the back-reflected light of BASFs.

Modulator ||

BASF

Back reflected light

H — i
[ © 1180nm ﬁ Oscilloscope

Ap=1120nm IS0 InGAS photodetector
with built in amplifier

1120nm

Figure 7.3 Experimental setup of BASFs fluorescence lifetime
measurement based on the back-reflected light. (LD: laser diode;

ISO: isolator; WDM: wavelength-division-multiplier)

Figure 7.3 presents the schematic diagram of the setup used for measuring the lifetime of
BASFs. The setup consisted of a laser diode operating at 1120 nm connected to a modulator
(TTI TG550) for square pulse generation. In this study, the pulse frequency was set to 100
Hz, and the duty cycle was either 2:8 or 1:9. The pump diode had a short lifetime of
approximately 6 us and had negligible impact on the fibres’ lifetime at 100’s of us scale.
The pump light was launched to the BASF through an isolator and an 1120/1180 nm WDM.
An additional advantage of employing WDMs is their ability to selectively target specific

wavelengths rather than exhibiting transparency across a wide range of different
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wavelength bands. The common port of the WDM was spliced with the BASF under test,
while the 1180 nm port was connected to an indium-gallium-arsenide (InGAS)
photodetector (Thorlabs PDA10CS-EC) with a detectable wavelength from 900 nm to 1700
nm and a built-in amplifier capable of maximum 70 dB amplification. The signal was
analysed using an oscilloscope (Tektronix DPO7254) with a 2.5 GHz bandwidth and a 40
GS/s sampling rate. The modulator was also connected to the oscilloscope. To reduce the
back-reflection of unabsorbed pump at the end surface, the free end of the BASF was angle-
cleaved. The measured result was averaged 10000 times automatically by the oscilloscope

to reduce the noise influence and increase the accuracy.

The lifetime was analysed from the fluorescence decay curve using a single exponential

fitting, expressed as follow:

I(t) = Ioe(_t/r) + 3’0 7-3

Here, I(t) represents the fluorescence intensity measured at time t, I, is the initial light
intensity before the decay of ions, 7 is the characteristic lifetime to be calculated, and yj, is

a constant offset that accounts for any noise contribution.

To ensure accurate measurement of the fluorescence lifetime, the test BASF should be of
a short length to minimise the impact of ASE and re-absorption of the fluorescence light.
The pump power should be optimised to achieve sufficient excitation of ions while avoiding

any potential stimulated emission or ASE caused by excessive pump power.

7.3.3 Results and discussion

Table 7.3 summarise the lifetime of BASF L10730-A1680 when pumped at 1120 nm, with
three lengths used to evaluate the impact on the measured results. The amplification of
the detector was adjusted to different values of 50 or 70 dB, depending on the signal

intensity and noise level.

Table 7.3 Fluorescence decay time of the BPSF with different fibre lengths

L10730-A1680 | Ap=1120nm
Fibre length (m) Signal amplification (dB) Lifetime (us)
1.8 70 825
10 50 758
25 50 666
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The variation of the measured lifetime with different fibre lengths at a fixed pump power
is displayed in Figure 7.4(a). The fluorescence decay time was observed to decrease as the
fibre length increased from 1.8 m to 25 m, which is attributed to the impact of the ASE
generated in the fibre. Thus, a shorter fibre length was preferred in the lifetime
measurement of BASFs to avoid ASE-induced lifetime shortening and the actual lifetime of
L10730-A1680 was believed to be ~825 us. Figure 7.4(b) presents the decay curve of the
fluorescence light intensity at three lengths, indicating clear evidence of the lifetime
variation. The lifetime in Table 7.3 was calculated by fitting the decay curve with a single
exponential function (Equation 7-3). The background loss is eliminated by measuring

multiple cycles and considering the baseline across the entire duration.
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Figure 7.4 (a) Lifetime values of L10730-A1680 at different fibre
lengths; (b) Fluorescence intensity decay curve with different

lengths excited at 1120 nm.

A second BASF, L10723-A1676-1, was measured with a fixed length of 2 m. To confirm the
accuracy of the measurement, various instrument parameters including the modulation
amplitude and duty cycle of the pulse, as well as the amplification to the signal, were
studied. Specifically, different levels of the modulation amplitude (5,10,20) were selected,
which corresponded to increasing levels of modulation current of the pump diode and
subsequently, an increase in input pump power. The pump power at the three modulation

levels were approximately 50, 100, 200mW. The results are summarised in Table 7.4.

Table 7.4 Fluorescence decay time of the BASF with different measurement parameters

L10723-A1676-1 Ap=1120nm L=2m
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Duty cycle Modulation Signal gain mode Lifetime (us)
(on : off) amplitude (dB) g
10 814
70
20 810
2:8
0 841
50
30 837
s 840
>0 846
1:9
s 840
20 836

It can be found that, the variation in the input pump power has a negligible impact on the
measured lifetime with a difference of less than 5 ps, which falls within the range of
measurement error. However, with a combination of a 2:8 cycle duty and a 70 dB
amplification, the measured lifetime values were shorter due to the increased impact of
system noise. In contrast, the results from the other three series of measurement settings
were consistent with each other, yielding a value of approximately 840 us for the lifetime

of L10723-A1676-1.

The lifetime of other BASF samples was measured using a similar procedure with 1-2m fibre
length and 1:9 duty cycle. Different pump power and gain were employed depending on
the signal and noise levels. The results are summarised in Table 7.5, along with their
corresponding absorption and UL values. The lifetime variation with the absorption or the

UL of the fibres is depicted in Figure 7.5.

Table 7.5 Lifetime of different BASFs (absorption and UL used as a reference)

. I Absorption(dB/m) UL(%)
Preform No. .lL E +
Fibre No ifetime(pus) rror(+us) @1120nm @1120nm
A1322 836 10 0.67 55
L10615
Al1534 827 9 0.67 41
A1672 852 12 0.26 59
L10723 Al676-1 844 11 0.6 55
A1676-2 836 10 0.44 51
A1680 825 11 0.33 43
L10730
A1681 842 13 0.33 44
L10734 A1692 839 12 0.11 a4
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Figure 7.5 Lifetime of different fibres versus the corresponding

absorption (up) and unsaturable loss (down)

From Figure 7.5, no significant relation was observed between the lifetime and these
factors. The concentration difference of Bi ions in the samples was not significant enough
to cause an obvious variation in the lifetime. In comparison to a previous study that
demonstrated a concentration-dependent lifetime variation with an absorption range of
0.2 to 20 dB/m [15], our BASFs exhibited a smaller absorption difference of only 0.1 to 0.7

dB/m. Overall, the lifetime of these BASFs remained within the range of 820~860 ps.
7.4 Absorption and emission Cross-section measurement

7.4.1 Principle of transition cross sections measurements

Transition cross sections are used to quantify the rate or the likelihood of optical transition,
such as absorption and stimulated emission, and are dependent on the measured
wavelength. In a laser system, a higher transition cross-section represents a stronger ability
to absorb or emit photons, resulting in a higher transition rate, which is a critical parameter

for achieving high laser output power.

