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Abstract

Faculty of Physical and Applied Sciences

Optoelectronics Research Centre

Doctor of Philosophy

by Naresh Kumar Thipparapu

The demand for fibre optic communication is continuously increasing over the years.
This is due to the increased accessibility to the World Wide Web using internet of
things. The capacity of current fibre optic communication through the single mode fibre
is limited by the amplification bandwidth of Er-doped fibres. To increase the capacity of
fibre optic communication research community around the world are proposing different
approaches. One of them is to use the low loss window (1260-1625nm) of silica optical
fibres by developing efficient fibre amplifiers and lasers. Another one is to use novel
fibres such as multi-core fibres, multi-mode fibres and multi-element fibres (MEFSs) for
space division multiplexing in the C-band (1525-1565nm).

In this thesis, we developed amplifiers and lasers within the wavelength band from 1150-
1625nm using Bi-doped and multi-element Er-doped fibres. Here, we investigated the
fabrication of Bi-doped optical fibres in different glass hosts (aluminosilicate and phos-
phosilicate) using MCVD-solution doping technique. Bi-doped aluminosilicate fibres are
used to develop an amplifier with 12dB gain at 1180nm. Bi-doped phosphosilicate fibres
are used to develop amplifiers and lasers in the second telecommunication band from
1300-1360nm. An all-fibre Bi-doped phosphosilicate amplifier with a 25dB flat gain in
a 40nm bandwidth from 1320-1360nm is reported. Also, a Bi-doped fibre laser operat-
ing at 1360nm with an output power of 110mW, and a picosecond pulsed mode-locked
fibre laser operating at 1340nm with a peak power of 1.15W, are demonstrated. These
amplifiers and lasers have important applications in medicine, astronomy and optical
fibre communication. In addition, we also discussed the novel fibres known as MEFs
and developed core and cladding pumped broadband amplifiers covering 1500-1620nm
using multi-element Er and Er/Yb-doped fibres, respectively.
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Chapter 1

Introduction

In Chapter 1 we give an overview of the motivation behind this work. We also present
the literature review of Bi-doped fibres to understand the host dependent absorption and
emission characteristics of Bi-doped fibres and also their active luminescence centres. We
also discuss the major theories regarding nature of the Bi NIR emission. Detrimental
effects such as UL and ESA are explained in Bi-doped fibres. We also present the state
of the art of Bi-doped fibres to give an idea of the field and where it stands in developing
Bi-doped fibre amplifiers and lasers (both CW and pulsed). Moreover, we also discuss
both core and cladding pumping MEF fibre geometries and brief fabrication aspects of
MEF fibres. Further, the advantages of MEF geometry to develop wideband amplifiers

are mentioned.

1.1 Motivation

In the year 1966 C. Kao et al., reported that the loss in a dielectric waveguide can be
20dB/km and further possible to reduce by using suitable di-electric material without
impurities [1]. This statement made researchers put efforts in finding ways to reduce
the loss in silica optical fibres. Silica was chosen as the material to develop optical fibres
due to its favourable optical and mechanical properties. As a result, immediately after

a few years in 1970, the first low-loss fibre was made by Corning with a loss of 20dB/km

2].
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1.2 .
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FIGURE 1.1: Attenuation spectra of conventional SMF and all-wave fibre [3]

Further, with ultra-pure precursors having impurities of the order of ppb (parts per
billion) it is proved that the development of a low-loss (0.2dB/km) single mode fibres
around 1.55um are possible [4]. The attenuation spectrum of conventional single mode
fibre is shown in Fig 1.1. This wavelength band from 1260-1625nm is divided into several
sub wavelength bands. Each band is allocated a certain wavelength range by ITU-T as
shown in Table 1.1

Band O E S C L
Wavelength (nm) 1260-1360 | 1360-1460 | 1460-1530 | 1530-1565 | 1565-1625

TABLE 1.1: ITU-T definition of telecom optical wavelength bands

After the development of low-loss fibre, in 1987 (less than 10 years), erbium (Er)-doped
fibre amplifier (EDFA) technology emerged as a breakthrough to revolutionize optical
fibre communication and made transatlantic optical fibre communication possible [5].
The advancement of fibre fabrication process to develop low-loss fibres in combination
with the EDFA technology helped to use the low-loss spectrum from 1530-1625nm (C+L
band) for optical fibre communication. Over the years various techniques such as wave-
length division multiplexing (WDM), dense wavelength division multiplexing (DWDM)
and coarse wavelength division multiplexing (CWDM) with novel modulation formats
such as quadrature phase shift keying (QPSK), 16-QPSK, 64-QPSK etc., were used to
increase the capacity of existed silica optical fibres in the C+L band. However, the record
reported transmission capacity of standard single mode fibre (SMF) is now approaching

the non-linear Shannon limit [6].
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FIGURE 1.2: Bar chart showing the increase of internet users per each 10 year gap [7]

Fig 1.2 shows growth of the internet users in global population per every 10-years. It
is predicted that by the year 2020 over 60% of the global population will be connected
to the internet. The increased accessibility of the internet and extensive internet-based
applications such as social media, cloud computing, e-commerce and e-learning etc.
are the factors leading to a huge demand in fibre transmission capacity. Therefore, it
is necessary to consider new approaches to boost the capacity of existing optical fibre
networks in a cost-effective manner rather than simply installing more conventional single
mode fibres to cope with end-user needs. Different approaches have been proposed by
the research community around the world. One of them is to use the low-loss window
(1260-1625nm) of silica optical fibres by developing efficient fibre amplifiers and lasers.
Other one is to fabricate novel fibres such as multi-core fibres (MCF), multi-mode fibres
(MMF) and multi-element fibres (MEF) for space division multiplexing (SDM) in a C-
band from 1530-1565nm. Another one is to explore a new transmission band around the

2pum wavelength region using new transmission fibres [6].

As mentioned earlier, the early days of fibre optic communication used silica fibres
that have a loss of 0.2dB/km in the C-band around 1.55um and a water peak around
1.38um as shown in Fig 1.1. Recent years, companies like OFS and Lucent technologies
are offering optical fibres with low-loss in the complete 1260-1625nm wavelength band.
These ultra-low loss fibres are called dry fibres and offer almost 53THz bandwidth for
optical fibre communication. The attenuation of these ultra-low loss fibres in the wave-
length band from 1260-1625nm is less than 0.4dB/km as presented in Fig 1.1 [3, 8].
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Moreover, they have been used in recent years to build up new optical networks and of-
fer dramatically improved performance in almost every characteristic over conventional
single-mode fibre, including increased available spectrum, superior macro bend perfor-
mance and ultra-low polarization mode dispersion (PMD). In 53THz bandwidth offered
by these dry fibres, 10THz belongs to Er amplification band from 1530-1625nm. Hence
by using the dry fibres, one can offer four times more bandwidth. All these features of
dry fibres provide ultimate network design flexibility and enable cost-effective solutions
to help maximize the data transfer capacity. However, to use this complete low-loss
band for optical communication, the industry needs efficient fibre amplifiers and lasers,
which are the critical part of an optical fibre communication link. Unfortunately, there
are no efficient rare earth (RE)-doped fibre amplifiers and lasers that can cover the band
from 1260-1530nm. Despite many efforts to adopt different RE-dopants in silica fibres
to develop lasers and amplifiers in this wavelength range, there is still a shortage of
potential devices available for practical implementation. In this thesis, we will discuss
the development of amplifiers and lasers in the wavelength band from 1260-1625nm to
utilize the low-loss window of ultra-low loss optical fibres by using bismuth (Bi) and

FEr-doped fibres.

1.1.1 Introduction to Bi-doped fibres

RE Element

Yb3+

I .Nd3+

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

FIGURE 1.3: Spectral regions covered by various RE doped elements in silica host

For an optical fibre fabricated for the purpose to develop amplifiers or lasers, doping of
core region with RE material is essential. Fig 1.3 shows different RE elements and their

preferred emission bands in silica host. Conventional RE elements such as Er, ytterbium
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(Yb) and thulium (Tm), or holmium (Ho) can cover the wavelength bands around 1,
1.5, and 2pm [9] but the band between Er and Yb is not covered by any RE-doped silica
fibre. The Energy level diagram of Yb, Er, Tm are given in Fig 1.4

3H,
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i3 .I'q L V
31’.‘4 v
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FIGURE 1.4: Energy level diagram of (a) Yb3*, (b) Er3*, (c) Tm3* [9]
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FIGURE 1.5: Energy level diagram of (a) Pr3*, (b) Nd3* [10]

Praseodymium (Pr) and neodymium (Nd)-doped fibres were studied extensively in silica
host to develop amplifiers and lasers around 1.3pum. However, high phonon energy in a
silica host made these dopant’s inefficient. Changing to a low phonon energy host such
as fluoride glass made them comparatively efficient but fluoride glasses are unsuitable
to splice with conventional silica fibres as required in many applications for compact
all-fibre devices. Nevertheless, the fabrication of these fibres is complex and not mature
enough as compared to conventional modified chemical vapour deposition (MCVD)-
solution doping technique. Further, as presented in Fig 1.5, in case of Pr, ground state
absorption (3H4-3F4), excited state absorption (ESA) (1G4-1D2) at signal wavelength
and pump ESA (1G4-3Py) are detrimental to develop efficient Pr-doped fibre amplifiers
and lasers at 1.3um. In case of Nd the ESA at signal wavelength (4F3/,-4Gy7/5) and
the gain competition between 1.05um (4F3/9-4F11/0) and 1.34um (4F3/5-4F3/9) are
detrimental to develop 1.3um amplifiers and lasers [10]. Recently, Bi as a dopant in

fibres has proven its capability to develop efficient amplifiers and lasers in 1150-1800nm
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wavelength range except the band covered by Er. Here, we investigate Bi-doped fibres to
develop amplifiers and lasers in the wavelength band from 1150-1500nm. In the following

section, we discuss the luminescence characteristics of Bi-doped fibres.

1.1.2 Luminescence characteristics of Bi-doped fibres

The broadband near-infrared (NIR) luminescence properties of Bi-doped silica fibres
were found to be very sensitive to the glass composition as well as fabrication condi-
tions. In RE ions, the partial shielding of unfilled 4f subshell by fully filled 5s and 5p
prevents significant interaction from the host environment. In contrast to RE elements,
Bi has inner subshells that are completely filled and the outer 6s and 6p electrons have
significant interaction with host thereby showing host dependent absorption and emis-
sion properties. Hence co-dopants can significantly alter the luminescence spectra as

shown in Fig 1.6.

BASF BPSF BGSF-Low Ge BGSF- High Ge

Intensity (a.u)

900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Wavelength (nm)

FIGURE 1.6: Spectral regions covered by various Bi-doped fibres with different
hosts [11]

Bi-doped fibres with aluminosilicate host from here onwards represented as Bi-doped
aluminosilicate fibres (BASFs) have shown luminescence peak around 1150nm, whereas
Bi-doped fibres with phosphosilicate and germanosilicate core composition (here onwards
represented as Bi-doped phosphosilicate fibres (BPSFs) and Bi-doped germanosilicate
fibres (BGSFs) have been known to push the emission band towards longer wavelength
side around 1300 and 1450nm, respectively. Recently, the Bi emission window was ex-
tended further to cover 1600 to 1800nm wavelength band by using high GeO4 concentra-

tion (50mol%) within the fibre core. Luminescence in Bi-doped phosphogermanosilicate
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fibres (BPGSFs) is broad compared to other Bi-doped fibres co-doped with germanium
(Ge) and phosphorous (P). This makes it possible to use Bi-doped optical fibres to
demonstrate amplifiers and lasers for covering the entire spectral region from 1150 to
1800nm by varying the fibre core composition. The pump wavelength bands are in-
dicated by arrow marks in Fig 1.6. The pump wavelength bands around 1050, 1230
and 1310nm for BASFs, BPSFs and BGSF's, respectively are typically used. In case
of BGSF's with high GeOs concentration the pump wavelength band is around 1550nm
11, 12].

1.1.3 Origin of near-infrared luminescence
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FIGURE 1.7: (a) Energy level diagram of Si-BAC (b) Energy level diagram of Ge-
BAC [13]

Near-infrared emission has been observed in Bi-doped fibres with different silica hosts
such as Al, P and Ge. However, the state involved in the origin of NIR luminescence
is still unknown. The difficulty comes from the fundamental chemistry involved with

Bi. Bismuth is a polyvalent element with four oxidation states Bit, Bi*t, Bi3*, Bi°T.
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During the fabrication process, Bi can go towards oxidation (higher valance state) or
reduction (lower valence state). This makes it difficult to control and identify the state
of Bi in the desired form. If the rapid reduction happens then the formation of Bi
clusters and metal colloids can form and will induce the unsaturable loss and reduce
the efficiency of Bi-doped fibre lasers and amplifiers [14]. Moreover, the performance
of Bi-doped fibres so far reported with only low concentration of Bi, this also made it
complicated to determine the state of Bi by using conventional methods [15]. A study
on measurement of the luminescence intensity (Ij,,) depending on both emission and
excitation wavelength in the spectral range from 250-1700nm was performed in Bi-doped
fibres with only silica host and then in more complex host glasses such as aluminium-
silica, phosphorous-silica and germanium-silica and predicated the energy level diagram
for Bi active centres in pure silica host and in germanium-silica host glass composition
as shown in Fig 1.7 [16-24]. Here it is considered that the active centres in Bi-doped
silica fibres are represented as Si-BAC and in case of Bi-doped germanosilicate fibres
as Ge-BAC. Further, a number of hypothesis have been proposed to explain the NIR

luminescence but none of them are confirmed yet [25-35].

Table 1.2 and Table 1.3 presents major theories regarding nature of the Bi NIR emission.
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Bi NIR-luminescence | Host Reference | Note
Metallic Bi clusters SiOq [36] Bulk glass
Bi*+ Si02-Al50O3 [25] alumosilicate bulk
glass
Bit Bi03-Ba0-Al,03 37] barium-aluminum-
borate bulk glass
Bi Clusters GeO9-Tay 05 [38] Tantalum  co-doped
germanium oxide bulk
glass
Bi?* or Bif Germanosilicate mul- [27] Bulk glass
ticomponent glass
Biy/Biy~ Aluminosilicate multi- [28] Bulk glass
component glasses
Point defects in glasses | Germanate glasses [39] Bulk glass
Bit Si02-Aly03-GeOs- [40] Optical fibre
P05 and SiO-GeOs-
P5O5 fibre preforms
Biy or Biy clusters M50-Al503-Si0q [41] Bulk glass
(M=Li, Na) and
LisO-Tas05-SiO9
Biy~ and Big?~ Alumosilicate glass [42] Bulk glass
Bis dimers Mg-Al-silicate glasses [30] Bulk glass
(MgO-Al,03-Si04)
Bi?T-Bi*t dimers Silicate glasses and sil- [35] Bulk glass and optical
ica fibre preforms fibre
BiY-Bit Si05-Al;03-GeOy [43] Optical fibre
fibre preforms
Bi?*-Bi** dimer, two | 10A1,03-30MgO- [44] Bulk glass

Bi ions with a total

charge of +5

60Si04 glass

TABLE 1.2:

Bi active centres (BAC) theories for NIR emission
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Bi NIR-luminescence | Glass composition Reference | Note
Bit-Bip*t and Bis3t | AlCl3-ZnCly-BiCls [45) Bulk glass
ions glass
Bit and defect Gallium silicate glass [46] Bulk glass
UV  absorption in | Magnesium- [47] Bulk glass
glasses is explained by | aluminosilicate glass,
Bi3t silica-free calcium-
aluminate glass,
silica glass and lead-
aluminosilicate glass
Bi?* and Bi, clusters | Bi~ and Pb~doped ox- [48] Red and NIR photo-
ide and chalcogenide luminescence was in-
glasses vestigated in Bi- and
Pb-doped oxide and
chalcogenide glasses
Existence of atomic Bi | Germanosilicate glass [49] Upconversion  emis-
optical fibres sion in Bi-doped ger-
manosilicate  optical
fibres and the origin
of this luminescence
were discussed
Bi in a low valence | SiOq, Si02-Al O3, [50] It was concluded that

state and oxygen (an-

ion) vacancies

SiOQ—GeOQ, and SiOQ-
P50Os5 fibre preforms

Bi-related centres

of mnear-IR lumines-
cence in Bi:SiOy and
Bi:GeOs
mainly
by the Bi’...=Si-Si=
Bi’...=Ge-Ge=
complexes formed by

bismuth

glasses are

represented

and

interstitial

atoms and intrinsic
defects of glass, =Si-
Si= =Ge-Ge=

oxygen vacancies

and

TABLE 1.3: Bi active centres (BAC) theories for NIR emission
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However, few of the possible Bi states are omitted based on experimental facts, for
example, Bi’t and Bi’?* ions observed to emit only visible luminescence hence they
might not be the cause for NIR luminescence. The observed NIR luminescence bands of
Bi-doped fibres are located in the same spectral region of thallium(T1) and lead (Pb)-
doped crystals and it was found that the NIR emitting centres in these materials consist
of definite T1 or Pb ions and adjacent anion vacancies. Based on this grounds and also
considering the isoelectronic nature of T1°, Pb™ and Bi?>* one can consider that the NIR
luminescence centres in Bi-doped fibres are Bi-ions and adjacent oxygen deficiency cen-
tres but not Bi-ions themselves [51]. In recent experiments, the research group (FORC)
from Russia reported that the oxygen deficiency centres in combination with Bi in low
oxidation state is the active centre in BGSFs and leading to NIR luminescence. [52, 53].
Despite of all these experimental and theoretical predictions, the topic is still an inter-
esting puzzle that needs to be solved in order to develop efficient Bi-doped fibres for

amplifiers and lasers.

1.2 Unsaturable loss and excited state absorption

Other important aspects of Bi-doped fibres are the unsaturable loss (UL) and excited
state absorption(ESA). UL and ESA are two detrimental effects that can reduce the
efficiency of amplifiers and lasers. In the following section, we will discuss the UL and
ESA in Bi-doped fibres in more detail.

1.2.1 TUnsaturable loss

‘11 9/2

N T j’, fast

‘11 13/2 .

4I e
15/2
FIGURE 1.8: Quenching process leading to unsaturable loss in Er3* [54]

UL is a well-known phenomenon, which occurs due to the ion-ion interaction when the
concentration of RE-dopant is high. In case of low RE concentration fibres, this could
happen because of the interaction between ions and defect centres or impurities (hydroxyl

(OH™) molecule, iron etc.). The presence of UL will induce additional losses by reducing
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FIGURE 1.9: Unsaturable absortpion as a function of small signal absorption in various
Bi-doped fibres [55]

the population inversion of the laser gain media. The concept of UL is explained with the
help of Er®* energy level diagram as shown in Fig 1.8. When two ions (ion-1 and ion-2)
sits close to each other in the lasing energy level (413 /2) ion-1 will transfer energy to ion-
2 and then comes to the ground energy state (41;5/5). At the same time, ion-2 excited
to the upper energy level (4ly/5) and will come back to the lasing energy level by fast
non-radiative relaxation. In this process, we will lose one excited ion in the lasing level.
Having unsaturable loss in the fibre will lead to increased pump threshold for lasing to
start and also lead to poor efficiency. Recently, unsaturable absorption as a function of
small signal absorption was investigated in AloO3-SiO9, P505-Si02, Ge02-Si04, high-
GeO2-Si09 for different Bi-concentrations and is presented in Fig 1.9. The straight lines
in Fig 1.9 show the linear function (in log-log scale) with a slope of 1 and 2. It is observed
that the unsaturable absorption grows with increase of Bi concentration. Therefore it is
necessary to optimise the Bi fabrication process to achieve high Bi concentration with

low UL to develop highly efficient fibre amplifiers and lasers [54-56].

