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Abstract

In general, the work in this thesis could be divided into two parts, but more work is focused on
the first part.

Compared with aluminosilicate based Thulium-doped fibers (TDF), germanosilicate based
TDFs have a blue-shifted absorption and emission cross-section in the transition from level 3F4
to level 3He. Due to the quasi-three-level nature and broad fluorescence emission from level 3F4
to level 3He, the germanosilicate based TDFs is envisaged to provide much higher gain at short
wavelength below 1700nm. Combination of aluminosilicate based TDF and germanosilicate
based TDF will provide a broadened emission window in the transition from level 3Fsto level
3He. Literately, aluminosilicate based Thulium-doped fiber amplifiers (TDFAs) have been
demonstrated from 1660nm to 2050nm. This broadband TDFAs combined with hollow-core
photonic bandgap fiber provide a solution to the next generation fiber communication.
Considering the long wavelength edge of extended L-band EDFA at 1620nm, there is an
obvious gap between L-band EDFA and state-of-the-art TDFAs. In order to seamlessly fill the
gap, the short wavelength gain of a new germanosilicate based TDF (Tm/Ge co-doped fiber)
is exploited by low-loss cavity management, long wavelength amplified spontaneous emission
(ASE) suppression, thus realizing continuous wavelength lasing at short wavelength.
Particularly wavelength tuning in the 1620-1660nm is realized by a compressively tunable fiber
Bragg grating. When a band-pass filter is employed, ultrafast fiber lasers at 1650nm waveband
is realized, which potentially unleash the application of thulium-doped fiber laser in the
wavelength region below 1700nm.

Intriguingly, for the germanate glass (multi-component glass mainly GeOz2, but without SiO2),
it provides a distinct environment for Tm3* ions, in particular, the germanate glass host provide
a much higher Tm-doping concentration capacity and longer fluorescence lifetime compared
with silica glass. In the second part of the thesis, all the work are based on Tm-doped germanate
glass fiber, which includes three main topics. The first topic focuses on the characterization of
an in-house fabricated large mode area (LMA) Tm3*-doped germanate glass fiber (TGF).
Secondly, based on the in-band core-pumping scheme, a single-mode fiber laser at 1950nm
incorporating short length TGF is demonstrated with very high slope efficiency. Finally, with
the short length of double-clad TGF, a compact TDFA with attractive gain is built operating in
the 1880-2000nm waveband. Moreover, the double-clad TGF is incorporated as power
amplifier ina master oscillator power amplifier (MOPA) system seeded by dissipative solitons,

showing promise as a candidate for high-power pulse fiber laser with mitigated nonlinearity.
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Chapter 1 Introduction

Chapter 1 Introduction

Fiber waveguide offers many prominent advantages that accelerate its wide applications in
terms of amplifiers and lasers. Firstly, fiber waveguide enables the implementation of the low-
loss all fiber system by replacing bulky optical elements with low-loss fiberized components.
Moreover, the all-fiber system helps avoid the complexity of alignment in free space optics,
exhibiting the resilience of mechanical disturbance and reducing footprint by its flexibility.
Due to the large surface area to volume ratio of fiber waveguide, efficient cooling is achievable,
which endows direct contact between fiber and a cooling medium, allowing efficient heat
extraction from a fiber core. Another advantage of fiber waveguide lies in its small core
diameter; therefore, it is capable of obtaining single mode operation, providing a high beam
quality. In addition to the aforementioned advantages of fiber waveguide, the success of rare-
earth doped fiber could also attribute to high gain extractible from fiber per optical pass as
compared to solid-state lasers, adoption of high power laser diode as a pump source and high
optical-to-optical conversion efficiency. With the low loss Neodymium (Nd)-doped fiber
fabricated in 1985, researchers subsequently have started to focus on using rare-earth doped
fiber as gain medium for optical amplifiers and lasers. Particularly, the invention of Erbium-
doped fiber amplifier (EDFA) have sparked the revolution of telecommunication, making all-
optical long-haul communication system possible. Up to now, drastic progress has been
achieved in various configurations of lasers and amplifiers by employing different rare-earth
doped fibers (Nd3*, Yb3*, Er3*, Tm3*, Ho®*etc). In this thesis, | will focus on the study of Tm3*-
doped fiber (TDF) based laser and amplifier.

1.1 Motivation

Over the past 30 years, research and development in long-haul telecommunication optical
fibers has focused on the 1.55 um wavelength region, where the lowest loss of silica-based
fiber overlaps with the bandwidth (BW) of EDFA. Today’s telecomm networks are rapidly
being driven towards their capacity crunch as a result of the exponentially increasing volume
of internet traffic. With silica-based fiber as a transmission medium, EDFA-based optical
communication technologies such as wavelength division multiplexing (WDM), space division
multiplexing (SDM), have increased impressive data transmission capacity. Based on the
combined C- and extended L-band EDFAs, an aggregate capacity above Pbit s has been
achieved in WDM system over a multicore fiber[1] Based on the silica-based EDF, the

operating wavelength range of EDFA backed telecomm ranges from 1480 to 1620 nm. In order

1
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to exploit the broad low-loss range (<0.3dB /km) of conventional silica fiber in the waveband
from 1450 to 1700nm as shown in Fig 1. 1, silica-based Tm3*-doped fiber amplifiers (TDFAS)
in the waveband of 1450 to 1500 nm, have been proposed as a promising candidate to
complement the combined C- and L-band EDFA in WDM optical communication
system[2][3][4][5]. On the other hand, the long edge of silica-based L-band EDFA could reach
up to 1620nm, with optical bandwidth of 80 nm remained. Ove the past few years, based on
the transition from 3F4 to He, of Tm3*, broadband TDFASs spanning from 1650 to 2050 nm have
been widely reported. Currently, there is still unbridged spectral gap of 30 nm to offer seamless
transmission window encompassing S to U-band. Additionally, the TDFA based data
transmission utilizing a low-loss wide bandwidth hollow core photonics bandgap fiber is
successfully demonstrated at 2 um[6]. Therefore, it is an immediate requirement to bridge the
gap between L-band EDFA and TDFA, to enhance the capacity of conventional silica fiber
based WDM communication system. If so, the combination of EDFA and TDFA could operate
in a seamless waveband from 1450nm to 2050, which is promising for next generation fiber

communication.
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On the other hand, laser radiation in the short wavelength region below 1720 nm has drawn
attentions of bio photonics community due to the lower scattering coefficient and moderate
water absorption loss in the spectral range of 1620-1720 nm. Absorption by fat exceeding the
absorption caused by water at 1720 nm, thus allowing selective targeting of tissues containing
lipids in different skin treatments. In addition, due to the reduced absorption of water in spectral
region of 1600-1720 nm, lasers in this region provide higher penetration in biological tissues[7].
In addition, the advantage of high penetration is implemented in many applications, such as in
optical coherent tomography by the 1675nm fiber laser and three-photon imaging by the 1650
nm fiber laser[8][9]. Owing to the broad emission bandwidth of TDFs from 1600 to 2200 nm,
TDFs have been employed to implement the aforementioned applications. However, the peak
wavelength of fluorescence emission is around 1850 nm or beyond. In order to achieve TDFs
based lasing and amplifier at short wavelength, artificial spectral filtering is proposed to
suppress the amplified spontaneous emission (ASE) at long wavelength region in various
configurations, such as Holmium-doped fiber with apparent absorption at above 1800nm.
Another example is photonic crystal fibers (PCFs) by exploiting the low-pass transmission
properties based on confinement loss evaluation [10]. By controlling the geometrical structure
of a particular PCF design, the long cut-off wavelength (such as 1800nm, 1750nm) could be
implemented with long cut-off wavelength above 1750 nm. The abovementioned discrete
long-wavelength ASE filters contribute to demonstration of lasers and amplifiers at 1700
nm[11][12]. However, the ASE filters will also introduce additional loss at wavelength below
1800 nm, which hampers building up of optical gain and lasing efficiency at the short
wavelength. Due to the quasi three-level in the transition from 3Fs to ®He accompanied by
reabsorption at short wavelength, lasing or amplification at wavelength below 1700 nm has

been recognized as a challenging wavelength.