The cross sections are obtained from experiments that yield the spectral absorption and
emission strength for a particular ion’s transition at a specific temperature. Various
methodologies have been established to accurately extract cross-section values from the
measured absorption and fluorescence spectra, including: (1) Fuchtbauer-Ladenberg (FL)

equation; (2) McCumber Theory; (3) Net gain-loss method; (4) Saturated fluorescence
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method; and (5) Direct absorption cross section measurement method. These methods
have been extensively studied in RE-doped optical fibres, such as Er-doped fibres (EDFs),

and have been described and compared in many reports [16-18].

Specifically, the direct measurement method requires full knowledge of the active ions’
concentration and radial distribution to derive accurate cross-section values. While this
method provides good accuracy for EDFs with a significant absorption over 10 dB/m, its
precision diminishes when the absorption is below 2 dB/m [16]. Therefore, this approach
is not feasible for BDFs, which have a lower concentration of less than 0.004mol% and a
preferable NIR absorption of approximately 0.5 dB/m. McCumber theory is widely used for
EDFs cross section analysis and has demonstrated excellent agreement with experimental
data, but it has limitation for broad laser transitions in the fibre or glass [19]. As a result,
this technique may not be accurate enough for BDFs, which have broad absorption and
fluorescence bandwidths spanning several hundred nanometres. The remaining three
methods, FL method, gain-loss measurement and saturated fluorescence measurement
have shown promising results for various laser gain media such as EDFs and Tm-doped

fibres with similar broad linewidths in the emission spectrum [18, 20].

In this study, the transition cross-sections of BASFs were estimated using the FL equation
and the McCumber theory modified for broadband gain medium. The principles of these

two methods are provided below.
The Fuchtbauer-Ladenberg analysis

The FL theory relates the emission cross-section and the radiative lifetime through the

following equation:

1 8mn? Opm (1)
= fvzaem(v)dv:Bnnch 824 d(d) 7-4

Trad

Here, v and A are the optical frequency and wavelength, n is the refractive index, c is the
vacuum velocity of light, o,,, and 7,4 denote the wavelength-dependent emission cross-

section and radiative lifetime, respectively.

If the emission bandwidth is not large, an average wavelength A of the transition can be

assumed, and the equation can be written as:
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2
— = 2 7-5

Trad 14

Within a narrow frequency interval, the fluorescence intensity I(4) is propotional to the
emission cross-section, leading to the following equation:

A (1)
8Tn2cTyqq [ I(A)d(R)

O-em(l) = 7-6
For gain media with broader emission bandwidths, the equation can be modified for higher
accuracy:

25 10

7-7
8Tn?cT,qq [AI(A)d(R)

Oem W =

It is worth noting that the FL equation is based on several assumptions, including the
absence of inhomogeneous broadening in the gain medium and equal population of all
stark components in both the upper and lower energy levels. These assumptions may lead

to less accurate cross-section values measured in BDFs.
Modified McCumber theory

The widely used McCumber theory provides a simple relationship between the absorption

and emission cross-sections using the following equations:

hv — EZl
Oabs (v) = Oem (v) exp (k—T> 7-8
B
1 1
hc (z — /1_21)
Oabs = Oem 1) exp T 7-9
B

Here, hand kgare the Plank constant and Boltzmann constant, T is the thermodynamic
temperature in Kelvin, and E,; and A,; represent the zero-phonon-line energy and zero-

line wavelength corresponding to the lowest components of the upper and lower levels.

However, for gain media with broad emission bandwidths, this equation needs to be
modified, as was done in a recent study on Tm-doped fibre [21]. The modified equation is

as follows:
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( )— ( )_ —C( 1Zl)
g, A =0 A ex 7-10
abs em Zl p kT

Here, the partition function Z,,/Z,; represents the partition function of lower and upper
levels and can be considered as the ratio of the energy width for the upper and lower
energy levels if equally spaced Stark levels are assumed. The value of Z,, and Z; can be
determined by identifying the intersection point of the 5% intensity level with the

normalised absorption and fluorescence spectrum, respectively [21].

7.4.2 Review of the cross-section in Bi-doped glass and optical fibres

Accurate cross-section values are crucial for improving the gain medium and achieving a
guantitative understanding of the device in the laser or amplifier systems. In addition to
the lifetime described in the previous section, precise cross-section measurements are also
necessary for simulating and designing the fibre system. Despite the indispensable role of
the transition cross-section, there is limited research available on BDFs, especially
regarding a comprehensive cross-sections spectrum. Table 7.6 summarises the published
results for Bi-doped optical fibres manufactured using different compositions and
fabrication methods, along with some examples of Bi-doped glass. The table indicates
whether the data corresponds to absorption or emission cross-section at a specific
wavelength (Apeak), and whether a complete spectrum is provided. The Bi-doped glass
exhibits emission cross-sections in the range of 9-20x1072! cm?, while the values of BDFs

ranges from 4-20x102! cm?.