1.2.2 Excited state absorption

ESA in fibres is wavelength dependent and is due to the presence of possible electron
transition from the lasing level, with energy equivalent to electron transition from ground
to laser level. In Fig 1.10, the process of ESA is described by considering the Er3* energy
level diagram. Er3t has possible electron transition from 4l /2 to 4F7,5 whose energy

corresponds to the electron transition from 4I;5/5 to 4I;;/5. When pumped at 980nm
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FIGURE 1.10: Er3* energy level diagram, illustrating the process of ESA [57]

this causes the excited atoms in the energy level 41/ to excite to the upper energy
level 4F7 /5 instead of participating in the laser action. From the 4F7/; level, the ions
come down to the energy level 453/, by fast non-radiative relaxation. The ions in the
453/ energy level can emit 550nm radiation by radiative relaxation to the ground level
of 41y5/5. The green emission observed when pumping Er-doped fibres with 980nm pump
wavelength is due to the presence of ESA in these fibres. In this process we lose ions
from the lasing energy level without contributing for the laser action corresponds to

1530nm emission and will reduce the laser efficiency [57].
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FIGURE 1.11: (a) ESA of BASF (b) ESA in BASF with different concentration [58-60)

ESA has been measured for the first time in BASFs in the wavelength range from 900-
1300nm under pumping at 800 and 1047nm. ESA was observed in the whole spectrum
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FIGURE 1.12: (a) ESA of BGSF (b) ESA of BPSF [59, 60]

when pumping at 800nm whereas when pumped at 1047nm it was observed only from
900-1000nm range in which high power commercially available laser diodes such as 915nm
and 975nm are available. However, no significant ESA was observed at the 1080nm pump
band as well as 1160nm emission band when pumped at 1047nm as shown in Fig 1.11
(a) [58]. Later, the ESA in BASF's was reported in the extended band from 750-1700nm
with different Bi concentrations. Five different Bi-concentrations were used to measure
the ESA. Absorption at around 1pum was used to estimate Bi concentration in each of
these fibres. These measurements also showed that considerable ESA was observed in
BASFs and ESA was increased as the concentration of Bi increases as shown in Fig 1.11
(b). It was also noticed that the ESA decreases with increasing wavelength. This was
the reason to pump the BASFs around 1050nm pump band and also to use relatively
low Bi-concentration in the fibre core. In case of Ge host with low Bi-concentration,
no significant ESA was observed whereas at high Bi-concentration some noticeable ESA
was observed from 950-1200nm as shown in Fig 1.12 (a). Absorption at 1.4um was used
to estimate concentration in these fibres. In case of P host with low Bi-concentration,
no significant ESA was observed as shown in Fig 1.12 (b). Pump wavelengths of 1058
or 1085, 1240 and 1320nm were used for BASFs, BPSFs and BGSF's, respectively to
measure the ESA from 750-1700nm. The high amount of ESA presented in BASFs is
considered as the possible reason for low efficiency achieved in these fibres compared to
BPSFs and BGSF's [59, 60].
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1.3 State of the art of Bi-doped fibre lasers and amplifiers

1.3.1 Bi-doped fibre lasers and amplifiers from 1150-1250nm

In 2001 K. Murata et al., discovered wideband (200-300nm) NIR luminescence from Bi
and Al co-doped silica glass in the spectral region of 1100-1500nm [61]. Subsequently,
a large number of glass compositions were investigated to obtain luminescence in the
wavelength range from 1-2pum and the details can be found in a review by Fujimoto [62].
After five years in 2005, the first Bi-doped fibre was fabricated by MCVD-solution dop-
ing technique [63, 64]. In the same year, the first Bi-doped fibre laser was demonstrated
in aluminosilicate host. The fibre exhibits absorption bands at 500, 700, 800 and 1000nm
and a luminescence band around 1150nm with a full width at half maximum (FWHM)
of 150nm. The measured luminescence lifetime in these fibres was ~1ms. At that point,
the motivation to develop these fibres was to access the 1050-1200nm wavelength band
and the possible applications are to develop tunable femtosecond lasers and broadband
amplifiers. At a later time, the application area was broadened by developing sources in
the yellow wavelength range from 575-590nm, which are of great importance in derma-
tology [65], ophthalmology [66] and in astronomy [67].

Fibre lasers are advantageous to develop efficient, compact and reliable sources for these
applications. In the first experiment with BASFs, a linear cavity with fibre Bragg grat-
ings (FBGs) was constructed to develop CW lasers and lasing was obtained at 1146,
1215nm by changing the FBGs. A Nd:YAG laser at 1064nm was used as a pump source
with a 5W of pump power. A CW laser generation with a slope efficiency of 10% and
14% was obtained at 1146 and 1215nm, correspondingly [68].

After this, a number of CW BASF lasers were developed at 1150, 1160, 1178, 1205,
1215nm by changing the pump wavelength and FBGs [69-72]. Among them lasing at
1160nm with a maximum efficiency of up to 32% at room temperature and up to 52%
at 77K is best so far. These fibre lasers are convenient for the visible light generation
by frequency doubling using non-linear crystals. To demonstrate this potential a 580nm
laser with 300mW of output power was developed by frequency doubling the 1160nm
laser with a commercially available lithium niobate (LiNbO3) crystal. A visible laser at
589nm was also demonstrated by frequency doubling the 1178nm laser by periodically
poled MgO-doped lithium niobate crystal (MgO-PPLN) [73, 74].

Although the efforts to develop fibre lasers were appreciated there was much less progress
made in developing amplifiers around 1150nm. To the best of our knowledge, up till, a
maximum gain of about 5dB was demonstrated in Bi-doped aluminosilicate fibre ampli-

fier at room temperature at a wavelength of 1180nm. As a pump source, a high-power
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Yb-doped fibre laser operating at 1060nm with a maximum output power of 6.5W was
used [75].

1.3.2 Bi-doped fibre lasers and amplifiers from 1280-1500nm

The successful demonstration of lasers and amplifiers in Bi-doped aluminosilicate fibres
elevated the interest to study the Bi-dopant in different host materials and it was found
that instead of Al, if co-doped the core with P and Ge then the NIR luminescence will
shift towards longer wavelength side. Later, Bi-doped phosphosilicate and germanosili-
cate fibres were used to demonstrate lasers and amplifiers in the wavelength range from
1280-1400nm and 1400-1500nm, respectively. However, it was observed that the perfor-
mance of Bi-doped phosphosilicate fibres was better when added a small amount of Ge
and also addition of Ge makes the luminescence window broad covering the entire 1280-
1500nm band. Here, we will discuss the review of lasers and amplifiers developed by
BPGSFs. The lifetime in these fibres was measured to be 600us at 1300nm by pumping
with 808nm laser diode. The first fibre laser in the wavelength band from 1280-1400nm
was demonstrated in BPGSF. A Raman fibre laser operating at 1230nm was used as a
pump source. A 30m BPGSF was used as an active gain media. Laser at 1310nm was
demonstrated by pumping at 1230nm with an efficiency of 3.2% (T=300K) and 5.4%
(T=77K). Further, at high pump powers the slope efficiency was different and was 19%
(T=300K) and 29% (T=77K). The observed laser slope efficiency was strongly depends
on temperature and the pump power. By changing the pump wavelength to 1210nm
lasing at 1310nm was also demonstrated. The lasing efficiency was 1.4% (T=300K) and
upon cooling to 77K it was 5% [76].

Later lasing at 1280, 1330nm were demonstrated by using the BPGSFs by pumping at
1230nm with efficiencies of 12% and 24%, respectively [77, 78].

In addition, lasers at 1280, 1330, 1340, 1360, 1480nm were demonstrated with 90-100m
long BPGSF. Different resonant wavelength Bragg gratings with different output cou-
pling ratio were used to test the laser efficiencies. A Raman fibre laser at 1230nm was
used as a pump source to demonstrate lasers between 1280-1370nm and a 1340nm Ra-
man fibre laser was used to demonstrate lasing at 1480nm. The pump power levels of
these pump sources were 30 and 10W, respectively. Fig 1.13 shows the slope efficiencies
of lasers at 1280, 1330, 1340, 1360nm with different output coupling (OC) ratio of Bragg

gratings.
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doped fibre lasers at different lasing wavelengths. The lasing wavelength and the output
coupling are indicated in each graph [79]

Lasing wavelength (A1) (nm) | Roc (%) | Pout (W) | min (%) | Nmaz (%)
1280 50 8.9 14 31
1280 3.5 5.4 3 19
1330 50 10.6 17 37
1330 25 10.06 22 36
1330 3.5 8.5 19 29
1340 50 8.8 15 31
1340 3.5 6.5 13 23
1360 50 5.23 9.5 18
1360 3.5 2.8 7.1 9.8
1480 50 1.94 9.1 21
1480 3.9 0.95 - 13.3

TABLE 1.4: Parameters of BPGSF lasers
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From Fig 1.13, it can be observed that the slope efficiency was different at high pump
powers compared to low pump powers. It was also noticed that, the slope efficiency de-
pends on the output coupling of Bragg gratings and the laser wavelength. The threshold
for all lasers was around 100mW. Among all these lasers a maximum slope efficiency of
50% was reported in case of 1330nm laser with an output power of 10.6W using 50%
OC Bragg grating. The parameters of all BPGSF lasers were mentioned in Table 1.4.
Here, Roc¢ is output coupling of the Bragg grating, P, is laser output power and 9pin,

Nmaz are the slope efficiencies at minimum and maximum pump powers.

Compared to Bi-doped aluminosilicate fibre amplifiers at 1180nm higher gain values
were reported in Bi-doped phosphogermanosilicate fibre amplifiers in the wavelength
range from 1300-1500nm. A conventional experimental setup was used to measure the
gain and noise figure (NF). The length of the Bi-doped fibre was 200m. A pump power
of 460mW and 190mW at 1230 and 1318nm, respectively were used to measure the gain
and NF of the amplifiers. A maximum gain of 24.5 and 20.7dB was measured at 1321
and 1442nm, respectively. A minimal NF of 4-6dB was reported for both amplifiers [79].

1.3.3 Bi-doped fibre lasers and amplifiers from 1600-1800nm

In recent years it was observed that by increasing the GeOs concentration to 50mol% in
Bi-doped fibres it is possible to access the wavelength range from 1600-1800nm. Conven-
tional MCVD-solution doping technique was used to develop these fibres. The lifetime
of these fibres was measured to be 500us at 1700nm under pumping with 975nm laser
diode. In this section, we will review the lasers and amplifiers developed by Bi-doped
germanosilicate fibres with high GeOgy concentration. Using a linear laser scheme with
FBGs, inscribed in Bi-doped fibre, lasers operating between 1600-1800nm were demon-
strated. An Er-Yb co-doped fibre laser operating at 1568nm was used as a pump source
with a pump power of nearly 3.5W. The length of the active fibre was 15-20m. A laser
at 1703nm with a slope efficiency of 20% was demonstrated [12].

Further, by optimising the fibre parameters a Watt level laser at 1700nm was demon-
strated with a slope efficiency of 33% and with an output power of 1.05W using 25m
long Bi-doped fibre [80].

Bi-doped fibre amplifiers were also demonstrated at 1700nm by using Bi-doped ger-
manosilciate fibres with high GeOs concentration. A laser diode operating at 1550nm
with a pump power of 150mW was used as a pump source. A 50m of Bi-doped fibre was
used to build the amplifier. A total pump power of 300mW was used in bi-directional
pumping configuration. A maximum gain of 23dB at 1710nm with a NF of 7dB was
reported for an input signal power of -20dBm [81].
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1.4 State of the art of Bi-doped pulsed fibre lasers

Pulsed fibre lasers in the wavelength band from 1100-1500nm and 1600-1800nm are
important for many applications including optical fibre communication, material pro-
cessing, and spectroscopy. The broad luminescence offered by Bi-doped fibres is a useful
property to develop ultra-fast fibre lasers. Various Bi-doped pulsed fibre lasers were
demonstrated using saturable absorbers such as semiconductor saturable absorber mir-
ror (SESAM), carbon nano tube (CNT), and non-linear polarization rotation (NPR)
etc. Different wavelength bands around 1150, 1300 and 1700nm were covered by us-
ing Bi-doped fibres with different hosts. In the following section we will discuss the
Bi-doped pulsed fibre lasers in different wavelength bands using aluminosilcate, phos-

phogermanosilicate and high GeOy host Bi-doped fibres.

1.4.1 Bi-doped pulsed fibre lasers from 1150-1250nm

The first Bi-doped pulsed fibre laser was demonstrated using Bi-doped silicate fibre.
50ps pulses at 1161.6nm with an average power of 2mW was demonstrated using 6m
long fibre. Mode-locking was achieved by using SESAM as a saturable absorber. The
fibre was pumped with an Yb-doped fibre laser operating at 1063.8nm with a pump
power of 800mW. The total dispersion of the cavity was in the normal dispersion regime
[82]. Later many more demonstrations around 1150nm were reported using Bi-doped
aluminosilicate fibres.

A tunable mode-locked Bi-doped soliton fibre laser was demonstrated in the 1153-
1170nm range with 0.9ps pulses using SESAM. A chirped fibre Bragg grating (CFBG)
was used to compensate the dispersion of the fibre and to change the dispersion from
normal to anomalous for soliton operation [83].

Further, a mode-locked laser at 1165nm with 1.9ps pulses using SESAM was demon-
strated with 15m long active fibre. Here also a CFBG was used to bring the dispersion
to anomalous regime for soliton operation. A 1062nm Yb-doped fibre laser was used as
a pump source. The pulse width with length of the fibre was measured and found that
it depends on the total dispersion of the cavity [84].

In another experiment, a 1.19ps mode-locked fibre laser from 1158-1168nm was demon-
strated using SESAM as a saturable absorber with 10m long Bi-doped fibre. A 1075nm
Yb-doped fibre laser with 2.7W pump power was used to pump the ML-BDFL [85].
Further, a picosecond mode-locked Bi-doped master oscillator power fibre amplifier
(MOPFA) for frequency conversion was demonstrated in 2011, A three-stage experi-
mental setup was used to develop MOPFA. In the first stage, a mode-locked Bi-doped
fibre laser was developed. In the second stage, two Bi-doped fibre amplifiers (BDFAs)
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were used to amplify the pulses. In the third stage, a LiNbOj crystal was used to fre-
quency double the mode-locked laser. The mode-locked laser was constructed with a 5m
long Bi-doped aluminosilciate fibre and SESAM. A 1065nm Yb-doped fibre laser was
used as a pump source. A CFBG was used to make the dispersion of the cavity to be
anomalous. 3.9ps pulses with an output power of -4dBm were demonstrated and then
amplified using the second stage amplifiers. In this second stage, a 30m long BASF was
used to develop BDFAs. A pump power of 2W and 5W were used for the first and sec-
ond BDFAs, respectively. Finally, after MOPFA a pulse width of 28ps with an average
power of 150mW and a peak power of 580mW was demonstrated. In the third stage, a
LiNbOg crystal was used to generate 588.75nm, with an average power of 13.7mW. Note
here that all the active fibre in different stages was cooled to improve the performance
[86].

In addition, a single-walled carbon nano-tube (SWNT) was also used to demonstrate
Bi-doped mode-locked lasers in both normal and anomalous dispersion regime. A 30m
long fibre was used to construct the ML-BDFL. A CFBG was used to modify the dis-
persion of the cavity. 558ps pulses with a repetition rate of 5.47MHz were demonstrated
at 1157nm in the normal dispersion regime with a pump power of 1.5W. The fibre was
cooled to 77K to enhance the gain of the fibre. In the anomalous dispersion regime,
4.7ps pulses with 5.13MHz repetition rate were demonstrated at 1177nm. An average
power of 10-154W with a 200mW of pump power was reported [87].

In another experiment, the Bi-doped fibre was also used as a saturable absorber for
mode-locking other RE-doped fibres. In an example by using Bi-doped fibre as a SA, an
Yb-Bi Q-switched laser was demonstrated. Here it was proved that the Bi-doped fibre
can itself work as a saturable absorber (SA) for mode-locking RE-doped fibre lasers [88].

1.4.2 Bi-doped pulsed fibre lasers from 1280-1500nm

A 1320nm mode-locked Bi-doped phosphogermanosilicate fibre laser based on SESAM
in both normal and anomalous dispersion regime was studied in 2013 for the first time
[89]. A 1220nm semi-conductor disk laser was used to pump the Bi-doped fibre. A
39m long Bi-doped phosphogermanosilicate fibre was used as an active medium. A
high reflecting plane mirror and a CFBG were used to change the dispersion of the
cavity. In the anomalous dispersion regime, the laser produces 2.51ps pulses with an
average power of 0.3mW and corresponding peak power of 40W, for a pump power of
250mW. By replacing the CFBG with a plane reflecting mirror the dispersion of the
cavity was changed to normal and the laser produces pulses of 25.5ps. The pulses were
compressed down to 580fs by further sending them through a 300m long single mode

fibre. In case of normal dispersion regime, the average power was increased to 0.8mW
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with corresponding peak power of 470W. The superior performance was achieved in case
of net normal dispersion regime [89].

Later a 1440nm all-bismuth fibre master oscillator power amplifier was demonstrated
by pumping with 1320nm semiconductor disk laser. The two-stage master oscillator
power amplifier (MOPA) has one stage to generate mode-locked pulses in the normal
dispersion regime and another stage to amplify and compress the pulses. The first
stage of the master oscillator was developed by a 3.4m Bi-doped germanosilicate fibre.
The cavity was adjusted to the normal dispersion regime by using an 80m dispersion
compensating fibre (DCF). The master oscillator delivered 2.1ps pulses with an average
power of 1.bmW using SESAM as a SA, for a pump power of 320mW . The pulses were
then forwarded to a power amplifier constructed by 35m long Bi-doped fibre. A pump
power of 400mW was used for pumping the amplifier. 240fs pulses with 15mW average
power and 3.1kW peak power was demonstrated after the amplifier [90].

Further, a non-linear Kerr effect mode-locking at 1310nm based on figure eight scheme
in both non-linear amplifying loop mirror (NALM) and non-linear optical loop mirror
(NOLM) configurations was demonstrated using BPSFs. A high Ge-doped fibre was
used to provide large positive dispersion and non-linearity to operate the mode-locking
in the dispersive soliton regime. 13.8ps pulses with a repetition rate of 3.9MHz were
demonstrated based on NALM configuration. Whereas 11.3ps pulses with a repetition
rate of 3.5MHz were demonstrated using NOLM configuration with an average power of
6mW. The pulses were further amplified and compressed by a Bi-doped fibre amplifier
and a diffraction grating. The average power after Bi-doped fibre amplifier was increased

to 30mW and the pulses are compressed down to 530fs [91].

Self Q-switched lasers were also demonstrated at 1460nm by using Bi-doped germanosil-
icate fibres. 1.8us pulses at 1463nm wavelength was reported by using 10m BGSF as a
saturable absorber. A laser diode operating at 1310nm with a pump power of 130mW
was used as a pump source. For pumping the active fibre, bi-directional pumping con-
figuration was used with a total pump power of 260mW [92].

In another experiment, a burst mode pulse generation from Bi-doped germanosilicate
fibre was demonstrated. Two 1310nm laser diodes each having 130mW pump power
were used in bi-directional laser configuration with an active fibre length of 10m. A
passive fibre length in the cavity was varied from 10-90m to adjust the dispersion in the
cavity. Burst pulses with a pulse repetition rate of 31.5KHz, 3.088MHz and width of
4.7us, 1.2ns were demonstrated with a cavity length of 65m [93].

Pulse dynamics in Bi-doped fibres in the anomalous dispersion regime are complicated
to understand due to the soliton grouping phenomenon. Recently soliton grouping was
observed in Bi-doped germanosilicate fibres. SESAM and frequency shifted feedback

technique were used to mode-lock the Bi-doped fibre laser operating at 1450nm. In
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both cases a 1320nm semiconductor disk laser was used as a pump source. Fundamental

cavity soliton width of 900fs and 1.89ps were reported [94, 95].

1.4.3 Bi-doped pulsed fibre lasers from 1600-1800nm

The emission band of Bi-doped fibres was further extended upto 1800nm using high
germania (50mol%) doped fibres. 1.65ps pulses at 1730nm were demonstrated with a
fundamental repetition rate of 4AMHz. A SWNT was used to initiate the mode-locking
and pulse dynamics were studied in both normal and anomalous dispersion regimes.
The dispersion of the cavity was adjusted by using different length of single mode fibre
(SMF) within the cavity. An Er-doped fibre laser (EDFL) at 1563nm was used as a pump
source. A 5m length of the Bi-doped fibre was used as an active medium. 1.4 and 1.65ps
pulses were reported in the normal and anomalous dispersion regimes, respectively [96].
Recently another technique based on nonlinear phase shift in figure of eight scheme was
also used to develop pulsed fibre laser at 1700nm. The cavity consisted of 15m long
active fibre with positive dispersion at 1700nm and a 25m passive silica based fibre with
30mol% Ge content. The passive fibre will introduce extra non linearly into the loop
mirror. The laser produces 18ps pulses at 3.57 MHz repetition rate with a pulse energy of
84pJ. The pulses were then amplified by using BDFA operating at 1700nm and increased
the pulse energy to 5.7nJ at the expense of pulse elongation to 28ps. Amplified pulses
were then compressed to 630fs by using 150m long SMF-28 [97].