Emission from Tm3* ions covers 1600-2200 nm in silica host. Therefore, Tm3* ions is
promising to access the short wavelength region from 1720 nm down to 1620 nm. Additionally,
glass compositions affect emission properties. For example, in order to extend L-band gain of
EDFA to longer wavelength, different glass hosts such as tellurite, antimony and Bi2O3-based
EDF were widely investigated [13][14][15]. Furthermore, the emission can be modified via a
co-doping scheme. For TDFs, holmium is co-doped to extend the emission to longer
wavelength[16][17]. In order to achieve short wavelength emission for TDF, Tb** ions are co-
doped in the cladding of TDF to suppress the emission of 1700-2000 nm by the absorption of
Th3* ions. Due to the distribute ASE filtering by Th3* ions, the ASE peak at 1720nm is achieved.
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Actually, the intrinsic emission window of TDF is not blue shifted but suppressed in long
wavelength region[18][19]. On the other hand, Barnes et al have proposed that the
germanosilicate glass as a host for Tm3* ions be able to realize short wavelength lasing, which
is in contrast to the conventional aluminosilicate glass, [20] [21]. In addition, low Tm3*-doping
concentration is advantageous for lasing at short wavelength edge of the transition 3Fs->Hs
because a high excitation fraction is attainable by core pumping[22]. In this context, | take the
stimulation in Chapter 4 to exploit a low Tm3*-doped germane-silicate glass fiber (or namely

Tm/Ge co-doped fiber) as gain medium operating in the spectral region from 1620 to 1720nm.

On the other hand, the 2um wavelength sources have become attractive due to the
applications such as LIDAR, range finding, remote sensing. In addition, there is prominent
atmospheric water absorption in the wavelength region from 1800 to 1950 nm, which is
attractive for medical applications. And the direct absorption in 2 um waveband in materials
such as polymers and plastics have unlocked the application of 2um lasers in material
processing and welding[23]. Due to the high absorption in the 2um waveband in eye’s cornea
[24], the 2um lasers hold the advantage of eye-safe feature over 1um fiber laser. Meanwhile,
TDFLs could offer as an alternative source in the 2um waveband, outperforming its rival solid-
state lasers. Despite the progress achieved in different TDFL architectures, TDFLS in the 2pum
waveband have not been fully exploited in the high-power regime. Compared with Ytterbium-
doped fiber laser at 1um, TDFLs operating at 2 um could have larger core size for single mode
operation, allowing a 4-fold increase of the saturation energy and the threshold of nonlinear
effect. In the perspective of high power 2um fiber laser, high Tm3*-doping is intrinsic preferred.
When Tm?3*-doping is sufficiently high, cross-relaxation process is involved, thus exhibiting a
high slope efficiency. In addition, high Tm3*-doping is conducive to mitigate the nonlinear
effect by employing short fiber length. However, for the state-of-art silica-based TDFs, Tm3*-
doping concentration encounters its bottleneck owing to the ion clustering effect for the defined

waveguide structure in silica glass.

Compared with silica glass host, multi-component glasses (e.g. germanate glass, silicate

glass, tellurite glass) are better Tm*" glass host due to their higher Tm** solubility. Amongst
the multi-component glass, germanate glass has the combined attributes of high Tm3*-doping
capability, comparatively low phonon energy (=900 cm™), long fluorescence lifetime, IR

transmission up to 6 pum. Lower phonon energy could enhance the luminescence quantum

efficiency. Furthermore, the heavily Tm* doped (typically up to 10% ions/cm®) germanate
glass fiber enables large pump absorption and high gain per unit length of the fiber, which
4
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could mitigate the nonlinear effect in a short fiber length. Despite the twofold higher nonlinear
index of germanate glass than that of silica fiber, the nonlinear threshold could be dominated
by the high Tm3*-doping concentration[25]. Moreover, the concept of large mode area (LMA)
and low numerical aperture (NA) could also be introduced in Tm germanate glass fiber (TGF)
to enhance laser output power further by decreasing the laser intensity, which is particularly
employed in the configurations of cladding-pumped fiber laser and mater-oscillator power-
amplifier (MOPA)[26][27][28]. Particularly, for the MOPA system in [27], the gain fibers
employed in seed, preamplifier and power amplifier are all short length TGFs, promising to
achieve compact fiber devices. To my best knowledge, the TGF based laser works remain in
the continuous wave (CW) regime[26] [27][29][30]. In this context, researchers from our group
have focused on optimizing the composition of germanate glass for lasing and amplification.
Based on the in-house fabricated LMA Tm3*-doped germanate glass fiber (TGF), it is
anticipated to achieve high power TDFL with high beam quality, and short fiber length TDFA,
and specifically high power pulsed MOPA system in the 2um waveband.

1.2 Thesis outline

This thesis comprises six chapters focusing on the topic of TDF based lasers and amplifiers.
Chapter 1 discusses the motivation of this thesis in the context of anticipated growing
applications of TDF in optical fiber communication and fiber lasers. Moreover, the thesis

structure is briefed.

Chapter 2 introduces the fundamentals and background of my thesis with key subjects included,
such as fiber waveguide, the development of rare-earth (mainly Yb3*, Er®*, and Tm3*) doped
fiber lasers from 1um to 2um in the near infrared region and thulium spectroscopy. Besides
the thulium spectroscopy, details including cross-relaxation process, pump schemes are
discussed. The effect of glass composition including Tm3*-doping concertation on the
fluorescence emission window and lasing efficiency are detailed. Tunable TDFLs implemented
in different laser configurations and the applications of TDFL at short wavelength below 1700
nm are reviewed. In addition, the state-of-the-art TDFAs in many different configurations
covering from 1650nm to 2050nm are summarized, and in the last section, a theoretical

description of an accurate TDFA model is provided.

Chapter 3 mainly focuses on the characterization of Tm/Ge co-doped fiber by preliminary
experimental setup. Firstly, an 1565nm Er/Yb co-doped fiber laser is built and characterized as

pump source for the experiments in the subsequent chapters. Absorption and emission of
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Tm/Ge co-doped fibers are studied. Their corresponding cross-sections and gain coefficient are
obtained. Moreover, free-running laser is tested for the Tm/Ge co-doped fiber. Due to the non-
negligible splicing loss between Tm/Ge co-doped fiber and single-mode fiber (SMF), splicing
optimization is undertaken to ensure all-fiber configuration for fiber lasers and fiber amplifier

in the following chapters.

In Chapter 4, in the laser configuration with external laser cavity, an ultra-wide tunable TDFL
is demonstrated in the wavelength from 1679 nm to 1992 nm using the combination of Tm/Ge
co-doped fiber and commercial TDF as gain fiber, where the lasing wavelength is selected by
diffraction grating. In addition, with a home-made ASE filter to suppress long wavelength
emission, being placed between two segments of Tm/Ge co-doped fiber, a tunable TDFL is
reported with the wavelength tunability from 1650nm to 2000nm. In order to access the short
wavelength region below 1650 nm, a pair of tunable high reflective FBGs operating from
1660nm to 1610nm are employed as retroreflector of laser cavity. Therefore, with the
optimized 4.5m Tm/Ge co-doped fiber as gain fiber, | have achieved an ultrashort wavelength
operation of TDFL in the 1620-1660nm band in an all-fiber linear laser cavity, particularly, the
lasing efficiency is 6.24% at 1660nm. With the shortest lasing wavelength of TDFL reaching
the edge of silica-based L-band EDFA, | have explored the possibility of TDFA to fill the gap
between silica-based EDFA and TDFA. In a forward pump configuration pumped by 1565nm
fiber laser, a double-pass Tm/Ge co-doped fiber based amplifier is constructed, operating in
the wavelength region from 1628 nm to 1655 nm, with a gain bandwidth of ~2THz extended
when compared to the previous best report. Up to 19 dB small signal gain (external) and a NF
as low as 4.4 dB were achieved at 1655nm with >30dB in-band OSNR. In addition to the
abovementioned tunable TDFLs in CW regime and TDFA by incorporating the Tm/Ge co-
doped fiber, I have demonstrated a self-starting all-fiber passively ultra-short wavelength
mode-locked thulium doped fiber laser (TDFL) based on nonlinear optical loop mirror (NOLM)
in both soliton and noise-like (NL) pulse regimes, by far, the shortest wavelength operation of
a mode-locked thulium-doped fiber laser. Stable soliton pulses centered at 1656.1nm with
0.55nm FWHM is achieved with a repetition rate of 1.28MHz, pulse duration of 0.32ps and
pulse energy of 109pJ. With pump power increased, the oscillator could operate in NL regime.
Stable NL pulses with coherence spike width of 890fs and pulse energy of up to 20nJ are
achieved with a central wavelength of 1656.2nm with 4.51nm FWHM.