Table 7.6 Cross-section of Bi ions in glass and optical fibres

Fab. . - a(\
method Fibre composition Note Apeak (NM) (10(_2fzamk)2) Ref
P,0s5-Al>03-Bi>03 Oem 1300 10.0 (4]
Ge0;-Al;03-Bi,03 Oem 1300 16.8
Oem 808 16.1
Melting Ge0;-Al;03-Bi;03 [5]
Oem 1280 15.5
glass
Si02-Al;0s3-Li>0-Bi203 Oem 1265 9.6
Si0,-Ta205-Li,0-Bi03 Oom 1300 11.3 [6]
Ge03-Al;03-Bi;03 Oem 1300 19.9
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Bi,03-Ta,05-GeO; Oom 1310 15.9 [7]
Si0»-Al;03-Bi;03 5
Oubs 925 [22]
Si0,-Al,03-Ge0,-Bi; 03 15
Tabs 980 43
Spectrum
SiO;-Al;03-F-Bi; 03 [23]
Tem 1140 6.0
Spectrum
SiOz -A|20%-G602-P205- oo 1140 6.0 (8]
Bi»O3
MCVD & , ,
solution $i0,-Al,03-Bi,03 Oom 1150 6.0 [9]
_ _ Tabs 1240 21
Si02-P205-Bix 03 Spectrum (10]
SiO5-P,0s5-F-Bi>03
Tem 1310 16
Spectrum
SiO, -Al,03-Ge0,-Bi; 03 Tem 1100-1160 6~8 [24]
Spectrum
o, 7.5(T=300K)
SiO,-Al;03-Bi,O em 1160 25
2IasTEs Spectrum 10.5(T=77K) [25]
o 1131 8.0
ALD& 1 o1, Alr0s-GeOy-BirOs e [14]
MCVD Com 1145 9.6
7.4.3 Results and discussion

Figure 7.6 shows the emission cross sections calculated using the FL equation for three
different BASFs. The results indicate a significant dependence of the emission cross section
on the excitation wavelength. As the pump wavelength varied from 1047 nm to 1120 nm,
the peaks of the emission cross sections of the three BASFs shifted to the longer wavelength
side, from approximately 1130 nm to 1170 nm. Furthermore, an increase in the peak
emission cross section was observed in all three fibres, with values of 0.75-0.8 pm? (7.5-
8x102'cm?) at 1130 nm and 0.91-0.97 pm? at 1170 nm. Similar properties were also
observed in our previous studies on BPSFs and Bi-doped aluminogermanosilicate fibres
(BAGSF) [1, 2, 24]. The measured emission cross section results are similar to previously

reported values [8,9,24].
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Figure 7.6 Emission cross-sections of BASFs calculated using the

Fuchtbauer-Ladenberg analysis.
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Figure 7.7 displays the absorption cross-section spectrum obtained using the modified
McCumber relation (Equation 7-10). As the emission cross-section spectrum is dependent
on the pump wavelength, the derived absorption cross-sections also vary. This
phenomenon requires further investigation and a deeper understanding of the physics
behind BDFs. Nonetheless, looking at the general trend of the two series of curves under
different pump, the absorption cross-section values increase as the measured wavelength
shifts towards shorter side from 1200nm to 1000nm, which agree with the trend of small

signal absorption of the BASFs.

An alternative method for obtaining absorption cross-section values is through saturated
fluorescence measurement [16-18]. This method provides a specific absolute value at a
particular pump wavelength instead of showing different curves by calculating from
different fluorescence spectrums. It is worth considering this method in future studies to

further compare the results obtained through different analysis methods.

7.5 Anti-stoke luminescence in Bi-doped aluminosilcate fibres

7.5.1 Review of anti-stoke luminescence in BASFs

Anti-stokes luminescence refers to the emission from an energy state higher than the state
of the pump energy level, resulting in emitted light with a shorter wavelength than the
pump wavelength. This phenomenon has been addressed in Bi-doped aluminosilicate,
phosphosilicate and germanosilicate fibres in a number of studies [22, 26-30]. Different
visible luminescence has been observed in BDFs with infrared (IR) excitation, depending on
the glass composition, the concentration of each dopant, and the temperature (room and
liquid nitrogen temperature ~77 K). Table 7.7 provides a summary of reported anti-stokes
luminescence at different bands and corresponding excitation wavelengths. In particular,

anti-stokes luminescence at 530 nm and 730~780 nm has been observed in BASFs.

Table 7.7 Anti-stokes luminescence in BDFS with different compositions.

. . Excitation Luminescence
Fibre composition Reference
wavelength(nm) wavelength(nm)
. . 482(T=77K)
Si0,2-Ge0,-Biy03 940
655(T=77K) [26]
Si0O2-Bi;03 803 420(T=77K)
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480
580(T=77K)
SiO,-Al;03-Bi,0 1058 >30
107~ -bl
2 2U3 2VU3 730
[22]
. . 475(T=77K)
SiO2-Al;,03-Ge02-Bi 03 925
730
1900+1400 830
SiO,-Bi 420
i02-Bi,03 308
580
2000+1650 950 [27]
. . 480(T=77K)
Si02-Ge0,-Biy03 925
655(T=77K)
657+1568 480
. . 485
Si02-Ge0,(>50%)-Bi,03 925 [28]
660
Si02-P,05-Bi203 1300+1840 780
1300+1840 740
[29]
Si0z-Al;03-Bi;03 1150 780
1150+1880 750~780(T=77K)
. . 837
Si02-Ge0,-Bi»03 1515~1575 945 [30]

Studying anti-stoke luminescence in different BDFs is beneficial to understanding the
energy levels of Bi active centres (BACs) and the mechanisms of various processes in the
fibres. The observation of anti-stoke luminescence in BASFs, together with the broadband
luminescence spectrum measurement has led to a prediction of the energy levels of the
BAC associated with Si (BAC-Si) and Al (BAC-Al), as shown in Figure 7.8 [31]. The 730-780
nm emission corresponds to the energy gap between E; and Egp in BAC-AIl, while the 530 nm

emission may result from the transition from E3 to Eo in BAC-AI, considering the typical

broad emission bandwidth in BDFs.
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Figure 7.8 Predicted energy level of BAC-Si (left) and BAC-AI (right)

There are several excitation mechanisms that can cause the anti-stokes luminescence, such
as excited state absorption (ESA) of a single BAC or energy transfer upconversion (ETU)
between neighbouring BACs. Figure 7.9 shows a schematic of the two mechanisms. Both
excitation and emission wavelengths are dependent on the energy gaps of different BACs
in the fibres. These processes can result in a large UL in the BDFs, reducing the fibre
efficiency of the desired process (E1 to Eg), and eventually degrading the performance of

devices based on such fibres.

E, E;’
Aexcite '
Ey i — E,’
= El ‘ $== E ’
1
Aanti
Aexcite Aanti
E, Eo Ey’
BAC BAC-1 BAC-2
ESA ETU
(excited state absorption) (energy transferred upconversion)

Figure 7.9 Schematic of potential ESA and ETU process in BASFs

7.5.2 Experimental study of anti-stoke luminescence in BASFs

In this study, BASFs (L=5 m) was excited under room temperature (~25 °C) using two pump
wavelengths, 1047 nm and 1120 nm. The selection of these two wavelengths was based on

the future development of lasers at 1.1 um. The pumps were combined using a wavelength-
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division multiplier (WDM) to monitor the luminescence under single or dual pumps. Our
BASFs exhibited visible emission at 480 nm and 570 nm, resulting in a green luminescence
as a combination of light at the two wavelengths [32]. Figure 7.10 presents the green light
observed in a dark room under different pump wavelengths. The luminescence intensity
was stronger when pumped at 1047 nm than at 1120 nm, suggesting that the energy levels

of this anti-stokes process can be better matched with the former than the latter.