1.5 Superfluorescent sources (SFS) in different wavelength

bands using Bi-doped fibres

Superfluorescent sources (SFS) were also developed by using Bi-doped fibres. The first
SFS was developed at 1.44um using Bi-doped germanosilicate fibre in 2012. A Raman
fibre laser at 1320nm with a pump power of 260mW and a 200m long Bi-doped fibre was
used in a single stage. SF'S having a bandwidth of 25nm at an output power of 82mW,
with an optical efficiency of 31% was reported. Temperature stability of SFS was also
studied from -60°C to +60°C. The mean wavelength of the SFS was varied from 1444 to
1440.5nm and the FWHM was changed from 24.4 to 26nm [98]. Further, SFS at 1.34um
was also demonstrated by Bi-doped phosphosilicate fibre. Here the experimental set up
consist of two stages, the first stage acts as a signal source and the second stage acts as
an amplifier. In the first stage, a laser diode operating at 1240nm with a total pump
power of 300mW and a 150m long Bi-doped phosohosilicate fibre was used. Whereas, in
the second stage, a laser diode operating at 1240nm with a total pump power of 300mW
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and a 120m long Bi-doped fibre was used. The SFS has an output power of 48mW with a
FWHM of 26nm [99]. SFS at 1730nm was also developed by using single pass backward
pumped configuration with Bi-doped high germania core fibres. A LD or an Er/Yb-
doped fibre laser operating at 1.55nm or 1.57nm was used as a pump source. Bi-doped
high germania core fibre of 50m was used to construct the SFS. The threshold power of
the SFS was 50mW. An output power of TmW and FWHM of 50nm was generated with
a pump power of 650mW [100].

1.6 Multi-element fibres

To develop broadband amplifiers in the wavelength range from 1500-1620nm, we adopted
a novel fibre geometry of multi-element fibres (MEF). Er-doped MEF amplifier can cover
the wavelength band from 1500-1620nm (C+L band) for optical fibre communication
moreover these amplifiers are compatible for SDM applications. The idea of MEF ge-
ometry actually developed from the GT-wave concept which was invented and developed
by A.B. Grudinin and P. W. Turner from the ORC, University of Southampton, UK and
is shown in Fig 1.14 [101]. This invention helped to scale the power levels of high power

fibre lasers.

Pump fibre
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FIGURE 1.14: Shematic representation of GT-wave concept [101]

In GT- wave concept as shown in Fig 1.14 two passive fibres close to the signal fibre (RE-
doped) held under common low index coating were used for pump and signal delivery,
respectively. The pump light couples to the signal fibre which is doped with RE as it
propagates along the length of the fibre.

Similar to GT-wave fibre, MEF basically comprises of multiple fibre elements (fibre with
core and clad) under common coating. The cores can be doped with RE elements such
as Er, Yb and Tm or Ho depending on the wavelength of amplification required. The
preform to develop MEF fibres were fabricated by MCVD-solution doping technique.
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FIGURE 1.15: (a) Schematic of 7-MEF preform draw on tower (b) Schematic of 5-MEF
(cladding pump) preform [102]

FIGURE 1.16: (a) Microscopic image of 7-MEF (b) Microscopic image of 5-MEF [102,
103]

Once the preform was made with required dopant it is stretched and cut into sections

of equal lengths to allow stacking in the required 3-MEF and 7-MEF configurations.
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A support handle was joined to the stacks to allow simultaneous drawing of the fibre
elements as shown in Fig 1.15 (a). When drawing the MEFSs, the fibres were collected
together and threaded through a pressurised coating system to enable them to be com-
bined and coated together with a high or low index polymer coating (fabricated by S.
Jain and T. C. May-Smith). Note that as opposed to MCF the MEF approach is highly
tolerant to any imperfection in fibre geometry due to the independent nature of the indi-
vidual elements and the means of interconnection [102]. MEF can be operated under the
core pump as well as cladding pumping. In case of cladding pumping one of the element
of the MEF was replaced with a coreless suprasil F-300 rod for pump delivery and the
remaining fabrication process is similar. Schematic of 5-MEF cladding pump preform is
shown in Fig 1.15 (b). In the core pumping configuration both pump and signal light
guide in the core independently. Whereas in cladding pumping, the pump is guided by
a single passive fibre element and all the remaining elements doped with RE share the
pump travelling in the passive fibre element. Thus cladding pump configuration reduces
the number of pumps required. Fig 1.16 (a) and (b) shows the cross sectional images of
MEFs for core and cladding pumping [102, 103]. By using multi-mode MEFs (i.e each
element acts as multi-mode) a few mode amplifier for mode division multiplexing was
demonstrated [104]. Also a transmission system was built to implement SDM technology
[105-107].

There are several advantages of novel MEF geometry to develop amplifiers they are
1. MEF provides convenience in fibre handling as each of the fibres can be accessed
independently and conventional splicing techniques can be used. 2. There is no crosstalk
between the signals of different fibres. 3. Moreover, the preforms required to develop

MEF fibres can be fabricated by using conventional MCVD-solution doping technique.

1.7 Lay out of the thesis

In Chapter 2 we first introduce the conventional MCVD with solution doping and fibre
drawing processes to understand the preform and fibre fabrication. Here, we also discuss
the fabrication of Bi-doped fibres using MCVD-solution doping process. Characterisa-
tion techniques to measure absorption and unsaturable loss in the fabricated fibres are
discussed. Elemental compositional analysis of few Bi-doped fibres using electron probe

microanalysis (EPMA) is also presented.

In Chapter 3 we discuss the development of Bi-doped aluminosilicate fibres. A 1180nm
amplifier is developed by using the fabricated Bi-doped aluminosilicate fibres. Pump

optimization to achieve maximum gain at 1180nm is discussed and studied the effect of
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UL on gain characteristics. Finally, a 12dB gain Bi-doped aluminosilicate fibre amplifier

at 1180nm is demonstrated. This wavelength is suitable for laser guide star application.

Chapter 4 is about the Bi-doped phosphosilicate fibres. These fibres are important
to develop lasers and amplifiers for optical fibre communication. Here we discussed
the detailed fabrication of Bi-doped phosphosilicate fibre and the effect of fabrication
conditions on optical properties such as absorption and unsaturable loss. Further, we
discussed the development of Bi-doped fibre laser operating at 1360nm and demonstrated
100mW output power with 50m long fibre. We also discussed the development of Bi-
doped fibre amplifier in the O-band for optical communication. Gain dependency on
pump wavelength is studied and developed a flat gain Bi-doped phosphosilicate fibre
amplifier in the wavelength range from 1320-1360nm.

Chapter 5 discusses the Bi-doped pulsed fibre lasers. Here we studied the pulsing phe-
nomena in Bi-doped fibres using a ring cavity without any saturable absorber. Effect of
pump power on pulse width is presented. A mode-locked Bi-doped fibre with an output
power of 3mW is developed and a master oscillator power amplifier is constructed to
amplify the output power to 18mW. Finally, a picosecond (ps) Bi-doped fibre laser at
1340nm with 1.15W peak power is demonstrated using 25m long Bi-doped phosphosili-
cate fibre.

Chapter 6 provides the general background of Er-doped 3-MEF, 7-MEF. Gain and NF
characterisation of these fibres is presented in single and cascaded configurations in order
to develop a wideband multi-element Er-doped fibre amplifier. Also, a brief introduction
of Er/Yb-doped MEFs and their application to develop wideband MEF fibre amplifiers

using cladding pumping configuration are discussed.

Chapter 7 presents the future scope of work presented in this thesis. Initially, the work
discussed in this thesis is reviewed and the future directions of this work on Bi-doped
fibre fabrication and development of Bi-doped fibre amplifiers and lasers are mentioned.
Also, a brief note on the extension of MEF work to develop broadband amplifiers is

presented.



Chapter 2

Fabrication and characterisation

of Bi-doped optical fibres

2.1 Introduction

The aim of this chapter is to introduce the Bi-doped preform fabrication approach using
conventional modified chemical vapour deposition (MCVD) method in combination with
solution doping. The fibre drawing process to fabricate fibres from Bi-doped preforms is
also discussed. The characterisation techniques to measure absorption and unsaturable
loss (UL) which are used to investigate Bi-doped fibres are discussed. Finally, electron

probe microanalysis of few fabricated Bi-doped preforms is presented.

2.2 MCVD-solution doping method

Modified chemical vapour deposition (MCVD) method is a conventional process to fab-
ricate passive preforms with high purity. This method is widely used in industry as
well as in research to manufacture a range of high performance optical fibres for optical
communication because of reproducible control over refractive index profile and superior
process flexibility. In case of MCVD method to produce passive preforms volatile liquid
halide precursors such as SiCly, GeCly, POCls, BBrs and SFg, with high vapour pressure
at a temperature around 30°C were used. These chemicals are sent into the rotating sil-
ica reference tube (F300) while heating it up using an oxyhydrogen burner. The burner
can move along the length of the reference tube and its movement is precisely controlled
by the computer. The core composition depends on the chemical flow of the precursors

into the tube and the temperature of the burner. Whereas the core thickness can be
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controlled by the number of layers deposited. Once the desired number of layers were
deposited the preform with a hole in the centre is collapsed to a minimum and follows
sealing of the glass tube to get a solid preform. On the other hand, because of low vapour
pressure of RE precursors such as ErCls, YbCls, TmClj it is not possible to incorporate
these chemicals using chemical vapour deposition method at low temperatures around
30°C hence alternative procedures are required to introduce these chemicals within the
core of the preform. One of these procedures is called solution doping. MCVD process in
combination with solution doping technique is the well-matured method to develop rare
earth (RE)-doped fibres with low-loss. Along with standard telecommunication fibres
that were used for long-haul optical communication, RE-doped speciality optical fibres
(erbium (Er), ytterbium (Yb), neodymium (Nd), thulium (Tm) and holmium (Ho))
are the current driving force of the fibre industry. These RE-doped fibres are used to
produce lasers and amplifiers in different wavelength bands of the IR spectrum. The
advantage of MCVD with solution doping process is that it is simple and convenient
to play with different process parameters during the preform fabrication to develop a
range of active preforms. The process coupled with solution doping technique involves

two major steps.

Core soot layer

Exhaust
SiCI‘I,OZ +

_ _
F300 tube Deposited cladding
— |aver
Burner

FI1GURE 2.1: Schematic of MCVD process

In the first step, an F300 tube was heated up and etched to remove any contamination
that can induce the loss by passing through SFg gas mixture with oxygen while the
outer surface of the tube is heated by the burner. Then several sintered silica cladding
layers were deposited at a burner temperature of about 2000°C to avoid OH™ diffusion
into the preform core in the subsequent heating process. After this, a soot layer (partly
vitrified silica or silica with phosphorous and germanium) for the RE incorporation into

the core is deposited at a low temperature as shown in Fig 2.1.

The second step involves the solution doping technique, in which the soot layer deposited
inside the tube as mentioned in the first step was solution doped by keeping the tube
within an alcoholic solution (mixture of RE and Al salts in water or alcohol) filled

container for approximately an hour as shown in Fig 2.2.
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Solution of
RE and Al

FIGURE 2.2: Schematic solution doping process

After the porous layer impregnation process with desired RE-dopants finished, the pre-
form is again carried on to the MCVD lathe. Then the porous layer is subsequently
dehydrated in the presence of No/Og flow to eliminate traces of solvents and OH~ ad-
sorbed in the soot during solution doping process. Next, the dried porous layer is gently
heated in the presence of oxygen (Oz) for the conversion of the RE- and Al-salts into
corresponding oxides. A temperature of 800-1200°C is usually maintained at this stage.
This is done to avoid evaporation of the salts during subsequent processing steps at
high temperature. However, control of temperature at this stage is critical to ensure
complete oxidation without evaporation which is strongly dependent on the character-
istics of the salts used. The final step is sintering of the porous layer to obtain the
RE-doped silica core. The tube containing the RE-doped core is finally collapsed to
produce the preform. At this step due to increasing burner temperature and slower
burner traverse speed, the preform with a central hole will be collapsed under surface
tension and eventually sealed into a solid preform. The same process was implemented
to fabricate Bi-doped preforms with slight modifications. Since the Bi-doped fibre ab-
sorption and emission characteristics depend on the co-dopants, different co-dopants
such as aluminium (Al) and phosphorous (P) were used to form the guiding structure
and to change the absorption and emission bands of the resulted Bi-doped fibres. Al
was incorporated through solution doping whereas P was introduced into the core of
the preform during porous layer deposition. Whereas Bi was incorporated into the core
through solution doping technique, which was realized by dissolving Bi precursors (such
as Bi-tris (2, 2, 6, 6- tetramethyl-3, 5-heptanedionate) and BiCls) in isopropanol alcohol

or ethanol. Fabricated preforms and their core compositions are described in detail in
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subsequent sections.

2.3 Fibre drawing process

Preform holder

Furnace I I l I
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Fiber collecting
drum
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FIGURE 2.3: Fibre drawing process

Fabricated preforms were drawn into fibres by using optical fibre drawing process as
shown in Fig 2.3. The process of drawing Bi-doped fibres was straightforward similar
to drawing of conventional preforms. Before starting the drawing process the refractive
index profile of the preform was measured by using PK2600 preform analyser. From
the measured refractive index profile, one can find the preform core (P,,) and clad (P)

diameters. The draw speed (V) can be calculated from the known parameters such as



Chapter 2. Fabrication and characterisation of Bi-doped optical fibres 31

preform clad (P;) diameter, feed speed (V,) and required fibre clad diameter (F;) from

the following equation 2.1

< (2.1)

The draw process involves the following steps. Initially, the preform is loaded into the
drawing tower and then adjusted at the centre of the furnace entrance. Then the preform
is moved down to the heating region of the furnace. Once the preform is adjusted in the
furnace centre, the furnace is switched on to heat up to the fibre drawing temperature.
The preform inside the furnace is also heated up by heat transfer from the furnace
element to preform rod. A drop is formed at the heated zone and this drop of preform
falls down due to the gravity. When the drop followed by hair-thin fibre comes out of
the furnace the drop is cut and then feed the fibre thread into the capstone (cane puller).
One can start the feed of the preform and the feed speed is adjusted depending on the
required fibre diameter. Once the required diameter was reached we will feed the fibre
through the coating dies that are selected according to the fibre diameter. The fibre
goes through the coating dies into the coating cup to apply coating. Depending on the
application of the fibre, high or low index coating will be selected. Immediately after the
fibre comes out of the coating cup, it passes through an ultraviolet (UV) curing lamp
where the coating gets cured. Then the fibre is fed through the capstone and eventually
collected by using a fibre bobbin. Presence of diameter gauges after the furnace and
the UV curing lamp helps to monitor the diameter of fibre with and without coating,
respectively. By monitoring the fibre diameter in a real-time and by adjusting the draw

parameters the fibre with desired core and clad diameter can be fabricated.

2.4 Characterisation techniques

2.4.1 Cut-back technique

OSA

WLS

-
=]

FUT

FIGURE 2.4: Schematic of cut-back technique

Schematic of cut-back technique to measure fibre absorption is as shown in Fig 2.4. A

tungsten halogen lamp as white light source (WLS), microscopic objective (MO) and an
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optical spectrum analyser (OSA) were used to build the experimental setup of cut-back
technique. Initially the fibre under test (FUT) of length L; was placed in the setup as
shown in Fig 2.4. The absorption of the FUT is measured then the fibre is cut back to
length (Lg) and the absorption is measured again. By the two absorption measurements
and by knowing the measured lengths (L;, Lg) one can find the absorption per unit

length of the fibre by using equation 2.2

Absatter — AbSbefor
Absorption(dB/m) = Saftz T Pbefore (2.2)
1— Lo

Where L1, Lo, and Abspefore, AbsSafter are length of the fibre and the corresponding

absorption before and after the cut-back.

2.4.2 Unsaturable loss measurement
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FIGURE 2.5: Schematic of unsaturable loss measurement

Schematic experimental setup to measure UL is shown in Fig 2.5. The setup consists
of a laser diode, an isolator, a coupler and a power meter. The laser diode wavelength
selection is based on the Bi-doped fibre host glass and the pump wavelength to develop
laser or amplifier. Isolator is used to protect the pump from back reflections and a coupler
is used to monitor the input pump power. Few precautions need to be considered when
measuring the UL they are; 1. the end of the doped fibre should be angle cleaved to
avoid back reflections and 2. it is also necessary to use short fibre lengths to prevent any
amplified spontaneous emission (ASE) generation. The input pump power P;, is varied
and the corresponding output power P, is measured by using a power meter. Using
measured input power P;, and output power P, before and after the FUT, the UL of

fibre can be calculated by using equation 2.3

Unsaturable loss (dB/m) = fO logg =— (2.3)

out
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2.4.3 Gain and noise figure measurement
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FIGURE 2.6: Experimental set up to measure gain and noise figure
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FIGURE 2.7: Spectral measurements to determine gain and noise figure

The experimental set up to measure gain and noise figure is shown in Fig 2.6. Here we
need a signal source, pump source, wavelength division multiplexer (WDMs), isolators
(ISO), fibre under test (FUT) and an optical spectrum analyser (OSA) and also a power
meter. The signal source selection depends on the wavelength band (C-band, L-band
and O-band) in which the gain and noise figure (NF) of the fibre need to be measured.
Pump source selection depends on the fibre absorption band. WDMs and isolators are
chosen based on the signal and pump sources. Gain and NF of fibre can be calculated
by measuring the input and output signal powers before the FUT and after the output
WDM by an OSA as shown in Fig 2.7.

Gain of the amplifier is defined as the difference between the output and input signals

when the power levels are measured on a logarithmic scale.
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Gain(dB) = Py — P, (2.4)

Where Py, Pous are the power levels for input and output signals, respectively as shown
in Fig 2.7.

Amplification of an optical signal takes place by stimulated emission of ions from an
upper energy level to the ground level. The ions in the upper energy level can also emit
radiation by the process of spontaneous emission. This spontaneous emission appears
over the entire fluorescent band and is completely incoherent with respect to the sig-
nal beam. Some of this spontaneously emitted radiation is coupled to the LPgy; mode
of the fibre and as it propagates through the gain medium in both forward and back-
ward direction it gets amplified. The resultant optical radiation is referred as amplified
spontaneous emission(ASE). This incoherent radiation also propagates with the signal
and interfere with the signal when it is detected by the photo detector. This results in
the generation of noise that ultimately limits the receiver sensitivity of an optical fibre
transmission system. Hence it is important to measure the noise figure of an amplifier.
In this thesis we used interpolation technique to measure the NF of an amplifier. It is so
called because the ASE at the signal wavelength is determined by measuring ASE level
at a wavelength just above and below the signal and interpolating to determine the level
at signal wavelength as shown in Fig 2.7. Noise figure of the amplifier is then calculated
by 2.5

NF(dB) = W + é (2.5)
Where Ny, = w and Ny, = % are the noise power for input and output
signals, respectively. B.W and v are optical spectrum analyser (OSA) noise bandwidth
and signal frequency. h = 6.626 * 10734 J.s is the Plank’s constant and G is amplifier
gain [108, 109]. To measure the input and output signal powers an optical spectrum
analyser (YOKOGAWA AQ6370) with a resolution bandwidth of 0.5nm was used.

2.5 Fabrication of Bi-doped preforms

We fabricated Bi-doped preforms with different host glasses such as aluminosilicate and
phosphosilicate to cover the wavelength band from 1150-1500nm. MCVD-solution dop-
ing technique was used to fabricate these preforms. In this section, a detailed fabrication
procedure of Bi-doped preforms is presented (fabrication was done jointly with A. A.