In Chapter 5, based on a novel multi-oxide germanate glass (61GeO2-15PbO-10Zn0-3ZnF2-
6Na20-4Nb20s-1GdF2), progress achieved by utilizing the in-house fabricated LMA (20um)

6
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Tm?3*-doped germanate glass fiber (TGF) is presented. After preliminary fiber characterisation
of in-house fabricated LMA TGF, a CW TDFL at 1952nm with maximum power of 1.5 W is
demonstrated when core-pumped at 1565nm. A high slope efficiency of 55.9% with respect to
absorbed pump power and nearly diffraction-limited beam quality are achieved. Based on this
attractive laser performance of LMA TGF, a D-shape double-clad LMA TGF is proposed to
explore the capability of high power pulse fiber laser at 2um. In addition, a TGF based
amplifier spanning from 1880nm to 2000nm was demonstrated with peak gain of 13dB and
10dB at 1930nm for small signal and saturated signal respectively. Finally, a pulse-MOPA
fiber system incorporating double-clad LMA TGF as main amplifier was demonstrated with

output power of 3.7W, corresponding to an energy of 0.27uJ with pulse duration 57ps.

Chapter 6 concludes the works in thesis and discusses future work. For future works, a Tm/Ge
co-doped fiber with W-type index profile is proposed to achieve efficient lasing and
amplification below 1700 nm. And the short wavelength limit of this W-type Tm/Ge co-doped
fiber as amplifier will be investigated. Moreover, given that the zero-material dispersion
wavelength of pure germanate glass is around 1734nm, the dispersion property of TGF will be
measured. As to the pulse energy and pulse duration at 2 um limited by anomalous dispersion
of silica fiber, a novel silica-based LMA TDF with normal dispersion in the 2um waveband is

proposed.
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Chapter 2 Background and theory
2.1 Optical fiber waveguide

Optical fiber waveguides, generally comprising a cylindrical core, cladding and polymer buffer
layers, provide an attractive approach for light propagation. The number of guided modes in
an optical fiber is determined by the VV-number. In a circular step-index waveguide with core

RI1 of n.,,.. and cladding Rl of n_;,4, the V-number can be defined as:
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where a is the core radius, A is light wavelength in vacuum. The optical fiber only supports
fundamental mode when V<2.405. For VV>2.405, the optical fiber could be multi-modes, and

the number of guided modes, M, is approximately as equation 2.2.

Due to the mechanism of total internal reflection between high refractive index (RI) core and
low-RI cladding, an optical fiber is capable of confining light very well in the core. With
techniques of fiber fabrication rapidly developed, optical fibers with very low scattering loss
and low impurity loss are achieved. Owing to its well guiding in core and high transmission
capacity at the optical frequency, optical fibers are initially implemented as a low-attenuation,
high capacity channel for telecommunication, which have replaced the conventional cables.
Instead of only focusing on the telecommunication field, some researchers recognized the
excellent properties of fiber waveguides as a gain medium by doping with rare-earth elements
such as Neodymium (Nd), Ytterbium (Yb), Erbium (Er) and Thulium (Tm). Compared with
bulk solid gain medium, optical fibers doped with rare-earth cations exhibit many advantages.
Firstly, the large surface-area-to-volume ratio of optical fiber allows efficient heat dissipation,
enabling thermal management for power scaling. Secondly, significantly enhanced beam
quality results from the well confinement of light in fiber waveguide structure. Thirdly, the
complicated alignment of optical components in free-space could be avoided by all-fiberized
architecture, thus achieving compactness fiber devices. The aforementioned characteristics of

optical fibers boost their wide applications as a gain medium in lasers and amplifiers.

2.2 Rare-earth dopants for near-infrared emission
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Due to the aforementioned advantages of fiber waveguides, researchers around the world have
contributed to improve the performances of fiber-based devices. Particularly, the fiber devices
in the near-infrared (NIR) region from 0.8 um to 2 um, have attracted growing attentions owing
to their wide applications such as optical communication, micromachining, medicine and
remote sensing. The NIR emission in fiber devices could be realized by doping with rare-earth
elements. Among the rare-earth dopants in active fibers, Yb, Er and Tm are the most successful
ones incorporated in optical fibers in the NIR region. Despite additional Rayleigh scattering

caused by the rare-earth dopants, the high gain in the fiber easily overcome the loss.

Regarding power scalability of fiber laser, the Yb3* amongst rare-earth dopants has been a
choice of gain dopants for output power and highest slope efficiency at 1um in a form of Yb3*-
doped fibers (YDFs). There are a few reasons behind this success. Firstly, the quantum
efficiency of YDF laser is close to 100% due to very low energy difference between pump
photon and laser photon. Secondly, due to the simple level structure of the Yb3* ions between
2F712 to 2Fs2 and lacking of higher lying energy states, the possibility of any energy transfer,
quenching process and excited state absorption processes are reduced, therefore, the doping
concentration of Yb®* ions could be high in YDFs. Moreover, Yb%* possess a broadband
absorption spectrum spanning from ~850nm to ~1080 nm, specifically, the absorption cross
section in the 915-975nm is very high. Also, high-brightness pump sources are available at
915-975 nm. Therefore, the high quantum efficiency in conjunction with the available pump
sources enables YDF laser power level above multi- kW with near-diffraction-limited beam

quality.

Er3*-doped fibers (EDFs) have an emission waveband spanning in 1480-1620 nm which is
located in both ‘eye-safety’ region and atmospheric transparency window. However, EDF
owns a narrow absorption band in commercially available pump sources. In addition, the
doping concentration of Er®* in EDF is limited due to clustering effect. Moreover, the power
of multimode pump diodes at 1.5 um lag behind their counterparts at 0.9-1.0 um. Compared
with YDFL, the power of EDFL is limited by small absorption cross-section and Er3*-doping
concentration. To overcome this issue, Yb is often co-doped with Er as an alternative. To date,
the highest power of Er:Yb co-doped fiber lasers (EYDFL) is 297 W with output power
dependent slope efficiency, i.e. 40% for output power below 150W and 19% for output power
above 200W[31]. The drawbacks of EYDFL for further power scaling are the parasitic lasing
at 1-1.1um from Yb and high thermal load. Based on large mode area EDF, a 656 W EDFL
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with a slope efficiency of 35.6% is reported[32]. Still, the power level of EDFLs at 1.55um
waveband is lagging behind of YDFL.

Tm is another successful laser dopant that provides high optical gain. Its long wavelength
emission adds unique features not available in YDFL. In optical fibers, it is noted that the
fundamental mode (LPoz) area scales withA*>. Compared with YDFL at 1 um, the LPo: mode
area of Tm3*-doped fiber (TDF) at 2 um is four times of that at 1 um of YDF, thus providing
a prominent advantage of power scaling. Meanwhile the damage threshold of TDFL is
increased accordingly in Brillouin and Raman scattering. And most of the strategies used in
YDFLs for power scaling could be translated to TDFLs. For the in-band pumping scheme that
Tm?3* transferred from level He to 3F4, power scaling of TDFL is limited by the power level of
EYDFL or laser diode. However, with the emerging of high power/brightness laser diodes at
~790 nm, output power of TDFL exceeds the EYDFL in high power fiber laser technology.
Besides, TDFL could be utilized as a pump for Ho®**-doped fiber laser, which extends the

wavelength of silica based fiber lasers beyond 2.1 um[33].

2.3 Thulium spectroscopy
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Figure 2. 1 (a) Energy-transfer processes between neighboring Tm3* in Tm**-doped fiber; (b) the absorption and
emission cross-section of Tm3*-doped aluminosilicate fiber in [34].