__500
z
5 4o | e — o
2 100 i
Q.
Q.
I ~
a
0

1047nm 1047nm+1120nm 1120nm
Pump wavelength

Figure 7.10 Visible luminescence observed in BASFs under different

pump configurations.
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Figure 7.11 Spectrum of the BASF in visible region with the pump
wavelengths of 1047 nm (up) and 1120 nm (down). (Red line:
monitored from pump; black line: monitored from 5m BASF;

shadow: ghost peak from the OSA)

The spectrum of the visible luminescence is shown in Figure 7.11, measured from 450 nm
to 600 nm with an OSA resolution of 2 nm. The shadowed regions around 523 nm and 560
nm in the two plots are ghost peaks of the pump wavelength due to the OSA itself. The

spectrum clearly shows two peaks at 480 nm and 570 nm when the fibre was pumped with
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1047 nm. However, when the 1120 nm pump was used, the 570 nm peak was covered by
the ghost signal. To confirm the origin of the two visible peaks in the luminescence
spectrum, the pump spectrum was measured without connecting BASFs. Comparing the
spectra before and after connecting BASFs confirms that the peaks originate from the fibre.
Figure 7.13 provides a detailed view of the two peaks at 480 nm and 570 nm under the

1047 nm pump with increased power.
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Figure 7.12 Spectrum of anti-stokes luminescence peaks pumped

with increased pump power at 1047 nm.

In Figure 7.13, the integrated emission intensity at 480 nm is shown as a function of the
input power (up to 100 mW) for single-wavelength pumping and dual-wavelength
pumping. The intensities are normalised to the maximum value among all these cases. The
results are consistent with Figure 7.10, with stronger luminescence observed under the
1047 nm pump and weaker luminescence under the 1120 nm pump. The combined
intensity for dual pumping falls in between. The intensity of the 570 nm luminescence is

not calculated due to the overlap between the signal and the ghost peak of the OSA.
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Figure 7.13 Integrated emission intensity of the 480 nm
luminescence with single-wavelength pump (black and red lines)

and dual-wavelength pump (blue line)

7.5.3 Discussion of the anti-stokes luminescence mechanism

As discussed in Section 7.5.1, several mechanisms can lead to the anti-stokes process.
However, the contribution of Bi to our observation is still unclear, as the nature of the
material and the energy levels involved are not fully understood. Additionally, different
valence states of Bi ions can coexist in the host glass, making the process even more

complex. These various ions have distinct energy levels, which are also predicted in [33].

Figure 7.14 shows the normalised intensity of both stokes and anti-stoke luminescence
plotted on a log-log scale against the launched pump power. Solid lines with slope of 0.5
are included for guidance. Both stokes and anti-stokes signals exhibited a dependence on
the square root of the pump power (P'/?). The stokes luminescence trend at 1130 nm is
consistent with previous results on BASFs reported in [29], which also showed the same 0.5
slope when pumped at 1240 nm with a power of 10-300 mW. As the pump power increases,
the slopes of the two anti-stoke signals become slightly lower than 0.5, which can be
attributed to the increased competition between stokes and anti-stokes processes and the

insufficient BACs due to the relative low concentration of Bi ions in the fibre [30].
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Figure 7.14 Normalised stokes and anti-stoke luminescence

intensity of the BASF as a function of launched pump power at 1047

nm, plotted in a log-log scale.

In theory, the power dependence of excited ions population densities (N;,i = 1,2, ...,n)

varies in cases of ETU and ESA. The correlation between these densities and the launched

pump power can be expressed according to the model established in [34]. When the fibre

undergoes the ETU or ESA process, the power-dependence can be different depending on

the impact (small or large) and the decay route of the ions, as described in Table 7.8:

Table 7.8 Correlation between the excited ions population densities N and launched

pump power P in various cases.

Upconversion| Influence of Decay Route Power
mechanism |upconversion From level Decay to dependence
(a)Small 1=1,2,...,n N;~P*
(1)ETU (i) 1=1,2,...,n-1 N;~P1/2
(b)Large ” 1
(i) I=n N;~P
Ground state ,
(a)Small 1=1,2,...,n N;~P!
(2)ESA (i) 1=1,2,...,n-1 N;~P°
(b)Large " 1
(i) I=n N;~P

The model predicts a higher possibility for ETU to occur in our BASFs as the 0.5 slope fits

the case (1)(b)(i). However, further investigation is necessary before reaching a definitive

conclusion. Although the model provides a general equation for power dependence in
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different anti-stokes processes, special cases need to be considered, particularly the
involvement of different active centres (BAC-Si and BAC-AI), various valence states, and

energy levels of the Bi ions, which further complicates the situation.

7.6 Conclusion

In this chapter, several spectroscopic studies related to the fluorescence spectrum, lifetime
and cross-section have been introduced to the homemade BASFs, which exhibited a broad
gain bandwidth of over 100nm centring at 1120~1160nm, depending on the pump
wavelength. The fluorescence decay lifetime of the BASFs was measured, and the general
value was found to be approximately 820-840us. The emission and absorption cross-
sections were measured based on the Fuchtbauer-Ladenberg relation and the modified
McCumber theory. The spectrum showed a pump-wavelength dependence, which
corresponded to the same dependence shown in the fluorescence spectrum. The physical

theory behind this is under further investigation.

Moreover, an observation of visible light from anti-stokes luminescence has been studied.
Two peaks at 480nm and 570nm were observed when the BASF was pumped under
1047nm and 1120nm. The intensities of stokes and anti-stokes luminescence was
calculated and compared and ETU is predicted as the involved process in the fibre.
However, further investigation is required for a precise description of this process due to
the complicated composition of different BACs. This anti-stokes process can be a reason

for the low efficiency of our BASFs.
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Chapter 8 Study of Bi-doped aluminosilicate fibre lasers

8.1 Introduction

After the fabrication and characterisation of Bi-doped aluminosilicate fibres (BASFs), as
discussed in detail in the preceding sections, this chapter presents further experimental
results obtained when the fibres were tested in a laser setup and pumped at wavelengths

of 1047nm and 1120nm.