Umnikov).
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2.5.1 Bi-doped aluminosilicate preforms

Bi-doped preforms with aluminium host glass were fabricated to develop lasers and
amplifiers in the wavelength band from 1150-1250nm. MCVD-solution doping method
as mentioned at the beginning of this chapter was used to fabricate these preforms.
Initially, a soot layer of silica was deposited on the inner wall of F300 silica tube with
outer and inner diameters of 16 and 13mm, respectively. The tube with deposited silica
porous layer was withdrawn from the MCVD lathe and then the soot preform was soaked
in an AICl3 methanol solution. After the porous layer infiltration with aluminium dopant
source solution, the tube was again taken onto the MCVD lathe for drying. Subsequently,
the solvent was removed from the porous layer by passing a dry oxygen (O3), nitrogen
(N2) and helium (He) mixture flow through the tube, while rotating it. After that AlCls
was oxidized in an Oy flow at a temperature about 1150°C to form a silica porous layer
deposited with AlsOsz. The alumina concentration in the core was adjusted by AlCl3
concentration in source solution to achieve desirable refractive index profile. In this step
porous layer was remained un-sintered with maintained porous structure and used once
again for solution doping process involving the solution of Bi precursor. This two-step
process was implemented due to the solubility problem of precursors we used and to
avoid sedimentation with the simultaneous dissolving of Al and Bi precursors in one

source solution.

In the second step to obtain a Bi-doped core, we used Bi(tmhd)s in isopropanol solution
as a precursor. Again solution doping process was used to impregnate the soot body
with the solution of Bi(tmhd)s in isopropanol. Once the solution was impregnated
uniformly along the length of the porous layer, the preform was taken onto the lathe
and dried by passing No and He mixture flow through the tube. The doping level of
Bi was varied by changing the quantity of Bi(tmhd)s solved in alcoholic solution. In
this way, we fabricated two (L30366, L30367) Bi-doped aluminosilicate preforms with
core composition of SiO9-Aly03-BisO3. The preform L30366 was doped with a higher
concentration of Bi compared to the preform L30367. The index difference between the
core and clad was 0.008 in case of L30366 whereas in case of 30367 it was 0.009. These
preforms had a transparent core with reddish colour when looking through preform tip.
The preforms were drawn into fibres (A0621, A0647) with an outer diameter of 100um
and a core diameter of 8um. In chapter 3, we will discuss the characteristics of these

fibres in detail.
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2.5.2 Bi-doped phosphosilicate preforms

Bi-doped preforms with phosphosilicate host were fabricated to develop lasers and am-
plifiers in the wavelength band from 1300-1500nm. In case of Bi-doped phosphosilicate
preforms, a soot layer of phosphosilicate glass was deposited on the inner wall of F300
silica tube with an outer and inner diameters of 16 and 13mm, respectively. Then the
tube with phosphosilicate porous layer was withdrawn from the MCVD lathe and was

used for solution doping process with Bi(tmhd)s in isopropanol solution as a precursor.

Three Bi-doped phosphosilicate preforms L30368, L30369, L30370 with a core composi-
tion of SiO9-P505-Biy O3 were fabricated. All these preforms had a transparent core with
yellow to brownish colour when looking through the preform tip. The three preforms
were also solution doped with the same Bi concentration in source solution. In case of
130368 and L30369 sintering of porous layer and collapsing of preforms were done under
mixed He and O9 atmosphere with a ratio of 1:1 and 1:4, respectively. In case of the
L30370 preform, complete Os atmosphere was used for sintering of the porous layer and
collapsing of the preform. These preforms were drawn into fibres (A0623, A0622, A0625)
with an outer diameter of 100um and a core diameter of 13um. The index difference
between core and clad was measured to be 0.004 in all three fibres. The details of fibre

characterisation are discussed and presented in chapter 4.

The Bi concentration of the fabricated preforms (L30368, 130369, and 1.30370) was low
and required longer length for lasing and amplification. In order to reduce the length
of required fibre for lasing and amplification, the concentration of the Bi-dopant needs
to be increased. We used different solutions and optimised the MCVD-solution doping
process parameters to increase the concentration of Bi in preform core. In the following

section, the fabrication of high concentration Bi-doped preforms is presented.

2.5.3 High concentration Bi-doped phosphosilicate preforms

High concentration Bi-doped fibres are important specifically when designing pulsed
fibre lasers and double clad fibre lasers. To investigate the possibility to achieve a
higher concentration of Bi in fibres we used the same MCVD-solution doping fabrication
technology but with different Bi solutions such as butyl acetate and n-octane instead of
isopropanol solvent. The solubility of Bi(tmhd)s is higher in these solvents that make it
easier to incorporate more Bi-dopant into the core by solution doping [110]. Here, source
solutions were made with Bi(tmhd)s as Bi precursor and butyl acetate or n-octane as a

solvent.
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Two Bi-doped phosphosilicate preforms (L.30439 and L.30441) with a core composition of
Si09-P205-Bis O3 were fabricated. The preform L30439 was fabricated by using n-octane
solution whereas 130441 was fabricated by using butyl acetate solution. The fabricated
preforms were drawn into fibres (A0746, A0745) with core and clad diameters of 13
and 100pm respectively. The index difference between core and clad was measured to
be 0.004. Absorption, unsaturable loss and lasing characteristics of these fibres were
measured and are presented in Table 2.1. The characterisation techniques mentioned at
the beginning of chapter 2 were used to measure the absorption and unsaturable loss.
For lasing characterisation, a simple ring cavity as mentioned in chapter 4 with 80/20

coupler was used.

Preform No. | Fibre No. | Absorption@1267nm (dB/m) | %UL | Lasing

L30439 A0746 2 34 No
L30441 A0745 1.5 27 Yes

TABLE 2.1: Absorption, UL and laser performance in Bi-doped phosphosilicate fibres
(A0746, A0745)

We noticed that fibre drawn from the preform 1.30441 (A0745) has low unsaturable loss
compared to a fibre from the preform L30439 (A0746). Also, in case of fibre (A0745),
lasing was obtained using 20m long fibre with an output power of 3mW whereas no lasing
was observed using fibre A0746. It is observed that, fibres fabricated by using n-butyl
acetate solvent has low UL and shown lasing action. From these observations, we selected
n-butyl acetate solvent for further preform process optimisation. Preforms L30459,
L30461, L30462 with the same core composition of SiO9-P505-BisO3 were fabricated to
optimise the process parameters such as temperature and flow of gases. The fabricated
preforms were drawn into fibres (A0787, A0792, A0795) with core and clad diameters of
13 and 100um respectively. The index difference between core and clad was measured
to be 0.004 in all three fibres. Absorption, UL and lasing characteristics of these fibres

were measured and shown in Table 2.2.

Preform No. | Fibre No. | Absorption@1267nm (dB/m) | %UL | Lasing

L30459 A0787 1.7 16 Yes
L30461 A0792 2.2 22 Yes
L30462 A0795 2 20 Yes

TABLE 2.2: Absorption, UL and laser performance in high concentration Bi-doped
phosphosilicate fibres (A0787, A0792 and A0795)
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FI1GURE 2.8: Laser performance in different length of high concentration fibres fabri-
cated

Absorption and UL were measured in all the fibres by using characterisation techniques
mentioned at the beginning of chapter 2. Absorption and UL were 1.7dB/m and 16%,
respectively in case of AQ787. In case of A0792 absorption and UL were 2.2dB/m and
22% whereas in A0795, absorption and UL were 2dB/m and 20%. These fibres were
tested for lasing in a ring cavity with 80/20 coupler. Minimum fibre length required for
lasing and the corresponding output power of fabricated Bi-doped fibres were shown in
Fig 2.8. From these preform set, the fibre from 130459 has a low unsaturable loss and
lasing is possible using only 10m long Bi-doped fibre with an output power of 2mW.
This fibre was used to develop a mode-locked Bi-doped fibre laser and the details are

discussed in chapter 5.

2.6 Electron probe microanalysis of Bi-doped fibres

Electron probe microanalysis (EPMA) is a non-destructive method to analysis elemental
composition in micron-sized volumes like optical fibres, with sensitivity at the level of
parts per million (ppm). EPMA of some of the fabricated Bi-doped fibres was performed
and estimated the concentration of Bi and the co-dopants in the fibre. In the following

section, we will discuss the results of EPMA
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2.6.1 EPMA of Bi-doped aluminosilicate fibre

Preform No. | Fibre No. | Abs.@1120nm | %UL | BisO3 (Wt%) | Al,O3 (Wt%)
130366 A0621 | 0.35 (dB/m) |35 | 0.02 7

TABLE 2.3: EPMA in Bi-doped aluminosilicate fibre
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FIGURE 2.9: Normalized distribution of Al,O3 and BisO3 in fibre A0621

Among two Bi-doped aluminosilicate fibres fabricated, best performing fibre (A0621)
with absorption and UL as shown in Table 2.3 is analysed for elemental composition by
EPMA. This fibre contains SiOs, AlsO3 and BiyOg within the core of the fibre. The
concentration of BigOj3 is relatively low. The EPMA showed that the concentration of
Aly,O3 was Twt% whereas BisO3 was on average 0.02wt%. The normalized distribution
of AlyO3 and BisO3 are shown in Fig 2.9. The concentration of BioO3 was very low as
opposed to Al;O3. The distribution of BioO3 has followed AlyO3 profile with in the core

region.

2.6.2 EPMA of Bi-doped phosphosilicate fibres

EPMA of fabricated Bi-doped phosphosilicate fibres as mentioned in Table 2.4 was also
performed. These fibres contain SiOg, P2O5 and BisO3 within the core of the fibre.
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Preform No. | Fibre No. | Abs.@1267nm | %UL | BipO3 (Wt%) | P2Os (Wt%)
130368 A0623 2.8 (dB/m) 24 0.23 7.9
LL.30370 A0625 1 (dB/m) 7 0.11 8.8
1L.30459 A0787 1.7 (dB/m) 17 0.23 8

TABLE 2.4: EPMA in Bi-doped phosphosilicate fibres
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FIGURE 2.10: Normalized distribution of P5O5 and BiyOs3 in fibre A0623

In case of A0623, EPMA showed that, the concentration of PoOs was 7.9wt% whereas
Bis O3 was 0.23wt%. The normalized distribution of P2Os and BipO3 are shown in Fig
2.10. The distribution of BioOg has followed the P2Oj5 profile within the core region.
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FIGURE 2.11: Normalized distribution of P5O5 and BiyO3 in fibre A0625

In case of A0625, EPMA showed that, the concentration of PoO5 was 8.8 wt% whereas
Bis O3 was 0.11wt%. The normalized distribution of P2Os and BiyO3 are shown in Fig

2.11. Again the distribution of BisOg3 follows the P2Os5 profile within the core region.
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FIGURE 2.12: Normalized distribution of PoO5 and BiyO3 in fibre A0787

In case of A0787, EPMA showed that, the concentration of PoO5 was 8wt% whereas
BisO3 was 0.23wt%. The normalized distribution of P2O5 and BisO3 are shown in Fig
2.12. The distribution of BioO3 has followed the P2Os within the core region. The dip
at centre of the normalized distributions of PoO5 and BizO3 as in Fig 2.10, Fig 2.11 and
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Fig 2.12 is due to the evaporation of P2Os during sealing process of preform fabrication.
Also, the ripples appeared in the cladding are measurement artefacts and are not real

features of the fibre.

2.7 Conclusion

In this chapter 2, the conventional MCVD process and solution doping technique was
discussed and then explained some modifications made in the conventional process to
fabricate Bi-doped preforms with different co-dopants such as aluminosilicate and phos-
phosilicate. Other fabrication processes such as powder in tube or rod in tube methods
can be used to develop Bi-doped fibres but these methods are not advanced enough such
as MCVD process. They could increase the background losses in the fibre and also re-
peatable results may not be possible. The fibre drawing process was discussed in brief to
give an idea on the fibre fabrication from the Bi-doped preforms. The characterisation
techniques to measure absorption and unsaturable loss were discussed with experimental
setups. Also gain and noise figure measurement procedure from the input and output
signal was explained in detail. Efforts that we made to increase the Bi concentration by
changing the solvent and by optimising the process parameters during the preform fab-
rication were discussed. Finally, the lasing performance of high concentration Bi-doped
fibres also presented and showed the possibility of using a shorter length of Bi-doped
fibres to develop lasers and amplifiers. Development of high concentration fibres were
important to increase the absorption of the fibre and hence reduce the device length of
lasers or amplifiers. Note here that the high concentration Bi-doped fibres induce higher
UL due to various quenching effects. So it is important to increase the Bi-concentration
as well as keep the unwanted losses at its minimum. Especially the high concentration

Bi-doped fibres fabricated here are useful to develop mode-locked Bi-doped fibre lasers.

EPMA of selected Bi-doped fibres was discussed and presented the chemical composition
of the core material in wt%. We observed that in case of Bi-doped aluminosilicate fibre
(L30366-A0621) even with low Bi-concentration which is around 0.02Wt% the UL is 35%.
The high UL in this fibre could be because of ESA present in Bi-doped aluminosilicate
fibres. Whereas, in case of Bi-doped phosphosilicate fibres, L30368-A0623 and L30370-
A0625 the UL was 24% and 7%, respectively. Even though these two preforms were
made with similar Bi-content in isopropanal solution the atmospheric conditions during
collapse and sealing are different. This could be the reason for different Bi-concentration
in the final fibres and hence different UL. One can clearly notice that the UL is high in
high concentration Bi-doped fibre L.30368-A0623 compared to L30370-A0625. In case
of L.30459-A0787 even though the Bi-concentration in the final fibre is high, different
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solution (n-butyl acetate) used here helped to reduce the UL. This clearly indicates that

the fabrication conditions are very important in fabricating efficient Bi-doped fibres.



Chapter 3

Development of Bi-doped

aluminosilicate fibre amplifier

3.1 Introduction

Bismuth (Bi) as an active dopant in glass host has been studied for the development
of lasers and amplifiers in the wavelength region of 1150-1550nm [25, 26, 111]. Lasers
and amplifiers in this region can find applications in medicine, spectroscopy, astronomy
and optical fibre communication [65-67, 112-115]. The absorption and emission bands
in Bi-doped fibres strongly depend on its co-dopants in glass matrix [11, 13]. Laser and
amplifier operation around 1150, 1300 and 1450nm has been reported in Bi-doped fibres
co-doped with aluminium (Al), phosphorous (P), and germanium (Ge), respectively
[11, 50]. However, the Bi luminescence in the 1450nm wavelength band has attributed
to pure silica matrix [50]. Recently, the laser and amplifier operation of Bi has been
extended further to cover 1600-1800nm wavelength band by using germanosilicate fibres
with high GeOg concentration [12]. There have been various demonstrations of Bi-
doped fibre amplifiers in the 1280-1550nm wavelength band with the germanosilicate
and phosphogermanosilicate host. These amplifiers have been shown to provide the
maximum gain of greater than 20dB around 1427 and 1321nm, respectively [79, 116].
However, the gain in the 1150-1200nm wavelength band which uses aluminosilicate host
has been comparatively less. Prior to this work, to the best of our knowledge, a maximum
gain of about 5dB has been demonstrated in Bi-doped aluminosilicate fibre amplifier at
room temperature at a wavelength of 1180nm. As a pump source, a high power Yb-
doped fibre laser operating at 1060nm with a maximum output power of 6.5W was used
[75]. The reason for the low efficiency of lasers and amplifiers made by Bi-doped fibres
was explained by the unsaturable loss (UL) and excited state absorption (ESA) [56].

44
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UL and ESA become significant in particular with Al co-dopant [117]. ESA has been
shown to appear at both pump and signal wavelengths and increases towards the shorter
wavelength side [118]. Pumping of Bi-doped aluminosilicate fibre from commercially
available laser diodes (LDs) below 1000nm is not preferred despite strong Bi absorption
at these wavelengths due to substantial pump induced ESA [58]. This makes the choice
of the pump wavelength very critical. In this chapter, we will discuss the development of
1180nm Bi-doped fibre amplifier using Bi-doped aluminosilicate fibres. This particular
wavelength has a specific application in astronomy as a laser guide star. In the following

section, we will discuss briefly the laser guide star.

3.2 Laser guide star

FIGURE 3.1: Laser guide star [119]

Interest in space exploration has led to the development of telescopes with primary
mirror sizes of 30m, these are called extra-large telescopes (ELT). These ELTs will help
to increase the resolution and capable to see very fine details of the night sky. However,
the resolutions of these telescopes that are placed on high latitudes of the earth are
limited by the earth’s atmosphere. The winds, varying temperature and pressure of the
atmosphere lead to distortions of the wavefronts arrived from the objects being observed
by the telescopes. One way to overcome this problem is to use space telescopes such as
Hubble telescope but building a space telescope is very expensive and the mirror size used
in these telescopes are limited by the maximum payload that a rocket can lift to transport
it into space. Astronomers came up with the solution of using adaptive optics. This
technique makes use of deformable mirrors in the telescope’s beam path to introduce an
additional and dynamic wavefront change to compensate the fluctuations introduced in

the wavefront by an atmosphere. Actuators are placed on back of the mirrors which can
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make adjustments at up to 1000 times per second, the result is a significant improvement
in resolution offered by the earth-based telescopes. The appropriate reference object is
required to use this adaptive optics technology to improve the resolution of the ground-
based telescopes. Several years astronomers used natural star as a reference source and
called it natural guide star. However, it is not always possible to find a natural guide star
near the object that the astronomers want to observe or image. Even if there is a natural
guide star close to a region that astronomers would like to observe, the brightness of the
natural star might not be enough to use it as a natural guide star. To overcome these
problems scientists came with a thought that what if we create our own star? This
thought led to the invention of artificially generated guide star known as laser guide
star (LGS) and is shown in Fig 3.1. In LGS, a laser beam of appropriate wavelength
which is around 589nm is used to excite the sodium atoms in the mesosphere which is
90 to 100km away from earth and the resulting point-like beam spot emitted from the
excited sodium atoms will act as a reference for adaptive optics of the telescope. The
light emitted by the LGS is subjected to same deformations as that originating from
the astronomical object. Adaptive optics reproduces the image of the LGS as a point
object on the detector and in doing so simultaneously corrects the wavefront distortions

for the light emitted from astronomical objects on the same line of observation.

In the past dye lasers or sum frequency mixing of solidstate lasers were used as LGS.
However, these lasers are somewhat cumbersome to operate and require continuous or
intensive maintenance. Especially the optomechanics involved in these lasers are not
good for moving telescopes while imaging, due to this reason separate chambers are
created to place these lasers to avoid the movement of optomechanics. The ideal source
should be compact, robust and reliable under adverse conditions with less involvement of
optical components. Recently, Toptica photonics developed a laser at 589nm involving
a semiconductor diode laser, a Raman fibre amplifier and second harmonic generation
technique. The laser produces more than 20W of output power with a line width of less
than 5MHz. Raman fibre amplifier is opted to amplify the seed as there is no RE-doped
fibre that can give amplification at this particular wavelength [119, 120]. Bismuth as a
dopant in fibres is proved to be a prominent material capable of amplifying signals at
1180nm. The advantages of Bi-doped fibre amplifiers over Raman amplifiers are reduced
fibre length and pump power. Thus the development of efficient Bi-doped fibre amplifiers
can replace the Raman fibre amplifier in the current technology and can scale the power
levels to more than 100W. Here we develop an amplifier around 1180nm specifically for

laser guide star application using Bi-doped active fibre as a laser gain media.
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FIGURE 3.2: Refractive index profile of the fibres L.30366-A0621 and L30367-A0647

3.3 Bi-doped aluminosilicate fibre amplifier

Two Bi-doped aluminosilicate fibres (L30366-A0621 and L30367-A0647) were fabricated
as discussed in chapter 2. The resulting fibre drawn from the preform has the core
and cladding diameter of 8 and 100um, respectively. The refractive index profile of
these fibres was measured and is shown in Fig 3.2. The ripples here are due to the
cleaving of fibre involved in the measurement procedure. When the fibre cleaving is not
flat this might lead to ripples in the measured profiles. The refractive index difference
(An) between the core and cladding was found to be 0.008 in L.30366-A0621 whereas in
L.30367-A0647 it is 0.009. The Al;O3 content in these fibres was around 3.5 mol% which

is determined from the core-cladding index difference.