Tm?3* ions have a complicated energy-level structure as shown in Fig. 2. 1a. In the transition of
Tm?3* ions from the level 3F4 to *He for Tm3* ions, the fluorescence exhibits a seamless and
broadband emission spanning from 1600 nm to 2200 nm as illustrated in Fig. 2. 1b, offering a
prominently wide gain bandwidth for amplifiers and lasers. From the absorption spectrum of
Tm?3* ions in aluminosilicate fiber shown in Fig. 2. 1b, there are four possible pumping

10
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wavebands for Tm3*-doped fiber based lasers and amplifiers, i.e., 1500-1750 nm for the
transition *He-3F4, ~1200 nm waveband for the transition 3Hs-3Hs, 790 nm waveband for the
transition 3He-*Hs and 650-680nm wavebands for the transition ®He-3F2,3. However, for the
pump wavebands of ~1200 nm and 650-680 nm, they are subject to an excited state absorption
(ESA), limiting efficiency in the 3Fa to ®He transition. In detail, the 650-680 nm pumping will
pump the excited Tm3* in level 3F4 to Ga, thus triggering the corresponding ESA. Moreover,
the Tm3* in level 3F4 could be pumped to the level 3F2, 3 by the 1200 nm pump photons. The
1500-1750 nm pumping, namely as in-band pumping, is promising for high efficiency
operation due to its high Stokes efficiency. While for the 790 nm waveband pump, there is no
possible transition from level Ha or 3F4 to higher Tm** level. Although blue fluorescence
attributing to the ESA from level *Hs to level !G4 is usually observed, ESA is weak since the
lifetime of level 2Hs is very short due to the fast non-radiative decay to 3Fs, and the decay is
suppressed by the cross-relaxation decay from level 3Hs to 3Fs. Therefore, the 790 nm

waveband and 1500-1750 nm bands are the widely used pump wavebands.

2.4 Cross-relaxation (CR) process and pumping schemes

In this section, I will firstly brief the CR process in TDFL and its connection with Tm3*-doping
concentration. Then the choice of pumping schemes is detailed with respect to pump source,

and fiber waveguide structure.

The 790nm pumping is attractive due to the resonant CR process. The CR process could be
described as follow: one electron is excited from ground state 3He to level 3Ha after absorbing
a pump photon, and the radiative decay from level 3Hato 3F4 will pump another ground state
electron in level 3He to the 3F4. Hence, the CR process will provide two excited electrons in
upper state level 3F4 for one pump photon. Meanwhile, the *Hs — 3F4 emission spectrum

overlaps with that of 3Hs — 3F4 absorption, thus exhibiting a resonant CR process and a
quantum efficiency of two (3H4 + 3H6 - 3F4 + 3F4 ). In theory, one could obtain a slope

efficiency of 82%. However, the CR process is dependent on the Tm3*-doping concentration.
Higher Tm3*-doping concentration gives a close ion-ion separation, thus obtaining higher CR
efficiency. As the slope efficiencies shown in Fig. 2. 2, which is collected from published
data[35]. Without CR process, the lasing efficiency is below 40% due to the quantum defect
between pump light at ~790 nm and lasing signal at 2 pm waveband. With Tm3*-doping
concentration increasing, the slope efficiency will increase accordingly. With Tm3*-doping

concentration above 2 wt%, most of the slope efficiencies reported could surpass 40%, proving
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the necessity of high Tm3*-doping (Tm3*>2wt %) to utilize the CR process. However, there is
no further improvement when Tm3*-doping>3.5 wt%. If the Tm3*-doping is above 4.5 wt%,

the lasing efficiency will decrease because of unwanted Tm3* clustering.
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Figure 2. 2 The slope efficiency pumped at 790nm waveband with increasing Tm3*-dopant concentration[35]
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Figure 2. 3 lllustrative refractive index profile of (a) single clad fiber (b) double clad fiber.

Besides the high slope efficiency for the 790 nm pumping with CR process involved, the
cladding pumping configuration is normally combined with multimode 790nm LD to achieve
high power. Therefore, it is worthwhile to detail the cladding pumping. Firstly, cladding pump
is accompanied by the double clad fiber, which is defined by a lower RI of the polymer layer
or a fluorine-doped glass layer as illustrated in Fig. 2.3. With the concept of double cladding
fiber structure, very high-power rare-earth doped fiber lasers have emerged with the
corresponding advantages. Instead of launching into the active core with small numerical
aperture (NA) and small core size, pump light is coupled into the inner cladding with larger
NA and cladding size, which advantages high pump power. In order to achieve uniform pump

absorption along the fiber, as depicted in Fig. 2. 4, non-circular symmetric inner cladding, such
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as offset core, D-shape or hexagonal structure, are implemented to avoid the creating of skew
rays. Moreover, the emerging of high power rare-earth doped fiber lasers has started with the

concept of double cladding fiber structure

Due to available high-power/brightness laser diodes at 780-810 nm waveband, high power and
high-efficient TDFLs are demonstrated under the 790nm clad pumping scheme. Moulton et al.
demonstrated a 300 W TDFL at 2040 nm with a slope efficiency of 64.5% [36]. In a dual-stage
amplifier configuration, output power of 1.05 kW at 2045 nm with a slope efficiency of 53%
has been reported in[37].

However, if Tm3*-doping is low, in-band pumping is preferred for higher lasing efficiency
due to its low quantum defect. Based on a double-clad TDF with a Tm3*-doing of 1.4 wt%, a
19.2W TDFL at 1991nm with a slope efficiency of 72% pumped by 1565 nm fiber laser has
been reported[38]. Owing to the stronger core absorption in TDF, in-band core pumping
benefits shorter devices and short wavelength operation. Compared with the 790 nm pumping,
the in-band pumping provides a better access to a wide-band lasing tunability due to low

quantum defect[38].

coating

Figure 2. 4 (top) Schematic of cladding pump operation in double-clad fiber. (Bottom) three common double-clad
fiber cross sections with propagated pump light in cladding. (From left to right: core offset center, D-shape,

hexagonal cladding structure)

2.5 Glass composition of Tm3*-doped fiber (TDF)

In this section, the influences of glass composition of TDF on the capability of Tm3*-doing
concentration, emission spectrum and fluorescence lifetime of level 3Fs will be literature
reviewed. To reduce the Tm3* clustering, the co-dopants of Al.0Os or P20s are usually added to
the main silica glass, thus increasing the Tm** solubility in silica. However, when P2Os added

in silica, the phonon energy is increased and the quantum efficiency in the transition 3Fs-3Hs is
13
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decreased. Sufficient Al203 is very important to minimize the Tm3* clustering. With the ratio
of AI¥*: Tm3* above 9:1, the laser efficiency is improved significantly with reduced quenching
at 3F4 [39][40]. Therefore, with higher Tm doping concentration and high ratio of Al3*: Tm3*
(~10:1), the lasing efficiency surpasses the Stokes limit easily with CR process involved.
However, in practice, the Tm3*-doping profile from MCVD process varies across the core,
which gives low Tm3*-doping in the core edge. Therefore, CR efficiency is deteriorated by the
non-uniform Tm doping profile. In this context, a very high slope efficiency of 70% is achieved
based on a double clad TDF with highly Tm-doped (3.6wt %) and flat-top RI profile of Tm-
doping[41].

A TDF has a broadest emission bandwidth in the transition from level F4 to 3He spanning
from 1600 nm to 2200 nm. And the emission windows changes for different TDFs with
variations of Tm-doping concentration and co-dopants. As shown in Fig. 2. 5, it shows
absorption and emission cross-sections for various aluminosilicate-based (Al203-SiO2) TDFs.
Even though these TDFs exhibits different absorption cross-sections windows, the peaks of
absorption cross-section is still beyond 1650nm. Amongst aluminosilicate-based TDFs, the
Al/La co-doped TDF has the shortest absorption peak at 1650nm, in addition, Al/La co-doped
TDF also exhibits a broadened emission range due to the co-dopants of La[20]. Compared with
aluminosilicate-based, Tm3-doped Ge0.-SiO- glass fiber shows a slightly blue-shifted
emission spectrum as depicted in [8][21], additionally, GeO2-SiO2 glass is more photosensitive.
Furthermore, as reported in [42], the shortest wavelength range of TDFL based on Tm™*- doped
GeO2-SiO2 fiber could be tuned down to 1650nm. When the Tm*-doping concentration is low,

guenching in TDF is suppressed, which is beneficial for the emission from the transition
*H, — °F, in the S-band Meanwhile, the emission from the transition °*F, — *H, at the short

wavelength edge is accessible due to the realizable high population inversion [43]. In this
context, the composition of glass host will influence the emission spectrum in the transition

from level 3F4 to 3He.
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Figure 2. 5 Emission (top) and absorption (bottom) cross-section between level *F4 and *Hs for Tm-doped silica
fibers reported in [20] [44][45][46][47][48].