This chapter focuses on evaluating the laser performance of BASFs, through modifications
to the cavity design, active fibre length, and output coupling ratio. By adopting a linear
configuration for the laser cavity, the required fibre length was significantly reduced to
50~75 m, compared to over a 200 m Bi-doped phosphosilicate fibre (BPSF) for lasers at 1.3
pum (as discussed in Chapter 5). This study includes a detailed investigation of single and
dual pumping techniques. However, poor output power and slope efficiency were observed
due to the high unsaturable loss (UL) in BASFs (60%), in contrast to BPSFs, which have lower

UL of approximately 20%.

8.2 Bi-doped aluminosilicate fibre laser by 1047nm pump

8.2.1 Experiment setup

In this study, BASF L10730-A1680 was employed in a linear laser cavity. The absorption and
UL are 0.66 dB/m and 61% at 1047 nm, and 0.33 dB/m and 43% at 1120 nm, respectively.
The refractive index difference is 0.006, primarily from the Al,O3 content of approximately
2.80 mol%, measured by the electron probe microanalysis (EPMA). The concentration of Bi
ions is around 0.002 mol% estimated by EPMA, with the accuracy limited by the
measurement technique (Table 6.5). The fibre has a cladding diameter of 100 um and an
inner core diameter of 13 um. These characterisation details are available in Section 6.3
and 6.4. This particular fibre was chosen due to its relatively low UL compared to other
BASFs, as previous studies have shown that lower UL results in higher output and efficiency.
Additionally, BPSFs with an absorption of 0.5dB/m performed well in a laser setup in our
previous study [1], leading us to select a similar absorption level for the preliminary testing

of BASFs.
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Figure 8.1 Schematic of the laser setup operating at 1178nm.

Figure 8.1 illustrates the schematic diagram of the laser setup designed for operation at
1178 nm. Two diode pumped neodymium-doped yttrium lithium fluoride (Nd:YLF) lasers
operating at 1047 nm were employed to pump the BASF bi-directionally under a total
power of approximately 1 W. Two isolators (ISOs) were spliced to the diodes in order to
prevent any damage due to the back-reflected and unabsorbed light. A linear cavity was
formed by two fibre Bragg gratings (FBGs) at 1178 nm. One FBG has a high reflectivity (HR)
of 99%, while the other was used at an output coupler (OC) with a reflectivity of 20%, 30%,
50% for comparative purposes. The output signal was obtained using a 1047/1180 nm
WDM and connected to a power meter or an OSA. The BASF was tested in the cavity using
two different lengths, 53 and 78 m. The fibre length used was not further reduced to avoid
exhausting the available fibres for other study. Nonetheless, it should be noted that due to
the relative low absorption at the pump wavelength, there is a low probability of further

reducing the fibre length being beneficial.

8.2.2 Results and discussion

Table 8.1 provides an overall summary of the laser performance. Three output coupling
ratios (OC ratios) of 80%, 70%, 50% were tested for two specific fibre lengths (53 m or 78
m) by inserting FBGs with different reflectivity values (20%, 30%, 50%). Both output power
and optical spectrum were measured for each configuration. The maximum output power
achieved was approximately 8 mW at 1178 nm, with a slope efficiency of 2.26%. The low
slope efficiency and output power can be attributed to the high UL of the BASF (60%).
Additional, at high pump power, there was increased competition between the unsaturable
process, including the anti-stoke luminescence, and the desired radiative process at 1.1 um,

resulting in instability of the laser and fluctuation of the output power.
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Table 8.1 Laser output power and slope efficiency under different cavity configuration

Output Power (mW) (Pump power~1W)

OC ratio (%)

Length () 80 70 50
53 8.20 7.28 6.40
78 6.28 5.18 4.02

Slope efficiency (%) (measured before reaching saturation)
OC ratio (%)

Length () 80 70 50
53 2.26 1.74 1.2
78 1.79 1.53 1.1

Figure 8.2 presents the laser output power and the slope efficiency versus the coupling
ratio for each specific length, 53 and 78m. As previously mentioned, the fibre length was
not further reduced due to the fibre’s low absorption and to prevent unnecessary wastage.
The output power increased with the output ratio but was expected to reach a peak and
then decrease. This behaviour can be assumed as a larger output ratio results in higher
cavity loss, which increases the threshold of the laser and reduces the total power
generated in the cavity. The slope efficiency also increased with the coupling ratio for each

fibre length, but it was limited to a maximum of 2.3% across all the cases.
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Figure 8.2 Laser output power and slope efficiency versus cavity

output coupling ratio

Figure 8.3 shows the variation in output power with the pump power operating at 1047 nm

up to a maximum of 1.1 W. The result shows the increase of the threshold when the output
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coupling ratio was raised from 50% to 80% (FBG reflectivity 50% to 20%, respectively), as
well as when the fibre length was increased from 53 m to 78 m. Correspondingly, the slope
efficiency increased at higher output ratios. However, the BASF showed saturation when
the pump power reached the range of 700-800mW. These results indicate the consumption
of a large fraction of Bi ions in the fibre by the UL related energy transmission including
upconversion. Reducing the UL would reduce the proportion of Bi ions involved in such

detrimental energy transfer processes, thus potentially improving the output power.
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Figure 8.3 Laser output power versus pump power with different

output ratios and BASF lengths

The optical spectrum was measured with an OSA resolution bandwidth of 1 nm. In order to
make a meaningful comparison, the pump power was kept constant across different cases.
Figure 8.4 displays an example of the measured spectrum with a fixed output coupling ratio
of 50% and two different fibre lengths. The unabsorbed pump power was identified by
peaks at 1047 nm. When the BASF with a longer length of 78 m was connected to the cavity,
less unabsorbed pump power was observed through the output, and the ASE peak shifted
towards longer wavelengths from 1160 nm to 1165 nm. Despite the ASE peak being closer
to the lasing wavelength and the pump being more absorbed, the peak at 1178 nm showed
a decrease with an increase in the fibre length. The optical signal-to-noise ratio (OSNR)
remained greater than 40 dB. The inset of Figure 8.4 is a magnified view of the peak at the
signal wavelength of 1178 nm. The flat top of the peak in the figure was because the 1 nm

resolution bandwidth of the OSA was broader than the linewidth of the laser signal.
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Figure 8.4 Spectrum of the BASF laser with the output coupling ratio
of 50% and different fibre length, measured with an OSA resolution

bandwidth of 1 nm; inset: a magnified view of the peak at 1178 nm.