The absorption spectrum of these fibres was then measured by using cut-back method,
with a white light source (WLS) and an optical spectrum analyser (OSA) and is shown
in Fig 3.3. Both L30366-A0621 and L30367-A0647 fibres showed a broad absorption
band around 1000nm which is a typical characteristic for Bi-doped aluminosilicate fibres.
However, the pump band around 1000nm in case of 1.30366-A0621 is higher compared to
L30367-A0647. This can be because of less incorporation of Bi dopant in case of L30367-
A0647. Absorption in case of L30366-A0621 at 1047nm was 0.7dB/m and at 1120nm was
0.35dB/m whereas in case of L30367-A0647 it was 0.13dB/m at 1047nm and 0.07dB/m
at 1120nm. The gain characteristics of L30367-A0647 were measured and found that
it was not promising to develop an amplifier at 1180nm. The low concentration in

case of L.30367-A0647 which is almost seven times less (from the measured absorption
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at 1047nm) compared to L.30366-A0621 could be the possible reason for this. Hence,
we chose 1.30366-A0621 for further detailed characterisation to develop an amplifier at

1180nm. From here onwards we will discuss only characterisation of fibre L30366-A0621.
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Bi-doped aluminosilicate fibres have a significant contribution from UL towards laser

or amplifier performance. Reduction of UL is critical in enhancing the pump efficiency.

The UL was measured to determine its contribution to the small signal loss. The UL

measurement method explained in chapter 2 was used to measure the loss variation

with pump power [56, 117]. The variation in loss with pump power was measured by

laser sources operating at wavelengths of 1047 and 1120nm and is shown in Fig 3.4.

The uncertainty in these measurements was around 3%. The 1047nm wavelength is
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conventional pump choice for Bi-doped aluminosilicate fibres whereas 1120nm pump
wavelength was chosen to test the performance of Bi-doped fibre in comparison with
1047nm.

Wavelength (nm) | Small signal loss (dB/m) | UL (dB/m) | UL%

1047 0.66 0.43 65
1120 0.28 0.1 35

TABLE 3.1: Small signal loss and UL at 1120 and 1047nm pumps

The contribution of UL to the small signal loss was 35% for 1120nm, whereas it was

65% for 1047nm pump wavelength as shown in Table 3.1.

3.3.1 Experimental setup

1180nm 5o osA
} -f
. . s
Bi-doped fiber \
Y
=} .
1120nm/1047nm \

1047nm

FIGURE 3.5: Schematic of the experimental setup to measure gain in Bi-doped fibre.
(The 1047nm pump with dashed line was used for bi-directional pumping; otherwise,
that port of the WDM was used to monitor the excess pump).

Fig 3.5 shows the schematic experimental setup used for the measurement of gain in Bi-
doped fibre. The setup comprised of a 1180nm laser diode as an input signal source and
a fibre pigtailed 1120nm laser diode and/or 1047nm Nd-YLF laser as the pump source.
Isolators (ISO) were used to avoid back reflections and wavelength division multiplexers
(WDMs) to combine signal and pump sources. The input and output signal spectra
were taken using an OSA. The input signal was measured just before the fibre under
test (FUT), whereas the output signal was calculated by taking into account the WDM
loss that was used to separate pump from the signal. The gain was then measured by
using the obtained input signal and the output signal just before and after the FUT.

The following standard equation 3.1 was used to calculate the gain [10].

POU
Gain(dB) = 10log,, P—_t (3.1)
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Where Pi,, Poyt are the signal power levels at input and output of FUT, respectively.

3.3.2 Results
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F1GURE 3.6: ASE spectra for 1047 and 1120nm pump wavelengths for 20 and 100m
length of the fibre, respectively (Pump power: 350mW).

Amplified spontaneous emission (ASE) spectra were measured by individually pumping
the fibre at wavelengths, 1120 and 1047nm, for fibre lengths of 100m and 20m, respec-
tively. The maximum pump power used in both cases was 350mW. Fig 3.6 shows the
ASE spectra for the case of individual pumping. The ASE peak with 1047nm pump
appeared around 1150nm, whereas 1120nm pumping helps to push the ASE to slightly
longer wavelength with a peak at 1180nm. This indicates that higher gain can be ex-
tracted at longer wavelengths by pumping with a 1120nm laser diode. This particular
region is vital in order to obtain a source for laser guide star application in adaptive
optics which was explained in more detail at the beginning of chapter 3 [67]. The laser
developed at 1178nm can be frequency doubled using second-harmonic generation to
obtain a source at 589nm [69]. It should be noted that the 1180nm input signal was
used instead of 1178nm due to limited availability of the source, and results are expected

to be similar for 1178nm.

In order to determine the optimum fibre length, the gain was measured with different
fibre lengths for 1047 and 1120nm pumps, respectively. Fig 3.7 shows the gain variation
with fibre length for the individual pumping. By using 1120nm pump, a maximum gain
of about 8 and 7.5dB were obtained for the optimum fibre length of 100m with an input
signal power of —4 and —1dBm, respectively. On the other hand, with 1047nm pump, a
maximum gain of about 4.4dB was achieved for a length of 20m and for a signal power

of —1dBm. The gain per unit length was very less in case of 1047nm pumping hence it
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FIGURE 3.7: Gain variation with fibre length at 1180nm for two different pump wave-
lengths (Pump power: 350mW).

is hard to conclude the optimum length but we consider it is around 20m.About 70%
gain enhancement was achieved for the 1120nm pump as compared to 1047nm pump.
It can be suggested that the reduction in UL with 1120nm pumping allows higher gain
to be extracted with a given pump power. However, the total length requirement for a
maximum gain with 1120nm pumping increases as the Bi absorption decreases at this

wavelength as compared to 1047nm.
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FIGURE 3.8: Gain variation with pump power at 1180nm for a 100m long fibre with a
signal power of -4dBm

Fig 3.8 shows the gain variation with pump power for an input signal power of —4dBm
and for a 100m long fibre. Initially, the gain was about 8dB for 350mW pump power with

1120nm pumping. To further enhance the gain of the amplifier, the pump power was
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increased to a total pump power of 700mW by bi-directionally pumping the fibre with
both 1120 and 1047nm pumps due to limited power available at 1120nm. The dashed
line in Fig 3.5 shows the 1047nm pump used in the setup for bi-directional pumping.
The gain was further increased by 2dB to a total of 10dB with 100m long fibre for
bi-directional pumping as shown in Fig 3.8 [121].
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FIGURE 3.9: Gain variation with fibre length at 1180nm for bi-directional pumping
(total pump power: 700mW) and for an input signal power of -4dBm.

To find the optimum fibre length for bi-directional pumping, the gain was measured
in different lengths of the fibre as shown in Fig 3.9. The optimum fibre length for bi-
directional pumping was increased to 140m with a maximum gain of about 11.5dB. Gain
performance of more than 155m was not measured due to the limited available length
of Bi-doped fibre.

To understand the effect of dual pumping, the unsaturable loss was measured and is
shown in Fig 3.10. Co-directional pumping was used to measure the loss variation with
pump power. WDM was used to combine the pump wavelengths 1120 and 1047nm. At
first, 1120nm pump was switched on, and then its power was increased to a maximum
value of 350mW (black line). After that, 1047nm pump was switched on and gradually
taken to its maximum available power, while keeping the 1120nm pump power at its
maximum value of 350mW. The total pump power from both laser diodes amounted to
700mW. It can be observed that by adding 1047nm pump to 1120 nm pump, the overall
loss in fibre increased considerably (violet line). We believe that pumping at 1047nm is
impeded by the ESA of the pump light, resulting in reduction of pump efficiency and roll
over in gain at 1180nm when both the pump wavelengths were used in conjunction. It
can be concluded that the total pump power increment would be preferred by increasing

the power of 1120nm laser diode as opposed to using an additional 1047nm pump.
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FIGURE 3.10: Loss variation in Bi-doped fibre for single 1120nm pumping (black line)
and for dual pumping (1120nm + 1047nm) by varying the power of 1047nm pump while
operating the 1120nm pump at its maximum power of 350mW (violet line)

3.4 Conclusion

In conclusion, Bi-doped aluminosilicate fibres were fabricated by MCVD-solution dop-
ing method. The fibre with high concentration among the two fabricated Bi-doped
aluminosilicate fibres was selected to develop a fibre amplifier. A commercially available
laser diode operating at 1120nm was used as a pump source to demonstrate the gain
at 1180nm. The performance of the fibre for 1120nm pump was compared with the
conventional pumping region around 1047nm. About 70% increase in gain was observed
for 1120nm pumping as compared to 1047nm pump. The UL was 35% and 65% for 1120
and 1047nm pump wavelengths, respectively, indicating the likely reason for higher gain
in the case of 1120nm pump. A maximum gain of 8dB was obtained for 100m long
fibre. The gain of the amplifier was further increased by about 2dB using bi-directional
pumping with 1120 and 1047nm pumps. The slow increment of gain with the addition of
1047nm pump was a result of higher unsaturable loss incurred in Bi-doped fibre at this
pump wavelength as compared to 1120nm pump. It is understood that the bi-directional
pumping will be efficient if we can use two 1120nm pump laser diodes instead of 1120

and 1047nm.

The 1180nm amplifiers are important in developing 590nm sources by frequency dou-
bling. One of the important application of 590nm source is a laser guide star. In a laser
guide star developed by Toptica photonics a Raman fibre amplifier was used to amplify
the seed source of 1178nm and then frequency double the amplified signal through non-

linear process to develop a laser source at 589nm for laser guide star application. The
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draw backs of Raman fibre amplifier are the required fibre length and high pump power
to have efficient gain. This can be overcome by developing Bi-doped fibre amplifiers.
Even though Bi-doped fibre amplifiers are not yet compete with Raman fibre amplifiers
in terms of gain especially at 1180nm wavelength band the progress in Bi-doped fibre
fabrication can lead to develop efficient Bi-doped fibre amplifiers. The advantage of
Bi-doped fibre amplifiers is that one can use short length of doped fibre and low pump
powers as compared to Raman fibre amplifiers. Here we made an initial demonstration of
Bi-doped fibre amplifier that operates at 1180nm. We expect that better understanding
of the nature of Bi active centres can lead to fabricate preforms with optimum conditions

and will allow a further improvement in the amplifier performance.



Chapter 4

Bi-doped fibre laser and amplifier
in the second telecommunication

wavelength band

In this chapter, we report the fabrication of Bi-doped phosphosilicate preforms using
modified chemical vapour deposition (MCVD)-solution doping technique under different
atmospheric conditions. The preforms were drawn into fibres and are characterised for
absorption and unsaturable loss (UL). An all-fibre Bi-doped laser in a ring cavity is
demonstrated by direct diode pumping at 1267nm with a laser output power of 110mW
operating at a wavelength of 1360nm. We also presented an all-fibre Bi-doped fibre
amplifier operating in the O-band from 1300-1360nm with a maximum gain of 29dB at
1340nm.

4.1 Fibre fabrication and characterization

Fibre L30368-A0623 | L30369-A0622 | L30370-A0625
He /O2 flow ratio 1 0.25 only Oq
Abs.(dB/m)@1210nm | 2 1.6 0.9
Abs.(dB/m)@1267nm | 2.8 1.95 1
UL%@1210nm 46 17 14
UL%@1267nm 25 11 7

TABLE 4.1: Absorption and UL of BPSFs at two different pump wavelengths

55
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As mentioned in chapter 2, three Bi-doped phosphosilicate preforms (L30368-A0623,
L30369-A0622, 1L30370-A0625) were fabricated (from here onwards named as BPSF-
1, BPSF-2 and BPSF-3) by depositing phosphosilicate soot under similar fabrication
conditions. The soot body was impregnated by the same Bi solution for all the preforms.
The only difference between fabricated preforms was the variation of oxygen (O2) and
helium (He) flow ratio during the porous layer sintering and the preform collapse stages,
while maintaining the total gas flow as constant. The variation of O and He flow ratio
were mentioned in Table 4.1. The preforms were drawn into fibres with a core and

cladding diameter of 13 and 100um, respectively.
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FIGURE 4.1: Refractive index profile of fibre (BPSF-3) measured by Inter Fibre Anal-
yser (IFA)

The refractive index profile of one of the fibres (BPSF-3) was measured and is shown
in Fig 4.1. The dip at the centre of the index profile is due to the evaporation of P2Os5
during sealing process of preform fabrication. The index difference (An) between the

core and clad was found to be around 0.004.

The absorption spectra of all BPSFs were measured by cut-back method using a white
light source (WLS) and an optical spectrum analyser (OSA) and are shown in Fig 4.2.
The influence of fabrication conditions on absorption characteristics can be seen from Fig
4.2. BPSF-1 which was fabricated with 1:1 of Oy to He ratio has shown an absorption
peak around 1255nm accompanying a small water peak at 1380nm. Whereas in BPSF-2,
fabricated under excess O2 (4: 1 ratio of Oz to He), the 1255nm peak shifted to around

1335nm and it was less pronounced. In BPSF-3, that was fabricated under complete
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FIGURE 4.2: Absorption spectra of Bi-doped phosphosilicate fibres

O, atmosphere the 1255nm peak disappeared. Also, the absorption in BPSF-3 reduced
compared to BPSF-1 and BPSF-2. The UL was measured for all three BPSFs at two
wavelengths 1210 and 1267nm using the measurement technique discussed in chapter 2.
The UL was around 25% (46%), 11% (17%) and 7% (14%) at pump wavelength 1267nm
(1210nm) in BPSF-1, BPSF-2 and BPSF-3, respectively and is mentioned in Table 4.1 .

4.2 Bi-doped fibre laser

4.2.1 Introduction

Exploring fibre lasers and amplifiers in new wavelength bands have been the research
interest for decades. The 1150-1500nm wavelength region is one of such bands with
demanding applications such as wideband optical fibre communication, medicine, spec-
troscopy, and astronomy. Bismuth (Bi) doped fibres have paved the way to develop
lasers and amplifiers in this wavelength band, thanks to its broad luminescence char-
acteristics. Bi-doped aluminosilicate, phosphosilicate and germanosilicate fibres have
shown luminescence around 1150nm, 1300nm and 1450nm, respectively [50]. In particu-
lar, Bi-doped fibres which exhibit luminescence around 1300nm has specific importance
as their operating wavelength region coincides with the second telecommunication win-
dow. Bi-doped phosphogermanosilicate fibres have been used to demonstrate lasers from
1280-1360nm with a 30W Raman fibre laser operating at 1230nm as a pump [79]. Among
these, the reported efficiency of laser operating at 1360nm was 9.5% and 18% at low
and high pump powers, respectively. Moreover, a 100m long Bi-doped fibre was used

for laser demonstration. Here we develop an all-fibre Bi-doped laser in a ring cavity by
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direct diode pumping at 1267nm. The laser operates at 1360nm with an output power
of 110mW.

4.2.2 Experimental setup

Bi-fiber

FIGURE 4.3: Schematic experimental setup of Bi-doped fibre laser

The experimental setup of Bi-doped fibre laser in a ring cavity is shown in Fig 4.3.
It consists of a fibre pigtailed pump laser diode operating at 1267nm, two wavelength
division multiplexer (WDM) to combine and separate pump and signal wavelengths at
input and output of FUT, an isolator (ISO) for unidirectional operation of the cavity,
and an optical coupler of which one port is used for cavity feedback and other port is
used to take the output from the ring cavity. The maximum available pump power from
the 1267nm laser diode was 390mW. The 1267nm pumping wavelength was chosen due
to lower UL in BPSF among the available pump laser diodes. The absorption values at
1267nm pump wavelength measured by WLS were found to be 2.8dB/m,1.95dB/m and
1dB/m in BPSF-1, BPSF-2 and BPSF-3, respectively.

4.2.3 Results

At first, a laser diode operating at 1267nm, BPSF-1 and a coupler with an input/output
coupling ratio of 70/30 was used to construct the ring cavity. No lasing action was
obtained in this fibre at any fibre length despite being highest absorption at the pump
wavelength. Next, BPSF-2 was tested using the same coupling ratio and it shows lasing
at a wavelength of 1360nm. The length of the fibre was optimized to achieve maximum

laser efficiency. The optimum fibre length was found to be 50m with a maximum output
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FIGURE 4.4: Optimum length of BPSF-2 for 390mW of pump power
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FIGURE 4.6: Optimum length of BPSF-3 for 390mW of pump power



Chapter 4. Bi-doped fibre laser and amplifier in the second telecommunication
wavelength band 60

20

Output power (mW)
= =
o o

(6]
T

O L I L 1 L 1 L 1 L
150 200 250 300 350 400
Pump power (mW)

FIGURE 4.7: Pump power vs. output power of BPSF-3

power of 10mW as shown in Fig 4.4. The laser efficiency was measured in different length
of fibre and a maximum efficiency of 5% was obtained as shown in Fig 4.5. Subsequently,
BPSF-3 was tested in the same experimental setup and optimized the length to obtain
maximum output power as shown in Fig 4.6. The laser developed with BPSF-3 has a
laser efficiency of 8% with an output power of 20mW for an optimum fibre length of

46m as shown in Fig 4.7. The threshold pump power was 157mW.
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FIGURE 4.8: Output power vs launched pump power with different output coupling
(OC) for 46m long BPSF-3

To find out the optimum coupling ratio we then varied the output coupling ratio in
the ring cavity. The laser efficiency in BPSF-3 was increased to 11% with an output
power of 22mW for the 50/50 coupling ratio as shown in Fig 4.8. The laser spectrum of
BPSF-3 taken by an OSA is shown in Fig 4.9.

Among all three fibres, BPSF-3 was found to be the most efficient fibre with high
efficiency [122]. This can be explained by the lower UL measured in BPSF-3 compared
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FIGURE 4.9: Optical spectrum of the Bi-doped fibre laser
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to BPSF-1 and BPSF-2. Further, the Bi-doped preform of BPSF-3 was over jacketed
and redrawn into a single mode fibre with a core and clad diameter of 11 and 150um.
The cut-off wavelength of the fibre was measured and found to be 1100nm. This single
mode BPSF-3 was replaced in the cavity as shown in Fig 4.3 and measured the laser
efficiency again for a fibre length of 50m. The laser efficiency was increased to 13.6% with
an output power of 45mW as shown in Fig 4.10. To further increase the pump power a
laser diode operating at 1240nm was added to the same cavity in a bi-directional pumping
configuration (dashed line) as shown in Fig 4.3. The total pump power was increased
to 770mW. The slope efficiency of the Bi-doped single mode fibre was measured with
different length of the fibre and further improvement in laser efficiency was observed.
For an optimum length of 50m, the laser efficiency was amounted to be 18% with an
output power of 110mW as shown in Fig 4.11. The output power levels of the Bi-doped

fibre laser was limited by the available pump power of laser diodes.

4.3 Bi-doped fibre amplifier with a flat gain of 25dB, op-
erating in the wavelength band 1320-1360nm

4.3.1 Introduction

The demand for optical fibre communication is persistent over the last decade because
of the increased accessibility of the internet, cloud computing, and machine-to-machine
communication arising from the internet of things (IOTs), etc. Continuous research
efforts are being made to develop various technologies to cope with the capacity require-
ments in optical fibre communication. One of them is the introduction of space-division
multiplexing (SDM) in the C-band using multi-core fibres (MCF), multi-mode fibres
(MMF), and multi-element fibres (MEF) [6, 105, 123]. Another approach is to develop
efficient amplifiers in the second telecommunication window. The latter one would be the
immediate solution to increase the capacity of optical fibre communication. Advances
in fibre fabrication techniques have reduced the losses of silica fibres to <0.4dB/km in
the O-band [124, 125]. However, lack of efficient amplifiers has rendered this window,
currently, non-ideal for optical fibre communication. Recent developments in bismuth
(Bi)-doped fibre amplifiers covering the low loss window of silica fibres have shown great
potential to enable a wideband transmission, thanks to its broad luminescence char-
acteristics [11, 14, 25, 115, 126, 127]. Bi-doped aluminosilicate, phosphosilicate, and
germanosilicate fibres have shown luminescence peaks around 1150, 1300, and 1450nm,
respectively [11, 50, 128]. Also, it has been shown that the luminescence window can
be extended up to 1800nm in a high germania (GeOgz)-doped Bi fibres [12, 80]. In
particular, Bi-doped phosphosilicate fibres (BPSF) have a specific importance as their
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emission wavelength region coincides with the O-band. A maximum gain of 24.5dB has
been reported at 1321nm with a corresponding noise figure (NF) of 4-6dB in a Bi-doped
phosphogermanosilicate fibre amplifier. The amplifier used 200m of fibre length and a
Raman fibre laser operating at 1230nm as a pump source with a pump power of 460mW
[79, 129]. Here, we use Ge-free BPSF to develop a flat and wideband amplifier in the
O-band by careful selection of pump wavelengths. Also, commercially available laser

diodes (LDs) were used as pump sources.