As aforementioned analysis, in order to achieve high efficiency TDFL, high Tm3*-doping
without Tm3*-clustering is required. However, for silica glass fiber, the Tm?3*-doping
concentration is limited by the glass structure. Hence, the germanate glass based fiber
waveguides are proposed to enhance the capability of Tm3*-doping concentration due to their
higher refractive index compared to silica glass. So far, the reported Tm3*-doping concentration
in germanate glass fibers are one order of magnitude higher than that in silica glass fiber,

showing the prospect of ultra-short fiber devices[49].

Due to the small energy gap between level ®F4 and ®He, the non-radiative process dominates
in decay from level 3F4 to 3He, which gives a very short upper state lifetime of Tm3*. In the
pure silica glass, the measured lifetime from level 3F4 is ~327s in [50] and 334.7 ps in [45].
However, high AI** concentration will enhance the lifetime to 430 ps in [34] and 650 s in [8].

As shown in Fig. 2.6, for SiO2-Al203 glass TDFs, the reported lifetime from level 3F4 is in
the range of 200 ps to 650 ps, which is close to that in GeO2-SiO2 or GeOz2 -Al203-SiO: glass
TDFs. It is worthwhile to mention the influence of Tm3* concentration on lifetime. When Tm3*
concentration is higher than 3 wt%, self-quenching start to be apparent, and the lifetime from

level 3F4 is reduced.

However, for Tm germanate glass fiber, the fluorescence lifetime from level 3F4 is in the range
of 0.7 ms to 3ms[45], which is a significant improvement compared with that in silica glass
TDF shown in Fig. 2.6 With longer fluorescence lifetime, favoring a population inversion in
level 3F4, therefore, the lasing threshold will be lower accordingly and the lasing efficiency will
probably be higher[51].
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Figure 2. 6 Variation of upper state lifetime from level F, with increasing Tm®*-dopant concentration in silica

glass fibers. The fluorescence lifetimes from the level 3F, to *Hg for different glass composition based Tm-doped
fibers : GeO2-Al,05-SiO2: [20] [21], Al.O3-SiO.: [35] [46] [47][52][53][54], GeO,-SiO,: [41], Pure silica: [44]
[49].

2.6 Review of tunable TDFL

Apart from the eye-safe feature of the 2 um waveband, TDF emission band also hosts many
absorption lines of molecules such as H20, CO2 and NO.. Particularly, the first overtone
vibration of OH locates at 1900 nm, just falling in the emission window of TDF. Therefore, a
TDFL with the matched wavelength would be useful in medical applications and atmospheric
LIDAR sensing[55][56]. In addition, the emission of TDF locates in the atmospheric window
of high transparency, making directed-energy and information delivery feasible in free space
optical communication[57][58]. Moreover, the high-power 2 pum fiber laser could performs as
a very efficient pump source for Ho**-doped fiber lasers at wavelength up to 2.2 pm[59].
Furthermore, the 2 pm fiber laser could be used as pump source for mid-infrared optical
parametric oscillators with high conversion[60]. To fully implement the potential of the
emerging applications, widely tunable fiber lasers in 2 um waveband are required. Due to the
feature of amorphousness in silicate glass, the bandwidth of pump absorption and gain could
be very broad. Particularly for TDF, the gain bandwidth could be up to 34 THz , providing the
capability of wide-band tuning. In this section, | will review the widely demonstrated tunable

TDFLs by different tunable cavity configurations.

2.6.1 Diffraction grating based tunable TDFLs

In the core-pumping scheme with a 788 nm single-mode LD as pump source [42], Barnes et al
demonstrated a tunable TDFL in the wavelength range from 1715 to 2000 nm using

aluminosilicate TDF, which operated in low power regime ( a few mW). Based on the cladding-
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pump scheme at 787nm diode-bar pump sources, Clarkson et al demonstrated a tunable TDFL
spanning from 1860 to 2090 nm with output power ranging from 3 W to 9 W [61]. In [38], with
an Er/Yb co-doped fiber laser as pump, Shen et al reported a high-power TDFL in a core-
pump scheme with operating wavelength from 1723 nm to 1973 nm and in a cladding-pump
scheme spanning from 1859 to 2061 nm with the maximum output power is 17.4 W at 1941

nm, which is restricted by pump power.
2.6.2 Fiberized grating based tunable TDFLs

With a 3dB bandwidth of 3 nm tunable filter, Li et al demonstrated a monolithic all-fiber ring
cavity TDFL offering tuning range of 250 nm pumped by single-mode 79 Onm LD with
maximum output power of 30 MW at 1930 nm[55]. Instead of core pumping, Yin et al first
built a tunable TDFL spanning from 1940 to 207 Onm cladding pumped by multimode 793 nm
LD. With this tunable TDFL as a master oscillator, a high-power tunable TDFL in a

configuration of MOPA system was demonstrated [62].
2.6.3 Fiber Bragg grating (FBG) based tunable TDFLs

With an FBG array including high reflective FBGs at discrete wavelengths, Li et al reported a
wavelength switchable cladding-pumped TDFL in the wavelength region from 1997nm to
2125nm[63]. Although lasing threshold is low in the low loss cavity, lasing wavelength is not
continuously tuned. Due to the high Tm3*-doping concentration in TDF, the lasing wavelength
could be extended to 2200 nm (long emission edge of TDF) by employing a low reflective
FBG and a sufficient fiber length.

Additionally, based on a force-induced long period fiber gratings (LPFGs), Sakata et al
demonstrated an all-fiber tunable TDFL with operating wavelength in the range from 1845 to
1930 nm under core-pumping by 1.6 pum laser diode [64]. Compared with FBG array, force-
induced LPFG could offer a wide tunability when it is manually controlled by changing force

and grating period. However, the lasing wavelength is still not seamlessly tuned.

It is obviously observed that all the abovementioned tunable TDFLs are operated in the
wavelength range from 1720 nm to 2200 nm. Hence, long wavelength Tm emission (see Fig.
2.5) is fully utilized but short wavelength is less exploited. Lasing at short wavelength is
practically difficult due to the prominent reabsorption in the transition from 3F4 to *He and the
gain saturation effect caused by ASE in the peak emission region will overrun lasing at short

wavelength. However, Daniel et al demonstrated a tunable TDFL in the 1660-1720 nm region
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based on a high reflective FBG mounted in a mechanical stage, whereby the tuning of lasing
wavelength is realized by compressing FBG[22].

2.7 Short-wavelength fiber lasers below 1750 nm

Recently, intense laser radiation in the spectral range of 1650-1750 nm attracts increasing
interest due to its various applications. Firstly, C-H bond stretch resonance are present in many
hydrocarbon materials in the wavelength range around 1700 nm, whereby water exhibits a local
minimum absorption. Particularly, in the fat rich tissue (high C-H content) of human body, the
absorption of fat with local maximum value at around 1720 nm is higher than that of water,
allowing many promising medical applications where heating of fat rich tissue is preferentially
required [65]. Moreover, the 1700 nm wavelength region attracts growing interest for optical
coherence tomography (OCT), so far the applications of OCT is limited by its shallow imaging
depth. Compared with the wavelengths of 808 nm and 1300 nm used in the previous OCT
techniques, the spectral region near 1700nm show a lower scattering coefficient, which will
improve the imaging depth in OCT due to its dependence on scattering coefficient and water
absorption[66]. In coherent tomography and multiphoton microscopy, the 1675nm laser
improves the signal-to-noise ratio in biomedical tissue, which is beneficial for obtaining
information from a larger depth[67][9]. With the wavelength decreased further, the 1650 nm
laser radiation in surgery could allow much larger penetration depth in tissue with reduced
collateral damages [68]. Based on soliton self-frequency shift, a femtosecond laser at 1650 nm

was reported in [8], which show the potential for three-photon imaging of biological tissue.

Due to the broadband emission spanning from 1600-2200 nm, TDF provides access to the
lasing below 1750 nm. In the cw regime, a few fiber lasers related to short wavelength below
1750 nm have been reported. Based on the TDF with terbium-doping in cladding for ASE
suppressing in 1750-2000 nm region, a tunable TDFL was reported with a lasing wavelength
tuned from 1635.6nm to 1766 nm, but the output power was not satisfactory with maximum
power of 0.16 mW at 1716 nm[19]. Transmission characteristics of a proposed PCF design
could be evaluated based on confinement loss[10]. By controlling the geometrical structure of
a particular PCF design, the long cut-off wavelength (such as 1800nm, 1750nm) could be
implemented. With a PCF as low-pass filter, Emami et al reported a 1740nm TDFL with only
output power of 34 m\W [10]. In order to achieve high power at wavelength below 1750 nm,
as described in previous section with high pump power, an effectively tunable cw TDFL in the

1660-1750 nm region was demonstrated with the help of compressive FBG, and the output
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power at 1726 nm is 12.6W [22]. In [69], using a pair of FBGs as feedback in the laser cavity
with low reflective FGB as output coupler, a 1706.75nm TDFL with output power of 3.15 W
was achieved. On the other hand, however, TDF based pulsed fiber lasers at wavelength below
1750 nm are only few reported. In[11], Emami reported a tunable mode-locked TDFL in the

region 1702-1764 nm with pulse duration around 2.55 ps at 1730 nm.