In all the aforementioned scenarios, both bi-directional pumps were launched
simultaneously and with equal power into the fibre. To further investigate the effect of
pump direction, an additional experiment was conducted. The experimental setup was
kept the same, but the pumps were activated sequentially, with their power gradually
increased until the maximum value was reached. The experiment was performed under
three situations, in particular, a fibre length/output coupling ratio of 53 m/70%, 53 m/80%
and 78 m/80%. The output power and pump power were measured and are presented in

Figure 8.5.

The figure provides clear evidence that the laser output at maximum pump power was
unaffected by the sequential launch of the two pumps and remained equivalent to the
output obtained with the equal and simultaneous bi-directional pump configuration.
However, in the linear region of the output power before the fibre was fully saturated,
significant variations in the threshold and slope efficiency were observed between the
three configurations. These variations can be attributed to the impact of the pump

direction on the distribution of excited ions along the length of the fibre.
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Overall, the current laser at 1178 nm suffers from large impact of the high UL (60% at the
pump wavelength of 1047 nm. A saturation state was observed when the pump power
exceeds the range of 700-800 mW. Increasing the concentration of Bi dopants may increase
the number of ions involved in the lasing process, but it would also lead to a corresponding
increase in the UL [2]. Therefore, a delicate balance must be achieved between absorption
and UL. Alternatively, selecting pump wavelengths that provide lower UL may increase the
laser performance. An experiment exploring this possibility will be discussed in the next

section.

8.3 Dual pumping Bi-doped aluminosilicate fibre laser

8.3.1 Experiment setup

In order to reduce the impact of high UL in BASF, a dual-wavelength pumping configuration
was utilised in which a pumping wavelength of 1120 nm was applied alongside the prior
1047 nm wavelength. This approach has the advantage of decreasing the intracavity UL to
an effective value that lies between the individual UL at the two pump wavelengths.
Although using 1120 nm as the sole pump wavelength would further decrease the UL, the

absorption at this wavelength is approximately half of that at 1047 nm, resulting in a
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significant increase of lasing threshold and required fibre length. Another advantage of
using a longer pump wavelength is that the ASE peak of the BASF will shift towards the
longer wavelength side, which can be beneficial if the signal wavelength (determined by

the FBG) coincides with the peak gain position.

The experimental setup for the BASF laser pumped at 1047 nm and 1120 nm is indicated in
Figure 8.6. The forward pumping was achieved through a Nd:YLF laser at 1047 nm with 600
mW power, followed by an isolator (ISO). Two additional laser diodes at 1120 nm were
spliced to a polarisation beam combiner (PBC) to provide a total 500 mW of backwards
pump power. The output port of the PBC was connected to another ISO. Both the forward
and backward pumps were increased simultaneously and launched to the BASF with equal

value power.

1047nm port common port

common port  1120nmn port
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(75 o |HH s J{ roone
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Figure 8.6 Schematic of the setup for the dual-wavelength-pumped
BASF laser. Two FBGs were used as HR and OC. The output was
measured from port C by both the OSA and the power meter. PBC:

polarisation beam combiner; ISO: isolator.

The laser cavity was constructed with two FBGs acting as the HR and OC, respectively, with
the reflectivity of 99% and 50% and the operating wavelength of 1178 nm. This
configuration was similar to the setup described in Section 8.2.1. The selection of a 50%
coupling ratio as a starting point was based on the convenience for further adjustment,
given that a middle level coupling ratio was desired. The OC grating was connected to the
common port of an 1120/1180 nm WDM, while the 1120 nm port was connected to the
pump. The 1180 nm port was followed by a 1047/1180 nm WDM to filter out any
unabsorbed pump at 1047 nm (port B). Port C served as the laser output and was monitored

by a power meter and an OSA for power and spectrum measurements. Another 1047/1120
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nm WDM was placed between the forward isolator and the HR grating to monitor the
unabsorbed 1120 nm pump power (port A) and avoid excessive power propagating to the

isolator and causing heat build-up in the component.

8.3.2 Results and discussion

Three BASFs were tested in the setup of varying fibre lengths, selected based on their
respective absorption values. The results in terms of output power and slope efficiency are
summarised in Table 8.2, along with the absorption and UL values at the respective pump

wavelengths for each fibre as references.

Table 8.2 Summary of laser output under 1047/1120 nm dual wavelength pumping

Absorption(dB/m) UL(%) Slope
Fibre No. Length(m) | Pout(mW) .
1047nm | 1120nm | 1047nm [ 1120nm efficiency
53 17 2.3%
110730-A1680 | 0.66 0.33 61 43 i
78 11 2.1%
L10723-A1676-1 | 1.2 0.64 68 55 | 25/50/75 No lasing
L10734-A1692 0.18 0.11 47 40 200 No lasing

Among the three fibres tested, the BASF L10723-A1676-1 exhibited higher UL values of 68%
and 55% at 1047 nm and 1120 nm, respectively, preventing lasing in the cavity even when
the tested length varied from 25 m to 75 m. Despite the lower UL values of L10734-A1692,
the low absorption of 0.18 dB/m resulted in a required fibre length of 200 m. However, the
increased fibre length still could not overcome the fibre loss, ultimately resulting in no
lasing. This observation highlighted the critical role of the absorption in the lasing process.
Specifically, the fibre L10730-A1680 exhibited absorption within the range of the other two

fibres and was capable of generating lasing in the tested cavity.

Figure 8.7 presents the relationship between the laser output power and the pump power.
The pump power was increased by every 50 mW, consisting of 25 mW at 1047 nm and 25
mW at 1120 nm. Once the 1120 nm pump reached its maximum level, the 1047 nm pump
was further increased to its full capacity. The laser cavity exhibited a lower threshold at a
fibre length of 53 m, approximately 450 mW, and a higher threshold at a fibre length of 78
m, approximately 550 mW. At a maximum pump power of 1.2 W, the laser demonstrated
an output power of 17 mW and 11 mW for the two cases, with similar slope efficiencies of

2.3% and 2.1%.
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Figure 8.7 Output power variation with increased pump power of

L10730-A1680 pumped at 1047 and 1120nm.