4.3.2 Experimental setup

FIGURE 4.12: Schematic experimental setup of Bi-doped fibre amplifier

The preform corresponding to fibre with relatively good efficiency among BPSF-1,
BPSF-2, BPSF-3 was selected and over jacketed. This preform (L30370-A0625) is then
redrawn into a single mode fibre with a core and clad diameter of 11 and 150um. The
cut-off wavelength of the fibre was measured to be around 1100nm [122]. This single
mode BPSF-3 was then used to study the pump wavelength dependent Bi gain and
demonstrated an all-fibre, laser diode pumped, Bi-doped fibre amplifier operating in the
spectral region 1300-1360nm.

The experimental setup of the Bi-doped fibre amplifier is shown in Fig 4.12. It is
comprised of a tunable laser source (TLS) with an operating wavelength region of 1260-
1360nm. The Bi-doped fibre was pumped at 1267 or 1240nm and also at 1267nm in

combination with 1240/1210nm as shown in Fig 4.12. The maximum available power
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of 1267 and 1240nm laser diodes was 360 and 400mW, respectively. Whereas, the
maximum power of the 1210nm laser diode was limited to 300mW. Isolators (ISO)
were used to avoid back reflections and wavelength division multiplexers (WDMs) to
combine/separate signal and pump wavelengths. The input and output signal spectra
were taken using an OSA. The input signal was measured just before the Bi-doped fibre
under test, whereas, the output signal was calculated by taking into account the WDM
loss that was used to separate the pump from the signal. The gain and NF were then
calculated by using the following standard equations 4.1 and 4.2 and from the measured

input and output signals [10].

P,

Gain(dB) = 10log,, PL}“ (4.1)

Nowt — NinG 1
NF(dB) = ————— + — 4.2
(dB) hvG(B.W) * G (4.2)
Where Piy, Pout, Nin and Nyt are the signal power and noise power for input and output

signals, respectively. B.W and v are optical spectrum analyser (OSA) noise bandwidth

and signal frequency.

4.3.3 Results
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F1GURE 4.13: ASE spectra for 1267nm or 1240nm pump wavelengths for a 100m long
Bi-doped fibre when pumped with a maximum available power of laser diodes
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Initially, the fibre was individually pumped with 1267 or 1240nm laser diodes at their
maximum available pump power. The amplified spontaneous emission (ASE) spectra
were measured just after the 100m long Bi-doped fibre and are shown in Fig 4.13. The
ASE spectrum corresponding to the 1240nm pump has a peak at 1325nm, whereas the
1267nm pump has a peak around 1350nm, thereby, indicating that the gain can be

pushed toward the longer wavelength using a 1267nm pump.
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FIGURE 4.14: Gain and NF characteristics for the maximum available power of 360mW
(1267nm) or 400mW (1240nm) with optimum fibre lengths of 100m and 75m, respec-
tively (Signal power: -10dBm)

Subsequently, to develop an amplifier, the length of the fibre was optimized for a maxi-
mum gain using the experimental set up shown in Fig 4.12. It was found that the 100m
long fibre was optimum with the 1267nm pump for a pump power of 360mW and 75m
was the optimum fibre length with the 1240nm pump for a pump power of 400mW.
The gain and NF characteristics of optimum Bi-doped fibre corresponding to 1267 and
1240nm pumps are shown in Fig 4.14. The input signal power was -10dBm. The 1267nm
pumping provided a maximum gain of 15dB and a NF of 5dB at a wavelength of 1350nm.
The gain at 1300nm was only 5dB. In the case of the 1240nm pump, a maximum gain
of 14dB and a NF of 6dB were obtained at 1330nm. It should be noted that the gain at
1300nm was 10dB, which is double the gain of the 1267nm pumping. It can be concluded
that the 1267nm pump can push the gain toward the longer wavelength, whereas the
1240nm pump allows the gain to operate at a shorter wavelength. Thus, by pumping
the fibre using both the 1267 and 1240nm pumps, we could maximize the gain over a

broad wavelength band.
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FIGURE 4.15: Amplifier performance with bi-directional pumping by 1267nm (360mW)
and 1240nm (400mW) LDs for a signal power of -10dBm

In order to realize this, the Bi-doped fibre was simultaneously pumped using both the
pumps (1267 and 1240nm) operating at their maximum output power, as shown in Fig
4.12. The total pump power of the laser diodes amounted to 760mW. The gain and NF
characteristics of the amplifier with simultaneous pumping for an input signal power
of -10dBm is shown in Fig 4.15. The optimum length of the fibre for bi-directional
pumping with 760mW of pump power was found to be 150m. A maximum gain of 26dB
with a NF of about 5dB was obtained at 1340nm. The gain in the wavelength band of
1310-1360nm was more than 20dB.
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FIGURE 4.16: The flat gain characteristics of the amplifier from 1320-1360nm

Moreover, a flat gain of 25+1dB with a NF of <6dB was achieved over a 40nm bandwidth
(1320-1360nm), as shown in Fig 4.16. The optical signal to noise ratio (OSNR) was
more than 30dB. It can be noted that this amplifier could potentially operate even at
wavelengths longer than 1360nm, which we are currently unable to measure due to the

limitations of available signal source (TLS) operating wavelength range.
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FIGURE 4.17: Variation of gain and NF with pump power for bi-directional pumping at
1267nm and 1240nm for an input signal power of -10dBm and operating at a wavelength
of 1340nm)

Fig 4.17 shows the gain and NF variation with the pump power for the 150m long fibre
in the bi-directional pumping configuration measured at a wavelength of 1340nm. A
maximum gain of 26dB with a NF of 5dB for a pump power of 760mW was obtained

for an input signal power of -10dBm.

30 T T T T T 16 T T T T T
—=— 1340nm | —=— 1340nm
—e— 1300nm —e— 1300nm

Gain (dB)

S o
NF (dB)

[oe]

0 1 1 1 1 1 0 1 1 1 1 1
-30 -20 -10 0 10 -30 -20 -10 0 10

Signal power (dBm) Signal power (dBm)

F1GURE 4.18: Characteristics of the amplifier with input signal power at wavelengths
of 1300nm and 1340nm, when dual pumping with 1267nm and 1240nm laser diodes
operating at their maximum power

The gain variation with input signal power is also shown in Fig 4.18 at two signal
wavelengths 1300 and 1340nm. The small signal gain for an input signal power of -
30dBm, at a 1300nm wavelength was about 15dB whereas it was 29dB at 1340nm.
Moreover, a NF of 5dB at 1340nm has been achieved for a broad range of input signal

power.

We also investigated the amplifier performance for a pump wavelength shorter than
1240nm in combination with the 1267nm pump. A bi-directional pumping scheme was

explored again, in which the 1267nm pump with an output power of 360mW was fixed
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FIGURE 4.19: Gain and NF characteristics of the amplifier by dual pumping at 1210nm
or 1240nm pump in conjunction with 1267nm pump [pump powers: 1210nm or 1240nm
@ 300W; 1267nm @ 360mW, signal power: -10dBm]

at the signal input end of the amplifier. A second pump operating at a wavelength
of 1210nm (or 1240nm) was used at the signal output end with a maximum power of
300mW. The total pump power amounted to 660mW in both cases for a fair comparison.
A fibre length of 150m and an input signal power of -10dBm were used. A gain of
21+1dB with a NF of <5dB has been obtained in the wavelength region 1330-1360nm
for 1210+1267nm pumping. When using 12404-1267nm pump the gain was increased to
2441dB as shown in Fig 4.19. This can be attributed to the higher unsaturable loss of
fibre at 1210nm compared to a 1240nm pump. Thus the optimum pumping wavelengths
for our dual pumped BPSF amplifier with a broad gain spectrum were found to be
around 1240 and 1267nm.

4.4 Conclusion

In conclusion, BPSFs were fabricated under different oxidation conditions by standard
MCVD-solution doping technique. Absorption, UL and laser efficiency have been mea-
sured in all BPSFs and found to be strongly correlated with the fabrication conditions.
The UL was found to be low at 1267nm in comparison with 1210nm pump wavelength.
A Bi-doped fibre laser operating at 1360nm has been demonstrated with a laser efficiency
of 11% by direct diode pumping at 1267nm. The same fibre was made single mode and
the slope efficiency was further increased to 13.6%. Finally, an efficiency of 18% with
an output power of 110mW was demonstrated using bi-directional pumping with a total

pump power of 770mW.

In another experiment, the BPSF with lowest UL and best performance in terms of lasing

was used to develop an all fibre Bi-doped fibre amplifier. The gain profile dependence
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of the amplifier on pump wavelengths was demonstrated. It has been shown that with
a 1267nm pump, the amplifier gain is pushed toward the longer wavelength with a gain
peak appeared close to 1350nm, whereas with a 1240nm pump the gain is shifted to
shorter wavelength side with a maximum gain obtained at around 1330nm. The amplifier
was also bi-directionally pumped using two pumps in order to flatten the gain spectrum of
the amplifier. A flat gain of 254+1dB was demonstrated over a 40nm bandwidth covering
the wavelength region of 1320-1360nm (which is limited by the input signal source) by
bi-directional pumping the fibre at wavelengths 1267 and 1240nm. Furthermore, a small
signal gain of about 29dB was obtained for an input signal power of -30dBm. Also, the
fibre used here was drawn several times from different sections of the preform and tested

for amplifier configuration and the results were found to be similar.

This Bi-doped fibre amplifier can be very useful to open up the O-band for optical fibre
communication. For example the loss of Corning SMF 28e fibre is around 0.32dB/km
in the wavelength band 1300-1360nm. If we consider an input signal power of 10dBm,
after travelling through the SMF 28 e over a distance of 62.5km the output signal will
be -10dBm with an induced loss of 20dB. If we use a Bi-doped fibre amplifier that we
developed after the 62.5km SMF 28e we can amplify the -10dBm signal to approximately
25dB for an output signal of 15dBm. The 15dBm signal can be transmitted further to
a distance of 31km to achieve an output signal of 5dBm. This way one can establish a
communication link in the O-band. The other advantage of our amplifier is, it has flat
gain within 40nm bandwidth which is important when it is required to send the signals
over CWDM or DWDM along the transmission link.



Chapter 5

Bismuth-doped all fibre
mode-locked laser operating at
1340nm

5.1 Introduction

Mode-locked fibre lasers have proved to be an important tool in many different appli-
cations including telecommunication, spectroscopy, medicine, materials processing, and
imaging. The advantages of passive mode-locked fibre lasers are that they are compact,
low-cost, flexible and simple in design. The maturity of rare earth (RE) fibre fabrica-
tion technology to develop ytterbium (Yb), erbium (Er) and thulium(Tm) or holmium
(Ho) doped fibres made them an obvious choice to explore 1, 1.5 and 2um pulsed fibre
lasers, respectively [130, 131]. However, the wavelength band from 1.15 to 1.45um re-
mains relatively unexplored due to the unavailability of efficient RE gain media despite
several important applications [131]. The specific applications of lasers and amplifiers
in this wavelength window include sources for second telecommunication band as well
as the development of visible lasers through the second-harmonic generation [14, 132].
Bismuth (Bi)-doped fibres have shown prominent progress in developing amplifiers and
lasers covering the wavelength band from 1.15 to 1.8um in different glass hosts (i.e., alu-
minosilicate, phosphosilicate and germanosilicate). Bi-doped fibre amplifiers and lasers
have seen extensive progress in the last few years reaching gain and efficiency values
close to 30dB and 50%, respectively [50, 80, 128, 133]. In addition, the broad lumines-
cence of Bi-doped fibres is an added leverage to develop sub-picosecond pulsed lasers.
Although, Bi-doped fibres are a promising active medium to develop efficient pulsed

fibre lasers in the wavelength band inaccessible by RE-doped materials, a comparatively

70
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low gain per unit length is the current challenge to develop mode-locked fibre lasers
with a short length active fibre gain medium. The first Bi-doped pulsed fibre laser was
demonstrated in 2007 with 50ps pulses at 1161nm using a semiconductor saturable ab-
sorber mirror (SESAM) [82]. Since then a number of studies have reported on Bi-doped
pulsed fibre lasers based on saturable absorbers, such as SESAM and carbon nanotube
(CNT) [84, 86, 87, 91]. However, the pulse dynamics in Bi-doped fibres are not yet
well understood due to the quenching effects such as unsaturable loss (UL) and excited
state absorption in these fibres [56]. In recent years pulse bunching was observed in
Bi-doped germanosilicate fibres [94, 95]. A phenomenon that occurs due to an inter-
action between the solitons generated in mode-locked fibre lasers with a total cavity in
anomalous dispersion regime [134, 135]. Here, we used a relatively high concentration
Bi-doped phosphosilicate fibre (L30459-A0787), fabricated by modified chemical vapour
deposition (MCVD) process in conjunction with standard solution doping technique as
mentioned in chapter 2, was used to design a ring cavity mode-locked fibre laser and to
study the pulsing phenomena at 1340nm without any saturable absorber such as SESAM
or CNT within the cavity. The effect of pump power on pulse width was studied with
results showing that the pulse width variation from 1.5 to 3ns with a maximum pump
power of 335mW. Further, the output of mode-locked Bi-doped fibre laser (ML-BDFL)
was amplified in a master oscillator power amplifier (MOPA) configuration wherein a
100m long Bi-doped fibre was used to achieve a maximum average power of 18mW.
Soliton bunching was confirmed and a true pulse width of 1.2ps was reported with the

measured autocorrelation.

5.1.1 Dispersion

Dispersion in an optical fibre is an important parameter, especially when dealing with
ultrashort pulses with a broad spectrum. The zero dispersion wavelength of conventional
optical fibre is around 1310nm. The dispersion regime below zero dispersion wavelength
is called normal dispersion regime (negative dispersion, D<0 and 32 >0). The dispersion
regime above zero dispersion wavelength is called anomalous dispersion regime (positive
dispersion, D>0 and (2 <0). In the normal dispersion regime, longer wavelengths (a
red component of the pulse) travel faster compared to shorter wavelengths that leads
to positive chirp. In case of anomalous dispersion regime, shorter wavelengths (a blue
component of the pulse) travel faster compared to longer wavelengths that leads to neg-
ative chirp. In a fibre, if both anomalous dispersion and self-phase modulation present
at the same time then the negative chirp generated by the anomalous dispersion is com-

pensated by the positive chirp introduced by SPM and leads to a soliton generation as
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shown in Fig 5.1 [9]. Dispersion in an optical fibre can be calculated from [ by using

equation 5.1 as mentioned below

2me

Where c is the speed of light and A is the wavelength of operation and S is the group

velocity dispersion.

FIGURE 5.1: Pulse evolution in presence of anomalous dispersion and SPM [136]

5.1.2 Spectral sidebands

When a soliton propagates in a fibre laser,it encounters various periodic perturbations
such as gain, filtering, and loss due to splices or output couplers. The perturbed soliton
sheds dispersive radiation as it is reshaped back into a soliton. These linear dispersive

waves are generated over the broad spectrum of the soliton and have a dispersion relation

k”
kpin = —|2’Aw2 (5.2)

Where Aw is the frequency offset from the peak of the soliton spectrum. Each frequency
component then propagates at its own phase velocity. The dispersive waves generated
each period Z, will interfere distructively except at frequencies that are phase matched.
This phase-matching condition is expressed by Z,(ks — kiin,) = 2mm where kg = —% is
the propagation constant of the soliton, m is an integer, Z,, is the perturbation length
(length of the laser). By using equation 5.2 in the above relation, we can solve for
frequeny offset Aw where phase matching occurs (or position of Kelly side bands) and

is given by

1/ 8Z,

Aw =
w 7_mZp

1 (5.3)

The chromatic dispersion of the fibre can be retrieved from the position of the Kelly

Ed
Ik

are located far from the peak of the soliton. If the average dispersion and laser length

side-bands in an optical spectrum. For long pulses 87y = 475 is large, so the sidebands
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are kept constant as the pulse width decreases, then Zy will decrease and the sidebands

will be located closer to the peak of the soliton [137].

5.1.3 Autocorrelation

An optical autocorrelator is a device to measure the duration of ultrashort pulses with
picosecond or femtosecond pulse width, where an electronic photo-detector would be
slow. The basic principle of optical autocorrelator is to split an incoming beam into two
copies and to superimpose those with a variable temporal delay. A non-linear interaction
is used for obtaining a signal that depends on the pulse overlap, and the pulse duration
[138]. Here we used an FR-103XL autocorrelator to measure the autocorrelation of the
mode-locked Bi-doped fibre laser. The experimental setup of the commercially available
FR-103XL autocorrelator is shown in Fig 5.2.
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FIGURE 5.2: Experimental setup of the commercially available FR-103XL autocorre-
lator [139]

Initially, the input beam is directed into the autocorrelator by using a fibre coupled
input. The beam falls on an infrared (IR) pellicle beam splitter (B.S) and is split into
two identical beams. One of the two beams is directed towards the fixed arm and the
other beam is directed towards the delay arm of the Michelson interferometer. The beam
in the fixed arm reflected back towards the pellicle beam splitter by using a retroreflector
mirror (R. M) after passing through the mirror (M;). The beam in the delay arm is
reflected back towards the pellicle beam splitter (B. S) by a mirror (Mz) after passing
through a pair of parallel mirrors (Mg and My). The pair of parallel mirrors centred
about a rotating axis in the delay arm introduces repetitive linear delay generation. The
two beams from the beam splitter are focused on S.H.G angle tuned crystal (A.T.C)
(LiIOg crystal) by means of a focusing mirror (F.M). The generated S.H.G beam then
falls on the photomultiplier tube (PMT) and produces an output at the oscilloscope to
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measure the autocorrelation pulse width. Dispersion is entirely minimised in the FR-
103XL by the use of metallic high reflecting coatings and focusing the beam into the NL
crystal by means of a curved mirror. Also, the beams lie in the horizontal plane through

the centres of M; and input aperture [139).

The conversion factor from the FWHM autocorrelation trace width (T ey gar) to the
actual pulse width (t,) is a function of the pulse shape assumed. Table 5.1 shows the

relation between Ty gy and t, for commonly used pulse shapes.

Pulse shape. tp/TrwiM
Hyperbolic Secant | 0.647
Gaussian 0.707
Rectangular 1
Triangular 0.692

TABLE 5.1: Relation between Trw gy and t, for commonly used pulse shapes [138]

5.2 Mode-locked Bi-doped fibre laser

5.2.1 Experimental setup

FIGURE 5.3: Schematic experimental setup of mode-locked Bi-doped fibre laser
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The ML-BDFL was constructed with a ring cavity architecture as shown in Fig 5.3.
Initially, a laser diode (LD) operating at 1270nm with a total pump power of 335mW
was used to pump the Bi-doped fibre. An isolator was placed to ensure unidirectional
operation; while a 95:5 coupler was used to extract a 5% signal out of the ring cavity. A
polarization controller (PC) was employed to control the polarization in the cavity for
stable pulsing. An optical spectrum analyser (OSA), RF spectrum analyser (400MHz),
InGaAs photodetector (5GHz) and an oscilloscope (2.5GHz) were used to study the ML-
BDFL characteristics. The active fibre was characterised for absorption and UL using
a white light source (WLS) and a laser diode (LD) prior to its use in the ring cavity.
The measured small signal absorption and the UL at 1270nm pump wavelength were
1.7dB/m and 17%, respectively.

5.2.2 Results
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FI1GURE 5.4: Pulse width and Rep.rate variation with different length of Bi-doped fibre
for a single 1270nm laser diode pumping

Initial measurements of the effect of fibre length on ML-BDFL performance showed a
pulse width of 3ns with a maximum output power of 3mW at a fibre length of 25m as
shown in Fig 5.4. For this length, the ML-BDFL generated pulses with a repetition rate
of 6.3MHz at 1340nm that agrees with the cavity round trip time. Here we observed
that the polarization adjustments are necessary to make the ML-BDFL stable.