2.8 Overview of state-of-the-art EDFA and TDFA

In the past decades, EDFA-based transmission systems have shaped the infrastructure of
today’s telecommunication network. The success of optical communication has seen
exponentially increasing internet traffic.

To satisfy the ever-increasing demand of internet traffic, dense wavelength division
multiplexing (DWDM) transmission systems are successfully developed, offering a double
bandwidth when combine C-band EDFA and L-band EDFA in parallel. To date, with silica-
based EDFs, the L-band EDFAs can only covers wavelength up to 1620nm[70]. Other
researchers also extended L-band EDFA to the wavelength of 1620nm by exploiting bismuth-
based EDF or MCS (antimony silicate) EDF[71][14]. Compared with silica-based or fluoride
based EDF, tellurite-based EDF is capable of providing larger emission (*l132-*l15/2) cross-
section and lower ESA (*1132-*l92) cross-section in the wavelength region beyond 1600 nm[72].
In addition, the longer operational wavelength limit of EDFA is determined by the intersection
between the stimulated emission and ESA. Therefore, tellurite-based EDFs are capable of
extending the operating wavelength at long edge, and the measured wavelength of tellurite-
based EDFA is extended to 1634 nm with small-signal gain of 8 dB at 1630nm[72]. In order to
improve the performance of tellurite-based EDF, the erbium-doped tellurite microstructure
fibers (EDTMFs) with enlarged air-to-glass ratio in cladding have been proposed and
successfully demonstrated[73]. Based on a novel EDTMF, Jia et al reported a broadband EDFA
with positive net gain from 1524 to 1637nm[15], further increasing the capacity of WDM
transmission system.

With the combination of C-band and L-band EDFAs, high-capacity DWDM system has
been implemented[74][75]. To enhance the capacity of DWDM system, silica-based TDFAs
have been exploited as a complement for C-band and L-band in the wavelength region from
1450 to 1530nm from the transition 3Hs-3F4[3][76]. On the other hand, as described in previous
section, the broadband emission of TDFs from transition 3F4-*He could cover the wavelength
from 1600 to 2200 nm. Compared with EDFs, TDFs could provide significantly broadened
amplification bandwidth, indicating potential for high-capacity DWDM system. To date,
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different pumping schemes such as 790 nm diode bidirectional pump, 1565nm diode
bidirectional pump, and hybrid pump of 790nm and 1565nm diodes, have been employed in
various configurations of TDFAs, offering high gain and low noise figure (NF) across the
wavelength range of 1700 — 2050 nm as shown in Fig. 2. 7[77][78][79][80], and the wavelength
coverage of TDFAs could be controlled by the length of employed gain fibers due to the
reabsorption of short wavelength components. With the successful development of HC-PBGFs,
exhibiting comparable scattering loss at 2um window as the insertion loss of silica fibers in
1.55um window, the TDFA-based data transmission is feasible at 2um[81]. With effective
management of ASE, the short-wavelength amplification edge of the TDFA has further
extended down to 1650 nm with a small signal gain of 8dB demonstrated when pumped by
1565nm fiber laser. As above described, there is still a small gap between long wavelength

edge of the EDFAs and short wavelength edge of the TDFAs, as shown in Fig. 2.7.
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Figure 2. 7 Overall gain and NF of silica-based TDFA, as well as the gain of tellurite-based EDFA in the C+L
band. For EDTMF, the gains are measured for input signal with power of -13dBm. In addition, all other gains are

measured for input signal with power of -20dBm.
2.9 Atomic-rate equations and TDFA modeling

In the course of the development of broadband TDFAs with high gain and low noise figure for
next generation optical fiber communications at 2 um [82][83], it is essential to optimize the
performance of TDFA using theoretical modeling. So far, there are many theoretical modeling
works for EDFA[84][85]. Particularly, in [86], accurate modeling of EDFA is realized with
Er¥*-doping profile, modal profiles of signal and pump incorporated. On the other hand,

theoretical modeling of TDFA and TDFL are sporadically reported[87][88]. Generally, there
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are two pumping schemes for TDFA, i.e., 790nm (indirect) core-pumping scheme and 1560nm
(in-band) pumping scheme. To improve the accuracy of TDFA modeling, CR process and ASE
noise are included for both pump schemes, and the simulation result of TDFA is close with the
experimental result in [89]. Considering the accurate modeling achieved in EDFAs, the
accuracy of TDFA modeling could be further improved by incorporating the Tm3*-doping

profile, modal profiles of signal and pump waves.

Hence, the population density N(r,0) in level 3F4, 3H4 and 3Hs is transversely dependent
due to the effect of modal overlap between pump and signal, which will be depicted in rate
equations. In turn, power of pump and signal will be determined by the population density in

level *Fsand 3Hs, which will be described in light propagation equations along fiber.

2.9.1 Indirect (790nm) core-pumping scheme

As illustrated in Fig. 2.2a, pump, signal and CR process are indicated clearly between two
Thulium-energy levels. For indirect core-pumping scheme from the numerical model in [89],

rate equations used to estimate the population density of energy level 3Fa4 , 3Hs and 3He are

given by[89]:

dN

dt3 =RysNg = N3 (A +Ap) -C 2.3
dl\Il——WN+WN—A1N+NA3+2C 2.4
dt_ 101 01'No o1 3
dN,

TZWle —W01N0+A10N1+N3A30—C—R03N0 2.5
C= k3101N0N3 - k1310N12 ~2.6

where A, is the non-decay rate of level i into level j. No, N1, N3 are population density of level

3He, 3F4, *Ha. Ros is the pumping rate from level *He to 3Ha, Wo1 and W1o are the absorption rate
and emission rate respectively. C represents the CR process, k;31o and k3;o;are the inverse CR
constant and CR constant, which are related to Tm3*-doping concentration, as detailed in [88].

Actually, for core-pumping scheme, pump and signal propagating along the fiber will have
a transverse-plane dependent intensity distribution due to the fiber waveguide structure, which
could be described by[86]:
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I(r,0) =P-i(r,0) 2.7
where P is the power of signal or pump in the corresponding modal profile, and i(r,0) is the

normalized intensity profile of pump or signal mode in TDF.

Hereby, the normalized intensity of signal and pump mode will be achieved with the
following depiction. For a given optical fiber waveguide, the finite-element method based
COMSOL Multiphysics is called to calculate the electric and magnetic field components of the
optical modes in a fiber. In this way, the obtained eigen-solutions are vector modes in terms of
electric field and magnetic field. Generally, for weakly guiding fibers, the vector modes
obtained from COMSOL could be converted to scalar modes (LP modes) after data processing
in MATLABJ90]. Therefore, the normalized intensity profiles of pump modes and signal mode
are acquired by:
+E?

Y ..2.8
[[ €2 +E; p)rdrdo

2
Ex,LP

i(r,0) =

where Ex and Ey is the electric field. Based on the transverse-plane dependent intensity profile
for pump and signal, the pump rate, absorption rate and emission rate could be written as
follows[89][90]:

R, =5 %)) (g
03— p hc p(r’ 12) 2.9
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Wi, = A, —‘“}ECS) l,(r,0,2) 211

where o,(A,) is absorption cross-section at pump wavelength, o, (A,) and o, (},) are the

absorption and emission cross-section at signal wavelength respectively. c is speed of light in

vacuum. h is Planck’s constant.
dN. . : :
At a steady state, we haveF =0 ,i=0, 1, 3, and N, + N, + N; = N, with N2 ignored.

Besides that the mode profiles of signal and pump are transverse-plane dependent, the doping
concentration Ntin TDF is also transverse-plane dependent. According to the equations 2.2-

2.5, and 2.8-2.10, N1, and N3 could be given in terms of Noand N3 as follows:
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where, 64(Ap), 0e(Ap), G4 (As) and T, (As) are the corresponding normalized absorption- and
emission cross section for pump and signal respectively.