The output spectrum of the two cases were measured under a pump power of 1 W with an
OSA resolution bandwidth of 1 nm, as illustrated in Figure 8.8. Lasing was observed at the
wavelength of 1178 nm, as defined by the central wavelength of the FBGs. The peaks at
1047 nm and 1120 nm correspond to the unabsorbed pump power. A longer cavity length
resulted in more absorption of the pump power, leading to lower peaks at the two
wavelengths (blue solid line) in the spectrum, while a shorter cavity length resulted in

higher peaks (red dotted line).
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Figure 8.8 Laser output spectrum measured with a 1nm OSA
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Comparing to the laser pumped only at 1047 nm (Section 8.2.2), employing the dual-
wavelength pumping configuration shifted the ASE peak from 1160 nm to 1180 nm. The
inset of Figure 8.8 shows the spectrum of the lasing signal measured with an OSA

bandwidth of 0.02 nm. The peak shape was resolved with a linewidth of ~0.05nm (FWHM).

Figure 8.9 compares the change of laser output power with the pump power under the
single-wavelength pumping and the dual-wavelength pumping configurations. The results
indicate that at a specific length of fibre (left: 50 m; right: 78 m), the threshold of dual-
wavelength pumping was higher than that of the single-wavelength pumping, primarily due
to the lower absorption at the second pump wavelength of 1120 nm. Interestingly, a
saturated output power was reached in the case of single-wavelength pumping, whereas it
was not observed in the dual-pumping cavity. This can be explained by the lower effective
UL in the cavity, which allowed a larger proportion of Bi active ions to be involved in the
lasing process and fewer ions to contribute to undesired processes in the fibre, such as
upconversion. Consequently, a higher number of ions were excited to the laser’s upper
energy level, resulting in an output power increase from 6 to 17 mW (left) and from 4 to 11
mW (right) while maintaining the same fibre length and output coupling ratio. This
improvement confirms the significant impact of UL in the fibre on the laser performance

and emphasises the need to develop BASFs with low UL values.
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Figure 8.9 Comparison of the laser output under two configurations
(black/blue: single-wavelength pumping at 1047 nm; red/green:

dual-wavelength pumping at 1047 and 1120 nm)
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Moreover, the high UL caused another effect in the cavity, where the BASF behaved as a
saturable absorber. The behaviour of the fibre is similar to the mechanism of typical
saturable absorbers where the transmission loss for signal reduces at high intensities.
Based on this phenomenon in BPSFs, our group has previously demonstrated a self-mode
locked pulsed laser using a 100 m fibre with a UL of ~¥17% [3]. In the case of the BASF with
a UL of 60%, pulsing was also observed with fibre lengths of 53 m and 78 m. Without any
polarisation controller (PC) inside the cavity, each pulse appeared randomly, propagating
at its own speed and intensity. Figure 8.10 presents the laser output monitored by an
oscilloscope (Tektronix DPO 7254) with a 2.5 GHz bandwidth. The top three waveforms
were individually captured within a 10 ns time scale, while the bottom waveform was
recorded within a 100 ns period. Duration of each pulse was measured to be in the range

of 0.5~0.6 ns.

The self-generation of random pulses in the BASF may lead to laser instability and reduced
the laser efficiency. It was hypothesised that a further reduction of the fibre length could
potentially exacerbate the situation. Nevertheless, it is important to note that the self-
pulsing behaviour of the BASF remains an area of interest for future research. This will be

discussed in the future scope section (Section 9.2).
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Figure 8.10 Random pulsing in the laser cavity, measured by an

oscilloscope with a bandwidth of 2.5 GHz.
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8.4 Conclusion and future work

This chapter presents a preliminary investigation of the performance of BASF lasers,
operating in a linear cavity configuration. Two pumps with the same wavelength of 1047
nm were initially employed in a bi-directional manner, and the fibre length was reduced to
50 m. However, the laser exhibited poor performance, with a maximum power of 8 mW
and a slope efficiency of 2.3% at 1180 nm. Additionally, the saturation was observed with
an increase in the pump power, which can be attributed to the high UL at the pump

wavelength in the BASF, resulting a significant impact on the laser performance.

Subsequently, a dual-wavelength pumping configuration was studied to reduce the
effective UL in the cavity, with a second pump operating at 1120nm. This configuration
successfully mitigated the laser's tendency to reach a saturation state with the available
pump power, confirming that the previous saturation was indeed due to the significant
proportion of UL and related detrimental processes such as upconversion. Consequently,
the output power was increased to 17 mW. However, the UL remained relatively high of
60% and 40% at 1047 and 1120nm respectively, causing the self-generation of random

pulses in the cavity.

It is essential to note that, while various pump configurations can mitigate the UL's impact,
the fundamental solution to enhance the laser performance is through BASF fabrication.
To develop efficient BASFs capable of delivering high power in lasers and substantial gain
in amplifiers at 1.1 um, there exists a significant demand for advancing BASF fabrication
techniques. Efficient BPSF has been successfully delivered in our study and it is anticipated
that BASFs could facilitate applications in a diverse wavelength band, thereby promoting

the utilisation of related devices.
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Chapter 9 Conclusion

9.1 Contributions to knowledge

This chapter provides a concise summary of the key findings presented in this thesis, which
focuses on the development of Bi-doped fibres in phosphosilicate and aluminosilicate hosts
(BPSF and BASF, respectively). The primary objectives of this work were to enhance the
performance of the fibres from a material standpoint, to examine their spectroscopic
characteristics, and to demonstrate and optimise related optical fibre devices. This thesis
reports the development of lasers based on BPSF and BASF fibres operating at ~1.3 um and
~1.1 um, respectively. It is noteworthy that the fabrication of the BPSFs and BASFs
presented in this thesis was performed by the author. The characterisation of the BPSFs
was conducted in parallel by the author and Dr Yu Wang, while work related to BPSF lasers,

and the entire study of BASF was carried out solely by the author.