We also observed that the pulse width increased slowly with pump power from 1.5 to
3ns as shown in Fig 5.5. Note that here the pulse width increased with pump power,
clearly indicating that the pulsing behaviour is not due to g-switching in which the
pulse width would be expected to decrease with increasing pump power. Throughout
this experiment the pulse repetition rate remained fixed at the cavity round-trip time,

further indicating that the BDFL was operating in the mode-locked regime instead of
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FIGURE 5.5: Pulse width variation with pump power of 25m long Bi-doped fibre for a
1270nm laser diode pumping

the g-switched regime. The cavity contains approximately 7.8m of passive fibre due

to the WDMs, isolators, couplers and a polarization controller in addition to 25m of

Bi-doped fibre.
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FIGURE 5.6: Pulse train of the ML-BDFL at minimum and maximum pump power of
175 and 335mW, respectively with pulse widths of 1.5 and 3ns
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FIGURE 5.7: Single pulse width variation with pump power

Pulse trains with a pulse width of 1.5 and 3ns were measured by an oscilloscope at a
pump power of 175mW and 335mW, respectively and is presented in Fig 5.6. A pulse
period at both pump powers remained constant at 159ns. Further, the single pulse width

variation with pump power is shown in Fig 5.7.
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FicUure 5.8: Optical spectrum of the ML-BDFL at a pump power of 335mW for a
25m long Bi-doped fibre

The optical spectrum shows a central wavelength at 1342nm and a 3dB bandwidth of
1.6nm at the maximum pump power of 335mW as shown in Fig 5.8. The appearance

of Kelly sidebands in the optical spectrum indicates that the ML-BDFL operates in the
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anomalous dispersion regime. From the optical spectrum, and assuming that the pulses
were transform limited, the output pulse width was expected to be ~1ps. The measured
larger pulse width can be attributed to soliton bunching while the increase in pulse
width with pump power is expected due to the increase of soliton number [135, 140].
However, the existence of sub-picosecond pulses within the pulse envelope could not be
directly confirmed because of the limitations imposed by the bandwidth of detector and
oscilloscope. The measured sideband shift from the central wavelength was around 9nm
to the first order sideband as shown in Fig 5.8. From the measured optical spectrum,

the total dispersion of the cavity was calculated by the following equations [141, 142]

)\2 SHZO
AN =+ — 5.4
2mctg + Za (5-4)
T2
where Zg = —2 5.5
2 15| (5:5)

Where ¢, n are the speed of light in vacuum and order of the sideband, respectively.
Z, is the cavity length, Zg is soliton period and Trw gar=1.763 tg is pulse duration at
FWHM.

The calculated dispersion was 4.5pskm~'nm~' at 1343nm confirming that the cavity

operates in the anomalous dispersion regime and the laser operates in the soliton pulse

regime.
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F1cUre 5.9: RF spectrum of the ML-BDFL at a pump power of 335mW for a 25m
long Bi-doped fibre
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The RF spectrum of the ML-BDFL is presented in Fig 5.9. The measured RF spectrum
shows good harmonic purity with a signal to noise ratio (SNR) of 65dB at a fundamental

repetition rate of 6.3MHz, thereby indicating a stable pulsing.

5.3 Master oscillator power amplifier

5.3.1 Experimental setup

FIGURE 5.10: Experimental setup of master oscillator power amplifier (MOPA)

In order to amplify the signal power of the ML-BDFL, the MOPA as shown in 5.10 was
constructed. A 90/10 coupler was inserted between the ML-BDFL and the amplifier.
The 10% port was used to monitor the output of ML-BDFL while the 90% port was
used as input to the amplifier. A 1240nm pump laser diode having a maximum pump
power of 420mW was used to pump Bi-doped fibre. Two WDMs were used to combine
and separate pump and signal at the input and output, respectively. Isolators were used
to avoid back reflections into the cavity of the ML-BDFL and to protect the 1240nm
pump. The active Bi-doped fibre used in the MOPA was different from the fibre used
for ML-BDFL. This Bi-doped fibre (L.30370-A0625) had a core and cladding diameter
of 11 and 150um, respectively. The UL in this Bi-doped fibre was 7% [133].

5.3.2 Results

Fig 5.11 shows the dependence of MOPA output signal power on pump power for a
fixed seed power of 2.5mW (3.95dBm). At this fixed seed power, the MOPA signal
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FI1GURE 5.11: Variation of signal power with pump power of MOPA for a fixed input
seed power of 2.5mW (3.95dBm)
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F1GURE 5.12: Signal power variation of MOPA with seed power for fixed pump power
of 420mW

power increased with a slope efficiency of 7.25% up to a maximum of 18mW and is
limited by the maximum available pump power of 420mW. In a second experiment, the
MOPA pump power was fixed at 420mW while the seed power was increased as shown
in Fig 5.12. Here the MOPA output power increased with ML-BDFL seed power, again
reaching a maximum of 18mW. The laser spectrum and pulse profile measured at the
output of the MOPA shows that no significant distortions were introduced by the 100m
long Bi-doped fibre used in MOPA. A maximum average power of 18mW was achieved
with a pulse width of 2.5ns. Corresponding peak power and the energy were 1.15W and
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2.9nJ.

5.4 Autocorrelation
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FIGURE 5.13: Autocorrelation trace of the mode-locked Bi-doped fibre laser

The true pulse width of the mode-locked Bi-doped fibre laser was measured by an auto-
correlator (Femtochrome, FR-103XL) in conjunction with an oscilloscope and is shown
in Fig 5.13. The measured autocorrelation trace has a large pedestal which is a signature
of soliton bunching in mode-locked fibre laser systems [95, 134, 135, 140-142].
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FIGURE 5.14: The sech? fitting of the autocorrelation trace

Fig 5.14 shows the autocorrelation trace excluding the pedestal fitted to a hyperbolic-
secant function. The FWHM of autocorrelation (7ac) was found to be 1.88ps. Assuming
a hyperbolic-secant pulse shape, the pulse width at FWHM of ML-BDFL was 1.2ps.
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FIGURE 5.15: Optical spectrum of the ML-BDFL observed over 2hrs of time
To analyse the stability of the ML-BDFL the spectrum was monitored for 2hrs at a

maximum output power of 18mW in an OSA as shown in Fig 5.15. During this period

the ML-BDFL was undisturbed by external perturbations. The stability of the acquired
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spectra over time indicates that the operation of the mode-locked Bi-doped fibre laser

was stable.

5.5 Conclusion

In conclusion, a Bi-doped phosphosilicate fibre fabricated by the MCVD-solution doping
technique was used to study the pulsing phenomenon in an all-fibre Bi-doped mode-
locked laser operating at 1340nm without any saturable absorber. The impact of pump
power on pulse width was examined and a pulse width variation from 1.5 to 3ns was
reported. The maximum average output power of the ML-BDFL was 3mW with a 3ns
pulse width. The average output power was further increased to 18mW using a MOPA
and a corresponding peak power of 1.15W and a pulse energy of 2.9nJ were achieved. The
measured autocorrelation of the ML-BDFL confirms the soliton bunching phenomenon
with a true pulse width of 1.2ps. Here one can prevent the pulse bunching phenomena
by changing the total cavity dispersion to normal regime because anomalous dispersion
leads to soliton formation in the cavity and induce soliton interaction to generate pulse
bunching. A stable operation of the ML-BDFL was verified by the RF spectrum with an
SNR of 65dB at a fundamental repetition rate of 6.3MHz. To the best of our knowledge,
for the first time, we observed picosecond pulses from a Bi-doped mode-locked fibre laser
without any saturable absorber such as SESAM or CNT in the cavity. Further study is

required to understand the mechanism of such pulsing phenomenon in Bi-doped fibres.

At present, no RE-doped material in silica host can produce gain in the 1330nm wave-
length band. Bi-doped fibres is the only way to develop mode-locked fibre lasers in the
O-band. The broad gain bandwidth of Bi-doped fibres is an added advantage to develop
ultrashort pulsed fibre lasers. One can also develop tunable pulsed fibre lasers by using
broad gain Bi-doped fibres. However, there are some challenges involved to develop
efficient Bi-doped pulsed fibre lasers. One is the lowest gain per unit length which ne-
cessitates one to use longer length of fibres in the mode-locked laser cavity. This can be
overcome by developing high concentration Bi-doped fibres but these high concentration
Bi-doped fibres always induce unwanted losses such as UL and ESA. Hence it is not only
important to develop high concentration Bi-doped fibres but also reduce the unwanted

losses to its minimum.



Chapter 6

Core and cladding pumped
wideband multi-element Er-doped
fibre amplifiers in C+L bands

6.1 Core pumped wideband multi-element Er-doped fibre

amplifier

6.1.1 Introduction

Surges in cloud computing, mobile user numbers and social media, are challenging the
optical communication industry to keep up with demand for higher data capacity without
increasing the cost per bit. This has motivated research groups to continue their efforts
in finding new ways to increase the capacity of optical fibres. The capacity of single mode
optical fibres, however, is currently approaching the non-linear Shannon limit [143]. As a
result, space division multiplexing (SDM) has recently been proposed. There have been
several demonstrations of high data rate SDM transmission employing multi-core fibres
(MCF), multi-mode fibres (MMF) and multi-element fibres (MEF) [6, 105]. However,
there is still a need for further development and refinement of the above approaches
for its commercialization. Concurrently, increasing the optical bandwidth for dense
wavelength division multiplexing (DWDM) has been a subject of significant interest.
Extending the bandwidth of the amplifiers can enable the low-loss window of silica
fibres (1480-1620nm) for DWDM transmission. Erbium (Er) can provide broadband
amplification covering the wavelength band of 1500-1620nm [144-148]. A double-pass
parallel wideband amplifier was demonstrated by using Er-doped fibres (EDFs) from
1530 to 1605nm but the reported noise figure (NF) varies from 5.6 to 8.2dB [149]. Raman

84
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amplification is another way to realize wideband amplifiers, but the number of pump
sources and power requirements are high [150-152]. In this chapter, we demonstrate
the flexibility offered by multi-element fibre geometry in tuning the gain profile of the
amplifier. To develop wideband amplifiers we used MEF comprised of three, five and
seven fibre elements (3-MEF, 5-MEF and 7-MEF). Note here that the 5-MEF was used
in cladding-pumped configuration. Schematic cross-sectional view of 3-MEF, consisting
three Er-doped fibre elements drawn under a common high-index polymer coating is
shown in the inset of Fig 6.1. Er-doped preforms, fabricated by modified chemical
vapour deposition (MCVD)-solution doping technique were stretched, cut and stacked
together to obtain 3-MEF and 7-MEF preforms. The preform cores were doped with
Al and Er ions, producing a measured refractive index step (An) of 0.005 (fabricated
by S. Jain and T. C. May-Smith). The fibres were drawn to a clad diameter of 125um,
resulting in a core diameter of 11um with an overall coated diameter of 310 and 460um
for 3-MEF and 7-MEF, respectively [102]. The absorption in each element of 3-MEF
and 7-MEF at 980nm was 10dB/m. In the following sections, we will study the gain
and NF of 3-MEF and 7-MEF to develop core pumped multi-element Er-doped fibre

amplifier.

6.1.2 Experimental setup for 3-MEF characterisation

Cladding
Er-doped
High index core
coating
throughput

F1cURrE 6.1: 3-MEEDFA schematic experimental setup to measure gain and NF of ;a-
single fibre element, b-cascaded fibre elements (Inset: cross-sectional view of Er-doped
3-MEF)

Fig 6.1 shows the schematic diagram of the experimental setup used to measure the gain
and NF of Er-doped 3-MEF. The setup comprised of a tunable laser source (TLS) as an
input signal, 976nm pump laser diodes (LD-1, LD-2), isolators (ISO), and 980/1550nm
wavelength division multiplexers (WDM) at the input/output to combine/separate the
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signal and the pump. The input and output signals of different wavelengths were mea-
sured by the optical spectrum analyser (OSA). The spectra obtained were then used to
calculate the gain and NF of each fibre element of the 3-MEF. A 3m length of 3-MEF
was used for gain and NF measurements. The fibre elements were indexed as S1, S2,
and S3 for identification at both ends of the MEF as shown in Fig 6.1.

6.1.3 Results
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FIGURE 6.2: Gain and NF of fibre elements S1, S2 and S3 for a pump power of 208mW
for an input signal power of (a) -10dBm (b) -23dBm
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FIGURE 6.3: Gain and NF variation in fibre element S3 of MEF for different input
signal and pump powers

Input signals of -10dBm, and -23dBm were used for the characterisation. The charac-
teristics of all three fibre elements were found to be similar as shown in Fig 6.2. Fig 6.3

shows the gain and NF characteristics of S3 with pump powers of 112mW, 208mW and

NF (dB)
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250mW. A maximum gain of 36dB was observed at 1530nm in the C-band for an input
signal power of -23dBm and for a pump power of 250mW. Also, the NF was <4.5dB in
the 1520-1570nm wavelength region.
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FIGURE 6.4: Gain and NF variation of 2-cascaded fibre elements for different input
signal and pump powers

The fibre elements were then cascaded one-by-one by splicing the output of one fibre
element to the input of another fibre element to observe the effect on gain profile. It
can be seen from Fig 6.4 that the gain at short wavelengths decreased, whereas the gain
at longer wavelengths increased after cascading of two fibre elements. The cascaded
amplifier provided a flat gain of 33+1dB in the wavelength region of 1530-1560nm for
an input signal of -23dBm. A split-band amplifier can be designed in which one of the
fibre elements (S1) is used for short wavelength amplification and the other two fibre
elements are cascaded (S2 + S3) for long wavelength amplification. This would provide

>20 dB gain in the wavelength range of 1520-1570nm (50nm).

The pump power requirement in a cascaded amplifier can be further reduced by bi-
directional pumping. To demonstrate this effect, the two cascaded fibre elements were
bi-directionally pumped from two 976nm laser diodes. The pump power of one of the
laser diode (backward) was varied while the other laser diode (forward) was maintained
at a fixed power of 60mW to tune the gain profile of the amplifier. The amplifier
gain characteristics in bi-directional configuration for -10dBm and -23dBm input signal
powers are shown in Fig 6.5 and Fig 6.6. For a total pump power of 140mW, the gain is
>30dB in the wavelength region of 1530-1560nm and >20dB in the wavelength region
of 1525 to 1570nm for input signals of -23dBm and -10dBm, respectively. To further
enhance the gain at longer wavelength side we studied the gain and NF characteristics

of 7-MEF in the following section.
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for an input signal of -10dBm, The pump power of one of the laser diodes was varied
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6.1.4 Experimental setup for 7-MEF characterisation

Er-doped Cladding
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1550nm 0 A

F1GURE 6.7: T-MEEDFA schematic experimental setup to measure gain and NF of ;a-
single fibre element, b-cascaded fibre elements (Inset: cross-sectional view of Er-doped
7-MEF)

Fig 6.7 shows the schematic diagram of the experimental setup used for the characteri-
sation of Er-doped 7-MEF. The setup comprised of a tunable laser source (TLS), 976nm
pump laser diodes (LD), isolators (ISO), 980/1550nm wavelength division multiplexer
(WDM), and an optical spectrum analyser (OSA). A 3m length of 7-MEF was used for
the gain and NF measurements. The fibre elements were indexed as f1 to {7 for identi-
fication as shown in Fig 6.7. Input signal powers of -10dBm and -23dBm were used for

characterisation of gain and NF.

6.1.5 Results

Initially, individual elements of the 7-MEF were co-pumped with pump powers of 112mW,
208mW and 250mW. It was found that all the fibre elements of 7-MEF were similar gain
and NF characteristics. The gain and NF of all fibre elements of 7-MEF were shown in
Fig 6.8 for an signal power of -10dBm and -23dBm with a pump power of 250mW. The
wavelength dependent characteristic of a single element (f4) with different pump powers
is also shown in Fig 6.9. A maximum of 37dB gain and <4.5dB NF was achieved for
the input signal power of -23dBm and for a pump power of 250mW. Also, the gain at
1520nm was greater than 20dB.
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FIGURE 6.9: Variation of gain and NF with wavelength for single element of Er-doped
7-MEF at different pump powers
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FIGURE 6.10: Gain and NF characteristics of 2-element cascade at a maximum pump
power of 250mW

The fibre elements were then cascaded in series by connecting the output of one element
to the input of the next, and the variation in the gain profile was observed. The gain
and NF spectra for the 2-element cascade was shown in Fig 6.10 at a maximum pump
power of 250mW. For an input signal power of -23dBm, the average gain in the C-band
was 30dB with a gain variation of £1.5dB. Moreover, the NF was less than 4.5dB for the
entire C-band. As expected, the gain in the 2-element cascade shifted towards longer

wavelength compared to the single element, while reducing the gain at 1530nm.
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FIGURE 6.11: Gain and NF characteristics of different cascade configurations for bi-
directional pumping with a total pump power of 320mW, input signal power: -10dBm
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FIGURE 6.12: Gain and NF characteristics of different cascade configurations for bi-
directional pumping with a total pump power of 320mW, input signal power: -23dBm

Similarly, the gain in the L-band was enhanced by cascading more fibre elements as
shown in Fig 6.11 and Fig 6.12. It was observed that the available pump power was not
sufficient to provide efficient gain for a cascade containing more than 2 fibre elements.
The gain and NF characteristics of 4-element cascade of 7-MEF for the bi-directional
pumping scheme with a total pump power of 320mW (forward pump power: 170mW,
backward pump power: 150mW) were studied. A minimum gain of 20dB and NF less
than 4dB were observed from 1580 to 1595nm with the input signal power of -23dBm
as shown in Fig 6.12. It should be noted that a further increase in either forward or

backward pump power did not improve the performance of the amplifier.
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From Fig 6.11 and Fig 6.12 it can be observed that the gain was higher in the 4-element
compared to the 3-element cascade at longer wavelengths. However, noticeable gain
depreciation was observed when further cascading the fibre elements. For a 6-element
cascade, the gain is 16+1dB in the wavelength range of 1580 to 1600nm. It was found
that the 4-element cascade was optimal for efficient L-band amplification with a total

pump power of 320mW.
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FI1GURE 6.13: Performance of a split-band MEEDFA in the wavelength region of 1520
to 1600nm (Pump powers used: {1-250mW, {2+£3-250mW, {4+{5+{6+{7-320mW)

Our results indicate that a split-band multi-element Er-doped fibre amplifier (MEEDFA)
can be configured by utilizing all the fibre elements. A single fibre element (f1) and a
2-element cascade (f2+f3) can be pumped single ended to cover the 1520-1530nm and
1530-1560nm wavelength regions, respectively. At the same time remaining 4-elements
(f4+1f5+£6+17) can be cascaded and pumped bi-directionally for L-band amplification.
The performance of the proposed amplifier is shown in Fig 6.13 for an input signal power
of -10 and -23dBm. Such an amplifier provides at least 20dB gain starting from 1520
to 1595nm with a NF less than 6dB and 4.5dB for an input signal power of -10 and
-23dBm, respectively.
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6.2 Cladding-pumped Er/Yb-doped multi-element fibre am-

plifier for wideband applications

6.2.1 Introduction

We also followed another approach to demonstrate broadband amplifiers covering both
C and L bands from a single amplifier using MEF in the cladding pumping configuration
as shown in Fig 6.14. The fabrication of MEF for cladding pumping is briefly mentioned
here. At first, a preform with Er/Yb-doped core was stretched and cut into 4 equal
pieces. The four Er/Yb-doped rods were then stacked along with a coreless suprasil
F-300 rod. The fibre was then drawn from the preform assembly which comprised a
central coreless pump fibre element surrounded by four Er/Yb signal fibre elements.
The MEF was coated with low-index polymer coating suitable for cladding pumping
[153]. Each fibre element had a cladding diameter of 80um, whereas the core diameter
in signal fibre-elements was about 8um (fabricated by S. Jain and T. C. May-Smith).
The cladding absorption at a wavelength of 975nm was measured and found that it
has variation between 2.2-4.1dB/m. The core absorption at wavelengths of 1536nm was
measured and an element-to-element variation between 36-61dB/m was noticed. The
microscope image of the 5-MEF cross-section is shown in the inset of Fig 6.14. The signal
fibre elements were arbitrarily coded as F1, F2, F3 and F4, respectively, and the pump
fibre element was coded as P. In cladding pumped MEFA, a single central multimode
pump is shared by multiple Er/Yb-doped signal fibre elements which allow the amplifier
to operate in a multiport configuration [153-155]. Moreover, the MEF based wideband
amplifier can be developed either by using signal fibre elements with different Er/Yb-
doping concentrations or by cascading the signal fibre elements. In cladding-pumped
MEFA, the fibre length can be varied by cascading the signal fibre-elements, which allows
better control on the amplifier performance. The cladding-pumped MEFA provides an
advantage over conventional C+L split band EDFA through its potential for component
sharing and thereby reduces the overall cost of the amplifier. A single high power, low
brightness LD is enough to pump the cladding-pumped MEF and extract gain from
all the four fibre elements instead of four separate LDs in core pumped configuration.
Also no WDMs are required in case of cladding pumping configuration as the pump and
signal are launched into different fibre elements. Here, we present a very brief study of

the gain and noise figure (NF) characteristics of cladding-pumped MEFA [103].
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FIGURE 6.14: Schematic of experimental setup for gain and noise figure measurement
(Inset shows the microscope image of the 5-MEF)

6.2.2 Experimental setup

The experimental setup to measure gain and NF in the signal fibre elements is shown in
Fig 6.14. It comprised of a multi-mode pump laser diode (LD) operating at a wavelength
of 960nm, a tunable laser source (TLS) operating in both C and L bands and an optical
spectrum analyser (OSA). The signal fibre elements, in which cores are doped with
Er/Yb, were separated at each end by simply removing the coating and then standard
single mode fibres were spliced at the input/output of each of the fibre elements for
efficient launch/extraction of the signal light. Also, a pump delivery fibre (105um core
and 125 pm cladding) was tapered to 80um and spliced to the pump fibre element for
efficient launching of the pump from the laser diode (characterization was done jointly

with Saurabh Jain).