With N,(r,0) and N,(r,0) substituted into equation 2.5, we have

k1310N2 Koz:NoN3 + (o, (i IN; =0 (A)N;) ——— p( ) —(Ay+A)N; =0 ...2.14

P
Therefore, based on the equations 2.11-2.13, the concentration N, (r,0) and N,(r,0) could
be solved. Due to the transvers-plane dependent of pump and signal, i.e, 1,(r,0) ,1.(r,0) and
the Tm3*-doping profile of N, (r,0) in fiber core, N,(r,0) in level 3F2 and N, (r,6) in ®Hs are

transverse-plane dependent.

Moreover, instead of using a confinement factor for pump and signal modes as in [89] , in
this model, the transvers-plane dependent profiles are incorporated in the propagation
equations, which describes the distribution of pump power, signal power and ASEs along fiber
length as in [89].
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dP* (2)

. +P* (z)(jjaa (2, (AN, (r,0) = Ny (r, 0)i (r,6)rdrd6 — o) .. 2.15
L (0)[[ 0, (AN, - Ny, O (r, Ordrd6 -2.16
T mms O _p, s @0, G ] 0N, (5.0~ Ny (1,0, (1, 1000~z +

S
Zh%M(j [ (0, (Aase )N, (r, 0))i (1, O)rdrd 6 . 2.17
dPASE’b:;WMd @) = _PASE,backward (2)-o, (ﬂ“ASE)(J.I (7(Aase )Ny (1, 0) — N (r, 0))i (r, O)rdrd 0 — ;) —
S

2h;—zM(L [ (0. (s )N (r, 0))i (r, O)rdrd 0 . 2.18

e

O
where 17 = —, Pip(z) corresponds to the forward and backward pump power at position z,

O,

Pase. torward (Z) aNd Page pacwara (2) are the corresponding power of forward ASE and backward

ASE, and A4 is the bandwidth of the ASE around signal wavelength.
2.9.2. In-band (1565nm) core-pumping scheme

Although the CR process will be very weak due to low population density in level 3Hs for in-
band pumping, the CR process will also be included in the rate equations to keep consistent

with that of indirect core pumping scheme, and the rate equations are given by:

dN

=N (A A —C ..2.19
dN,
gt =R,; N, —RoN, =W )N, +W,; N, — A/N, + N;A, +2C .. 2.20
dN,
at =—R,; N, + RN, +W, N, =W, N, + A;N, + N,A,, —C . 2.21
C = Kay0:No Ny —Kp5y0 le . 2.22

At the steady-state, the rate equations could be solved similarly as indirect core-pumping
scheme.

For indirect core-pumping and in-band core-pumping schemes, given the boundary
condition of pump and signal for the first order differential equation 2.15 and equation 2.16,
the power of pump and signal could be numerically solved by MATLAB based on the Runge-

24



Chapter 2 Background and theory

Kutta fourth-order method. Due to the low-power input signal, the forward ASE and backward
ASE along the fiber will saturate the gain of TDFA. On the other hand, ASE is very important
to evaluate the NF of TDFA. Hence, an accurate evaluation of forward ASE and backward
ASE is necessary. For single-mode TDFA, the shooting method is generally used as a trial-
and-error approach. Firstly, the boundary condition of backward ASE at z=0 is guessed with
an initial value. After integration from z=0 to z=L, the backward ASE at z=L is obtained, which
is compared with the ideally value of 0 at z=L. Afterwards, the initial backward ASE of the
subsequent trials is corrected by the difference. After lots of integration iterations, the backward
ASE at z=L will be finally converged and close to 0. Based on the calculated power of signal
and ASE at output end, gain (G) and NF as two most important figure-of-merits of optical

amplifier could be calculated[91] :

P,(2)
G =10log,, =—= ]
O10 P.(0) .. 2.23
_ Pase 1 2.24
hvAvG G B
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Chapter 3 Tm/Ge co-doped Fiber Characterization

3.1 In-house built Er/Yb co-doped fiber laser

For the applications of Tm3*-doped fiber in lases and amplifier, an in-band pump source is a
necessity for core-pumping scheme throughout this thesis. Therefore, at the first stage, | have
built an Er/Yb co-doped fiber laser at the wavelength of 1565nm for the PhD project. As shown
in Fig. 3.1, the linear fiber laser cavity is formed by a pair of apodized FBGs centered at
1565nm, i.e., high reflection (HR 99% with BW of 1nm) FBG and low reflection (LR 5% with
BW of 0.6nm) FBG. Here | used six multimode 915nm laser diodes (LDs) as pump source for
the 1565nm fiber laser, and the pump power were launched through (6+1) x1combiner. In
addition, the gain fiber is a 5m double-clad Er/YDb co-doped fiber (Nufern 12/130pum) with a
core NA of 0.2 and first cladding NA of 0.46. Moreover, the residual pump was stripped out
by high refractive index glue, which is close to the splicing point between Er/Yb co-doped fiber
and SMF28 fiber. Furthermore, the laser output was coupled out through LR FBG, which was

connected to a 1550nm isolator in case of parasitic lasing.

Er/Yb co-doped

Fiber
@ LR FBG Isolator
——— =
N Pump
Combiner stripper

Figure 3. 1 schematic of in-house built Er/Yb co-doped fiber laser

The LDs (JDSU-6397, 8W) used in Er/Yb co-doped fiber laser shown in Fig. 3. 1 are driven
simultaneously by power supply (Lumina LD driver) with input current varying from 0 to 9.5
A. Fig. 3. 2a shows the laser output at different pump power. The lasing threshold of the six
LDs are around 0.5 A. With the increment of pump power up to 16 W, the lasing output of each
individual LD could reach to the power level ranging from 6.5 W to 7 W. The corresponding
lasing efficiency of LDs vary from 40% to 43%. Moreover, the operation wavelength of LD
will have a red shift of 13 nm with a BW broadened when drive current is increased to 9 A
from 1 A. As shown in Fig. 3. 1, the output power of six LDs are combined as a pump source

for pumping the 1565nm fiber. Fig. 3. 3 summarizes the output power and spectra of the in-
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house built 1565nm fiber laser. The lasing threshold is 2.6 W from the launched pump power
from LDs. With increasing the pump power, the output power could reach 5 W with the lasing
efficiency of 23.95% at 1565 nm. With pump power increased further; the laser output power
becomes unstable, resulting from the unstable power of LDs when operated at high driven
current. Regardless of the input current varying from 1.5A to 4A, the lasing spectra were nearly
identical fixed at 1564.5nm.
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Figure 3. 2(a) the laser output vs. electrical pump power of six 915nm laser diodes in Fig. 3.1 (b) The laser spectra
of a 915 nm laser diode at two pump levels with input current set at 1A and 9A respectively. The spectra were

measured using OSA with a resolution of 1nm.
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Figure 3. 3. (a) The output power of Er/Yb co-doped fiber laser with respect to the launched pump power from
six laser diodes. (b) The laser spectra of Er/Yb co-doped fiber laser pumped with different input currents. The

spectra were measured using OSA with a resolution of 0.1nm.
3.2 Preparation of Tm/Ge co-doped preform

The preform was prepared with a typical MCVD process, during the core layer deposition,
MCVD reagents such as SiCls and GeCls were introduced inside a high purity silica tube. Tm
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was introduced through a solution doping process. The prepared preformed was doped with
high Ge but with low Tm. And the measurement of Ge and Tm doping were carried out using
the electron probe micro analysis (EPMA) along the direction shown in Fig. 3. 4b, which is the
scanning electron microscopy image. As shown in Fig. 3. 4b, the measured average Ge doping
concentration is 20wt% with Tm doping of <0.1wt%. In addition, the central dip in the index
profile is due to the evaporation of germanium from the central region of preform in the process
of collapsing and sealing passes. In order to reduce the central dip profile, temperature
optimization of germanium deposition and pre-deposition collapse techniques were necessary.
The fabricated preforms with core diameter of 0.7 6mm and outer cladding diameter of 18 mm
were drawn to fibers with core size of 4.4 pum and cladding of 104 pm in the conventional

drawing tower.
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Figure 3. 4 The measured Ge doping concentration (wt %) in prepared preform at step size of 5um and 1um
respectively along the arrow shown in (b).