In the case of BPSF, the author established a reproducible fabrication process using the
MCVD-solution doping technique. Subsequently, a series of characterisations of the
resulting fibres were performed, including glass composition analysis using SIM and EPMA
techniques, and absorption and unsaturable loss measurements (Chapter 4). Afterward, a
laser in a ring cavity configuration was established to further assess the performance of
BPSFs. The performance of the laser was optimised by carefully selecting the fibre length
and the cavity output coupling ratio (Chapter 5). A CW Bi-doped fibre laser (BDFL) at 1340
nm was demonstrated with a maximum power over 170 mW with about 700 mW of pump
power at 1270 nm. The laser also had a slope efficiency of 38%, which, to the best of our
knowledge, was the highest reported value of BDFLs at 1.3um under a low pump power. At
a subsequent time, two tuning elements, an optical filter and a mechanical-tuned FBG,
were separately used to investigate the tuning capability of the BPSF. With the help of the
optical filter, the laser was continuously tuned from 1305 nm to 1375 nm, achieving a 150
mW maximum power at the central wavelength of 1340 nm and a 60 nm tuning bandwidth
with a 3 dB drop according to the maximum power. On the other hand, a home-made
tunable FBG based on mechanical compression resulted in a similar performance of the
tunable laser, with a maximum power 165 mW and maintained over 100 mW in the range

of 1320-1370 nm.
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Similarly, the author investigated BASFs through the fabrication for a collection of fibres
(Chapter 6) and the study of the laser performance (Chapter 8). A detailed spectroscopic
study was conducted, including the measurements of fluorescence spectrum and lifetime,
calculation of absorption and emission cross-sections, and analysis of a unique visible anti-
stoke emission in the fibre (Chapter 7). Fibre fabrication conditions were found to have a
significant impact on BASFs. It was observed that the Bi concentration in the final resulting
BASFs increases when helium gas (He) was utilised with a higher ratio compared to oxygen
(O2) during the collapsing stages of the preform. Additionally, an increased fibre drawing
speed led to a reduction of the fibres’ absorption and the UL in the near-infrared (NIR)
spectra region. However, the outcomes were not consistently uniform across all cases. The
spectroscopic parameters of the BASFs are reported, which are believed to be useful for
understanding and modelling the laser and amplifier performance. The main challenge
faced by the author is the high UL in the fibres, which resulted in a poor laser efficiency at
the current stage. The preliminary study of the laser indicated the importance of further

improvement of the fabrication process.

9.2 Future work

9.2.1 Development of the fabrication of BASFs

In this thesis, the development of the fabrication of BASFs has been discussed, but there is
still significant room for improvement. Firstly, more samples need to be fabricated to
optimise the fibre drawing conditions, and to draw a more convincing conclusion regarding
its impact on the fibre characteristics. Previous reports have shown that for Bi-doped
germanosilicate fibres and BPSFs, the unsaturable loss decreases as the fibre drawing
speed increase [1,2]. However, our BASF did not consistently demonstrate a decreasing
trend across all the examined cases; in contrast, a reverse trend was observed in our BPSFs
[3], indicating an urgent need for a deeper understanding of the mechanism behind it.
Secondly, the fabrication needs to be further optimised to decrease the UL in the fibre, by
balancing the solution concentration, the gas atmosphere, and the temperature in the
MCVD process. The effect of aluminium concentration has not been studied yet and

requires further investigation.
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9.2.2 Detailed spectroscopic study of BASFs including upconversion process

In addition to the aforementioned improvements to the fibre fabrication process, it is also
important to conduct further spectroscopic analysis to understand the energy levels and
energy transfer processes that exist within the BASFs. For instance, a possible immediate
study is to measure the anti-stoke luminescence in BDFs with different concentrations of
Bi and Al, or BASFs with different UL values, using pumps operating at different
wavelengths such as 980, 1047 and 1120 nm. By comparing the performance of different
fibres, the results of this study can provide valuable feedback for the improvement of fibre

fabrication.

Furthermore, according to [4], the upconversion emission and the strength of this process
exhibit pump power dependence when it sits at low or high levels. Therefore, a more
detailed investigation can be conducted by monitoring this process under low (<0 dBm) and
high (>20 dBm) pump powers. Additionally, the temperature dependence of the
upconversion process has not been revealed in our study. Although this investigation is
limited by time and equipment, such research in the future would benefit not only the fibre
manufacturing process and device experiments but also to help understanding the spectral

characteristics of Bi ions and different BACs in silica optical fibres.

9.23 Development of lasers and amplifiers at 1.1um based on BASFs

e Development of the Bi-doped fibre amplifiers at 1.1 um

Bi-doped fibre amplifiers (BDFA) have been demonstrated with great success at various
wavelengths, providing a wide bandwidth and gain exceeding 20 dB [5-7]. This technology
holds tremendous potential for expanding the telecom bandwidth and increasing the
capacity of signal transmission. In a preliminary study conducted in the past, we
demonstrated signal amplification at 1180 nm, achieving a gain of 11.5 dB for an input
signal power of -4 dBm, using a BASF with a length of 140 m [8]. This outcome confirms the
viability of developing a BDFA at 1.1 um and underscores the need to investigate the gain
at other bandwidths as well. A tunable laser source operating in the range of 1.1-1.2 um is

required for such studies.

e Study the Bi-doped pulse lasers based on BASFs
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As presented in Chapter 8 of this thesis, a significant challenge associated with the use of
BASFs in laser cavities is the occurrence of random pulsing due to the high UL of the fibre.
This issue leads to instability of the cavity and a reduction in laser efficiency. However, the
pulsing behaviour deserves further investigation, with the aim of either preventing its
generation or leveraging it to our advantage. It is noteworthy that previous studies have
demonstrated self-pulsing at 1340 nm using BPSFs as a saturable absorber [9], but there is
currently no report of such pulsed behaviour in BDFL utilising BASFs itself at 1180 nm,

without help of any other saturable absorbers.

e Study the cladding pumping of BDFs for power scaling

Power scaling through cladding pumping has been a well-established technique in fibres
doped with REs, such as ytterbium (Yb) and thulium (Tm). Recently, a similar configuration
has been demonstrated preliminary in BDFLs, with an output power of 300 mW and 150
mW at 1360 nm and 1460 nm, respectively [10]. This highlights the feasibility of employing
cladding pumping in BDFs and emphasises the need to develop such fibre with a double-
cladding design. Considering the core and cladding ratio and the corresponding absorption
ratio, a pump wavelength with higher absorption is preferred to increase the laser
efficiency, particularly, within the 700-800 nm range. The characterisation at such

wavelengths of interest, including the absorption and UL, is also crucial to be studied.

9.24 Extending the gain bandwidth by using Bi fibre doped with multi-dopants

This thesis presents the development of BDFs with co-dopants of P and Al, separately,
which exhibit luminescence at the wavelengths around 1.3 um and 1.1 um, respectively. As
the performance of BDFs is known to be highly influenced by the surrounding environment
of Bi ions, it is imperative to investigate the potential benefits of incorporating both co-
dopants simultaneously into BDFs. Such an approach may vyield superior performance
compared to the individual co-dopants and provide valuable insights into the fundamental

mechanisms governing the luminescence properties of BDFs.
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