6.2.3 Results

Fibre No. Gain/NF (dB) @ | Gain/NF (dB) @ | Gain/NF (dB) @
1536nm 1545nm 1555nm
F1 35/11 36/10 29/8
F2 31/13 38/11 33/8
F3 34/11 35/9 28/8
F4 37/7 36/7 28/6

TABLE 6.1: Gain of different fibre elements in 6m 5-MEF at different wavelengths for
a pump power of 6.4W, Input signal power;-23dBm

Initially, the gain and NF in different fibre elements of 5-MEF were measured. The
gain characteristics of each fibre element were not similar due to element-to-element
variation in core and clad absorption. A maximum gain of 37dB and corresponding NF

of 7dB was achieved at 1536nm in F4 with an input signal power of -23dBm and for a
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FIGURE 6.15: Performance of a split band MEFA with gain >20dB (1545-1615nm)
using 12m MEF at 10W of pump power (-10dBm input signal)

pump power of 6.4W. Further, the gain was measured in 6m, 9m and 12m lengths of 5-
MEF by 6.4W pump power for -10dBm of signal power, to shift the gain towards longer
wavelength side. It was found that 6.4W of pump power is not enough to have gain
values >10dB in the L-band using 12m length of 5-MEF. A maximum gain of >20dB
was obtained from 1545-1565m with increased pump power of 10W using -10dBm of
input signal power but the gain above 1570nm was <15dB. The fibre elements of 12m
5-MEF were then cascaded (F3+F1, F3+F1+4F2) and measured the gain for -10dBm of
input signal with a pump power of 10W. A gain of more than 20dB was achieved from
1570-1615nm [103]. A split-band cladding pumped MEFA has been proposed covering
both C and L bands in which one of the fibre elements (F4) is operating in the C-band
and other two elements (F3+F1) are cascaded to provide sufficient gain in the L-band.
The performance of such an amplifiers is shown in Fig 6.15. A relatively flat gain of
(22+1.5 dB) was achieved for -10dBm of input signal in 12m MEF with 10W of pump
power from 1545-1615nm.

6.2.4 Conclusion

In conclusion, we considered MEF novel geometry to develop wideband amplifiers around
1550nm wavelength band. The feasibility of MEF geometry was proved by developing
wideband amplifiers using 3-MEF and 7-MEFs. A gain of >20dB and NF <4.5dB in the
wavelength region of 1520-1570nm was demonstrated using Er-doped 3-MEF amplifier.
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It was also shown that, in case of cascaded configuration of the amplifier, the over-
all pump power required was significantly reduced through bi-directional pumping as
compared to co-pumping while maintaining the similar gain characteristics. To further
extend the bandwidth into L-band, gain and NF of 7-MEF are studied and a wideband
MEEDFA was demonstrated, in which each fibre element provided a maximum gain
of 37dB and a NF less than 4.5dB, with the pump power of 250mW and for an input
signal power of -23dBm. A split-band MEEDFA configuration was proposed, which
enabled the MEEDFA to provide wideband amplification covering a 75nm bandwidth
(1520-1595nm) with gain of >20dB.

Further, taking the advantage of novel MEF geometry and cladding pumping config-
uration to reduce the cost of the amplifier by sharing the components a MEF based
Er/Yb-doped cladding pumped amplifier has been demonstrated for a wideband opera-
tion covering both C and L band. A maximum gain of 37dB and corresponding NF of
7.3dB in the C-band has been obtained in one of the fibre elements for the MEF length
of 6m at 6.4W of pump power and -23dBm of the input signal. We have also investigated
the cladding pumped MEFA performance for different fibre length, pump power, and
cascading configuration. A relatively flat gain of 224+1.5dB has been achieved across
the wavelength band of 1545-1615nm. The performance of the broadband amplifiers
can be further improved by tailoring the doping concentration and fibre design of MEF
elements hence further extend the bandwidth of MEEDFA both into S and L bands.



Chapter 7

Conclusions and future scope

7.1 Bi-doped fibres for lasers and amplifiers

7.1.1 Introduction

In this chapter, I will give a brief overview of the work we were discussing in this thesis
and present my thoughts towards extending it further. Here, we fabricated Bi-doped
fibres with aluminosilicate and phosphosilicate hosts to develop amplifiers and lasers in
the wavelength band from 1150-1500nm. Effect of unsaturable loss was considered as
a critical factor for the poor performance of Bi-doped fibres and efforts were made to
reduce it by optimising the fabrication conditions and pump wavelengths to improve the
performance of amplifiers and lasers. Also, the experimental setups were designed to be

compact using commercially available laser diodes as pump sources.

Fabricated Bi-doped aluminosilicate fibres were used to demonstrate amplifier at 1180nm.
Both 1047 and 1120nm pump wavelengths were considered to study the performance of
the amplifier. A 70% improvement in gain was reported with 1120nm pumping com-
pared to 1047nm. Further bi-directional pumping scheme was implemented employing
1120 and 1047nm lasers to increase the gain. A 12dB maximum gain at 1180nm with
bi-directional pumping was reported. The less improved gain with bi-directional pump-
ing was attributed to the high unsaturable loss measured at 1047nm pump wavelength.
A conclusive suggestion was made based on the results that instead of 1047nm in com-
bination with 1120nm in a bi-directional scheme, a 1120nm pump can improve the gain

performance of the amplifier further.

To develop amplifiers and lasers in the O-band, Bi-doped phospshosilicate fibres were

fabricated. The effect of fabrication conditions on absorption and unsaturable loss were

98
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studied. Fibre with low UL was selected to develop efficient amplifiers and lasers around
1330nm, suitable for use in optical fibre communication. Initially, the laser efficiency
of fabricated fibres was studied in a ring cavity configuration. The performance of the
efficient fibre was optimised by measuring the efficiency with different length of the
Bi-doped fibre and for different output coupling ratio. A 22mW fibre laser operating
at 1360nm with a slope efficiency of 11% was reported with 1267nm pumping using
an optimum 50-50 coupling ratio in a 50m long Bi-doped fibre [122]. The efficiency
of the laser was further improved by optimising the fibre parameters and also using
bi-directional pumping configuration. A laser with an output power of 110mW with a

slope efficiency of 18% was reported.

The Bi-doped fibre with an optimum laser performance was also used to develop an
amplifier from 1300-1360nm. Gain performance of the amplifier with 1210, 1240, and
1267nm pump wavelengths was studied and showed that the combination of 1240 and
1267nm pumping can flatten the gain from 1320-1360nm. A flat gain amplifier with a
25dB gain with a gain variation of £1dB was reported for a signal power of -10dBm. The

gain of the amplifier was further increased to 29dB for -30dBm of input signal power.

Later, we optimised the fabrication process to increase the concentration of Bi in the fibre
so that the lasing and amplification can be achieved in a short length of the Bi-doped
fibre. These high concentration Bi-doped fibres are required to develop pulsed fibre
lasers and also for cladding-pumped fibre lasers. One of the fabricated fibres with low
unsaturable loss, and efficient lasing performance in a minimum 10m length of Bi-doped

fibre was used to develop a mode-locked fibre laser operating at 1340nm.

A simple ring cavity was used to construct the laser and a polarisation controller was
used to enable the mode-locking. Effect of fibre length and pump power on pulse width
was studied. A 25m length of the fibre was found to be an optimum length to have a
minimum pulse width of 1.5ns at the lasing threshold. A pulse width variation from
1.5ns to 3ns was observed with the increase of pump power. Kelly sidebands in the
optical spectrum were noticed and it was concluded that the cavity dispersion was in
the anomalous regime and the mode-locking operation is in soliton regime. The Fourier
transform limited pulse width was calculated from the measured optical spectrum and
found to be 1ps. The observed larger pulse width of 1.5ns was attributed to the soliton
bunching. Due to the low average output power of ML-BDFL which is of 3mW, we
developed a master oscillator power amplifier (MOPA) to increase the output power
levels and to study the autocorrelation spectra of the mode-locked laser. A different
fibre with high gain was used to develop the amplifier. An input power of 2.5mW with
a pulse width of 3ns was injected into the amplifier. The performance of the MOPA

with pump power and input signal power was reported. An output signal power of
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the ML-BDFL was increased to 18mW after passing through the amplifier without any
distortions in the optical spectrum. A pedestal in the measured autocorrelation spectra
was noticed which is a signature of soliton bunching. The measured autocorrelation

spectra indicated a true pulse width of 1ps.

We also worked towards the development of broadband Er-doped fibre amplifiers in the
1550nm wavelength band using novel multi-element fibre geometry which is developed
at ORC, University of Southampton, UK. MEF consists of multiple fibre elements under
a common coating. The fibre elements can be accessed by removing the coating of MEF.
A conventional amplifier setup was used to develop the broadband amplifier using Er-
doped 3 and 7-MEF (3, 7-fibre elements under common coating) as an active media.
The fibre elements were cascaded to shift the amplifier gain towards longer wavelength,
therefore, improving the gain at long wavelength region. A minimum gain of 20dB was

demonstrated from 1520-1595nm in a split band configuration [156].

Further, we also shown a broadband cladding pumped MEF amplifier. The MEF for
cladding pumping configuration consists of 5-elements in which one of the elements being
a pump guiding passive fibre whereas remaining four elements were doped with Er/Yb.
The pump light which is guided in the passive element will couple to the signal elements
as it passes along the length of the fibre and leads to amplification of the signal. A
conventional amplifier setup was used to study the gain and NF characteristics of the
amplifier. The advantage of cladding pump configuration is component sharing and
hence reduced the cost of the developed amplifier. A gain of more than 20dB was

demonstrated from 1545 to 1615nm by optimising the length and pump power [103].

7.1.2 Future scope

The field of Bi-doped fibres for lasers and amplifiers come a long way in terms of fab-
ricating these fibres and also to demonstrate lasers and amplifiers using the fabricated
Bi-doped fibres. The MCVD-solution doping technique which is used to fabricate Bi-
doped fibres is well known over the years to incorporate RE-dopant into the fibre core.
The same method is also used to introduce Bi-dopant in different host materials such as
aluminosilicate, phosphosilicate and germanosilicate to access the wavelength band from
1150-1800nm for lasers and amplifiers. Even though it is easy to introduce Bi-dopant in
the core by using MVCD-solution doping technique the reaction process in forming Bi
active centres is completely depends on the process parameters such as temperature and
atmospheric conditions and the amount of Bi introduced in the fibre core. The reason for
this is the complicated chemistry involved with Bi. So far the Bi concentration used in

fibre is relatively low for laser and amplifier demonstrations. The low Bi-concentration
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leads to longer device length (10’s of meters). The increased amount of Bi in the core
introduces unwanted losses such as unsaturable loss (UL) and excited state absorption
(ESA) which are detrimental to laser and amplifier performance. Fabrication of high
concentration Bi-doped fibres with low UL and ESA will lead to construct lasers and
amplifiers with short length. In this thesis, we made significant efforts to optimize the
fabrication conditions and to develop high concentration fibres while not compromising
with the UL and ESA. One of the developed fibres has 16% UL and lasing in 10m length
of an active Bi-doped fibre. These fibres were important to develop pulsed fibre lasers
and cladding-pumped fibre lasers. One can further optimise the process to improve these

fibres to increase the concentration further and to reduce the UL and ESA.

There are many other challenges, one of them is to find out the active state in Bi-doped
fibres that is causing IR luminescence. Many hypotheses were reported based on the
experimental facts but none of them confirmed all the properties seen in Bi-doped fibres.
By knowing the active state of Bi it is easy to optimize the fabrication conditions and
to develop efficient fibres for lasers and amplifiers. Researchers have to come forward
to solve this problem which if resolved can revolutionize the field of next-generation

Bi-doped fibre lasers and amplifiers.

Another one is the requirement of high pump power laser diodes in absorption bands
of Bi-doped fibres. At present, the available laser diodes are still limited to half a
Watt. As the available pump powers offered by laser diodes are low dual pumping
is the only option to achieve high pump powers using laser diodes as pump sources.
High power laser diodes in the absorption bands of Bi-doped fibres can lead to compact
experimental setups to develop lasers and amplifiers. The passive components such as
WDMS, isolators, circulators etc., are not available off the shelf in the Bi-doped emission
wavelength bands. This leads to custom made components to be ordered and most of

the time doesn’t meet the required specifications.

One can study the above mentioned challenges in general to mature the field of Bi-
doped fibre lasers and amplifiers. Below I gave my thoughts towards future work one

can perform in advancing the area of Bi-doped fibre lasers and amplifiers.

Development of high gain (>20dB) amplifiers around 1180nm wavelength
using efficient Bi-doped aluminosilicate fibres

At present, a maximum gain of 12dB was demonstrated at 1180nm [121]. Further
improvements of gain values are necessary for applications such as laser guide star and
visible lasers. By improving the preform fabrication with new precursors, solvents and by
optimizing the atmosphere conditions and temperatures during preform fabrication one
can develop efficient Bi-doped fibre lasers and amplifiers around 1180nm. UL and ESA

are very important factors one need to focus when working with Bi-doped aluminosilicate
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fibres. In this thesis we reduced UL and ESA by pump optimization. One can develop
novel experimental techniques to reduce UL and ESA to improve the performance of

Bi-doped fibre amplifiers and lasers.

Extend the amplification band of current Bi-doped fibres to cover complete
band from 1280-1500nm by improving the fabrication of these fibres with
phosphorous and germanium hosts

We demonstrated a Bi-doped fibre amplifier covering 1300-1360nm with a flat gain of
25+1dB in 40nm bandwidth [133]. The amplification bandwidth offered by these fibres
can be extended further by studying them with different host material and by optimising
the fabrication. In this thesis we only used phosphosilicate host to develop Bi-doped
lasers and amplifiers in the O-band. It is possible to extend this wavelength band
further up to 1500nm by studying the phosphogermanosilicate host to fabricate Bi-
doped fibres. This can allow one to access the complete 1280-1500nm band for optical

fibre communication.

It is well known that the gain of Er-doped fibre amplifiers are polarization independent.
To the best of my knowledge there are no studies reported on polarization dependent
gain characteristics of Bi-doped fibres. This kind of study can be performed in future
as the main application of Bi-doped fibre amplifiers are for extended optical fibre com-

munication.

Development of efficient Bi-doped germanosilicate fibres with high germania
concentration to extend the Bi amplification band to longer wavelength side
around 1700nm covering the gap between the erbium and thulium-doped
fibre amplifiers

In recent studies, it was realized that by using Bi-doped fibres with high germania con-
centration (50mol%) it is possible to demonstrate lasers and amplifiers around 1700nm
wavelength band [12]. The application of lasers and amplifiers developed in this wave-
length band (1600-1800nm) are in medicine, sensing, military and telecommunications.
Bi-incorporation in germanosilicate host with low GeOy content form Bi-related active
centres associated with silicon (BACs-Si) with emission peak around 1450nm, whereas
when increased the GeOy content to 50mol% it will form Bi-related active centres asso-
ciated with germanium (BACs-Ge) with emission peak around 1700nm. The alternative
techniques to produce 1700nm radiation is by using Tm-doped fibres. Tm-doped silica
fibre gain bandwidth covers this wavelength band, but complex amplified spontaneous
emission (ASE) suppression schemes at longer wavelengths are necessary to achieve high
gain values <1700nm. Hence, Bi-doped germanosilicate fibres with high germania con-
centration can be a good candidate to offer the gain values of 30dB around 1700nm

wavelength band without any complex ASE suppression methods. On the other hand
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the required length in case of Bi-doped fibres is higher compared to Tm-doped fibres

because of low Bi-concentration [100].

Cladding pumped Bi-doped fibre lasers for power scaling

Power scaling through cladding pumping was realised in rare earth dopants such as er-
bium, ytterbium, thulium and Holmium to achieve kilowatt (kW) power levels. Similar
concepts can be applied to Bi-doped fibres for power scaling. However, the core ab-
sorption per unit length of current Bi-doped fibres is low. In order to implement the
cladding pumping technique development of high Bi-concentration fibres with high gain

are essential.

Study the Bi-doped pulsed fibre lasers and understand the underlying phe-
nomenon

The wideband emission observed in Bi-doped fibres is a unique property useful for ultra-
fast fibre lasers. Especially, development of mode-locked fibre lasers around 1.3um wave-
length band is important for optical communication in the second telecommunication
window [157]. Even after 10 years of first pulsed Bi-doped fibre laser demonstration,
the pulse dynamics in Bi-doped fibres have not yet well understood. Systematic study
needs to be performed to understand the underlying phenomenon. Various studies re-
ported the soliton bunching formation in the anomalous dispersion regime of the cavity
in Bi-doped pulsed fibre lasers. One has to optimise the dispersion and pump powers
to avoid the formation of soliton bunching. Also it is possible to develop tunable pulsed

fibre lasers using Bi-doped fibres as they have broad gain spectrum.

Establish proof of concept of O-band WDM optical fibre communication
experiments

Extending the bandwidth is important to further increase the capacity of optical fibre
communication link.The low water peak fibres with loss values of less than 0.4dB/km in
the wavelength band from 1260-1625nm are of great advantage to extend the bandwidth.
Due to the limited bandwidth of Er-doped fibres it is not possible to use this low loss
window for optical fibre communication. Development of Bi-doped fibre amplifiers paved
the way to open up the O-band by using the low water peak fibres offered by Corning or
Lucent technologies. For example, The loss of Corning SMF 28e fibre was 0.32dB/km
from 1300-1360nm. If we consider an input signal power of 10dBm, after travelling
through the SMF 28e over a distance of 62.5km the output signal will be -10dBm with
an induced loss of 20dB. If we use a Bi-doped fibre amplifier that we developed after
the 62.5km SMF 28e we can amplify the -10dBm signal to approximately 25dB for an
output signal of 15dBm. The 15dBm signal can be transmitted further to a distance of
31km to achieve an output signal of 5dBm. This way one can establish a communication

link in the O-band. The other advantage of our amplifier is, it has flat gain within 40nm
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bandwidth which is important when it is required to send the signals over CWDM or
DWDM along the transmission link. This kind of experiments can show the importance

of Bi-doped fibre amplifier to extend the optical fibre communication bandwidth.

7.2 METF fibres for broadband amplifiers

7.2.1 Introduction

We opted the MEF to study the feasibility of its geometry to develop broadband fibre
amplifiers covering both C and L bands. 3-MEF and 7-MEF fibres were characterised for
gain and NF and demonstrated amplifiers in the wavelength range from 1520-1595nm.
Further, a cladding-pumped configuration was used to study the 5-MEF which helps to
reduce the required number of components compared to core pump configuration. A
cladding-pumped MEF amplifier covering the wavelength band from 1545-1615nm with

more than 20dB gain was demonstrated.

7.2.2 Future scope

In future, one can incorporate thulium and holmium as a dopant in MEFs and study
the gain and NF characteristics to tailor the gain in the wavelength band from 1700-
2200nm. The dopant concentration and fibre design of each element in MEF can be

varied according to the required gain characteristics.
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