3.3 Absorption of Tm/ Ge co-doped fiber

The in-house fabricated Tm/Ge co-doped fiber was characterized for the background loss,
absorption and splicing loss. In detail, the Tm/Ge co-doped fiber has an NA of 0.28 with core
size of 4.4um, with the cut-off wavelength of 1.4 um. Without the dopant of Al20s3, the thulium
doping concentration is limited to a low level otherwise clustering will dominate. As shown in
Fig. 3. 5, the experimental setup was built with a supercontinuum (SC) source (Fianium
WhiteLase 400-2400nm). An objective lens was employed to couple the collimated SC source
into the Tm/Ge co-doped fiber under test. To protect the objective lens from damage by high
power, a beam splitter and an attenuator were employed to obtain power value less than <20

mW. Based on the cutback technique, the fiber background loss was measured with a loss of

28



Chapter 3 Tm/Ge co-doped Fiber Characterisation

~0.6dB/ M at 980 nm cutting from 50m to 1m. Similarly, with the cutback method, the
absorption of the Tm/Ge co-doped fiber was measured. Fig. 3. 6a illustrates the measured
absorption curve. Similar as other Al co-doped Tm-doped fibers, the fabricated Tm/Ge co-
doped fiber has three absorption peaks, corresponding to the transitions from level 3Hes to 3F4
with 38dB/m at 793nm, level 3He to 3Hs with 24dB/m at 1210nm and level 3He to *Hs with
18dB/m at 1585nm respectively. Interestingly, compared with Tm/Al co-doped fiber (OFS
TmDF200, NA=0.26, MFD=5um at 1700nm) in the transition from level 3Hs to 3Ha, the
absorption curve of Tm/Ge co-doped fiber is 65 nm blue-shifted. According to the work of
Agger et al[20], it is envisaged that the emission profile of Tm/Ge co-doped fiber will also be
blue-shifted enabling shorter wavelength operation as compared to Tm-doped aluminosilicate
fiber. Clearly, the Tm/Ge co-doped fiber has a lower thulium concentration than TmDF200

fiber, which helps further in assisting lasing and amplification at short wavelengths (<1700nm).
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Figure 3. 5 The experimental setup for absorption measurement. SC source: supercontinuum source.
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Figure 3. 6 (a) the measured absorption curve in the wavelength region from 800nm to 2000nm. (b) Absorption
versus wavelength of TnDF200 and Tm/Ge co-doped fiber from *H, — °F, transition.
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3.4 Fluorescence characterization

In order to obtain the emission cross-section, | firstly measured the fluorescence spectra from
level 3Fs to 3He. From literatures[50][92], there are two methods to obtain the emission
fluorescence from two energy levels for rare-earth doped fibers, which depending on the test
sample; either preform or fabricated fiber. For a preform slice, as illustrated in Fig. 3. 7, a single
mode laser beam from a 790nm LD (Lumics) with maximum power of 250 mW after
collimating lens could be incident on the core of preform to excite the Tm ions. Backward
emission could be captured using a large core multimode fiber. However, for the prepared
Tm/Ge preform (0.76mm/18mm) with low thulium doping, the fluorescence emission was
difficult to capture and carry sufficient power to be detected in the OSA region of 1200-2400nm.
Therefore, this was abandoned. Considering the low thulium doping concentration in the
Tm/Ge co-doped fiber, the fluorescence could be measured using a short length of Tm/Ge fiber
to avoid ASE building. As shown in Fig. 3. 8a, we employed a 2x2 multimode (MM) fiber
beam splitter (50:50 Thorlabs 105/125um) to connect the 790nm LD and the fiber under test
(FUT). The port 4 of the coupler serves as a monitoring port to check 790nm LD pump power.
At port 3, the coupled backward emission (low power) from the FUT is collected at the OSA.
The unconnected end of the FUT was angle-cleaved to avoid undesired feedback, and a few
short lengths down to a few cm were tested to ensure collecting fluorescence undistorted by
ASE. Thus the measured backward ASE could be regarded as fluorescence without emission
reabsorption and optical gain. Here, | have investigated Tm/Al fiber and Tm/Ge co-doped fiber,
for the fluorescence measurement. The backward ASE was measured using OSA ('Y okogawa
AQ6375). Compared with Tm/Al fiber, the fluorescence emission of Tm/Ge fiber is ~35nm
blue-shifted with the maximum intensity peaking at 1690nm.

lens DM Preform
790nm g— Residual
MM fiber
to OSA

Figure 3. 7 Schematic setup for fluorescence measurement using Tm/Ge preform. DM: dichroic mirror. MM fiber:

multimode fiber. OSA: optical spectral analyzer.
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Figure 3. 8 (a) The schematic setup for fluorescence measurement and (b) the measured fluorescence of Tm/Ge
co-doped Tm/Al co-doped fiber (OFS TmDF200).

3.5 Cross-section and gain coefficient
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Figure 3.9 (a) Normalized absorption and emission cross-sections for Tm-doped fiber (OFS TmDF200) and in-
house fabricated Tm/Ge co-doped fiber, respectively, and (b) the calculated normalized gain coefficient of Tm/Ge

co-doped fiber. p represents a fraction of excited population

As compared to commercial Tm-doped aluminosilicate fiber (OFS TmDF200), the
absorption spectrum of the Tm/Ge co-doped fiber is significantly blue shifted (65nm shorter)
as shown by the red solid line in Fig. 3. 9(a) with a peak absorption of ~20 dB/m at 1580nm.
According to the McCumber analysis[93][94], the derived emission cross-section of Tm/Ge
co-doped fiber is also blue-shifted by about 50 nm compared to TmDF200 fiber. Therefore, it
is anticipated that the proposed Tm/Ge co-doped fiber can be used for efficient signal
amplification at wavelengths much shorter than1650 nm. Given the Tm/Ge proposed fiber NA,

core and cladding size, the mode profile guided in the fiber could be calculated using a mode
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solver (COMSOL). Based on the assumed step-index doped Thulium doping profile, the

absorption cross-section could be calculated by[20]:

_ GSA(A)
27[ p(r)¢’s (A)rdr

O

2 (4) (1)

where GSA(Z) is the ground-state-absorption, o(r) is the doping concentration profile, and
¢.(4) is the normalized mode profile of fiber. Moreover, based on the measured fluorescence

and reasonable estimation of radiative lifetime by Judd-Ofelt analysis, the emission cross-

section could be calculated by the Fuchtauer-Ladenburg equation[54]:

A51(A)

1) =
o) 8r,nc[A1(4)d A

()

where 1(2) is the fluorescence intensity, 7 is radiative lifetime from*F, — °*H,, and c is light

speed.

Moreover, it is useful to examine the wavelength dependence of net gain as a function of
population of the upper laser level (population inversion). The net gain coefficient, G(1), can

be expressed by the following equation[49]

G(A) = N[poe(d) = (1 = p)ae ()] ©)

where p represents the population fraction in the upper laser level, and N stands for the total
number of Tm3* ions. As shown in Fig. 3. 9b, the gain spectrum strongly depends on the
population inversion and the gain peak shifts to shorter wavelengths as the inversion level is
increased. Therefore, to achieve efficient signal amplification below 1700 nm, more than 30 %
population inversion is required, necessitating optimization of the fiber length for a given pump

wavelength.

3.6 Lasing efficiency test
In this section, | investigate the laser efficiency of Tm/Ge co-doped fiber in a free-running laser

setup. Fig. 3. 10 illustrates the experimental setup with a 793nm multimode laser diode with
maximum power of 7 W as a pump source. Lenses (Thorlabs AR C-coated) are employed to
couple light from fiber to free space and vice versa. Both ends of Tm/Ge co-doped fiber are
perpendicularly cleaved for a broadband 4% reflection, thus performing as the laser cavity. The
length of the Tm/Ge co-doped fiber was optimized by testing various lengths of 12 m down to

10m, 8m, 2m and 1m. A pair of dichroic mirrors (800nm HT/2000nm HR) are used to split
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pump and laser signal. Residual pump is directed to power dump. And the output measured

using an OSA and two thermal power meters (Ophir 3A-FS).

Tm/Ge co-doped

fiber
I el el @ N
790nm - o Residual
diode pump
Power Power
meter 1 meter 2

Figure 3. 10 A schematic of experimental setup for the laser efficiency test. DM: dichroic mirror; lens 1, 2, 3: AR

C-coated with focal length of 11mm.

Fig. 3. 11a showcases the laser spectra at different lengths of Tm/Ge co-doped fiber. For the
energy transition from level He to *Hs when pumped by 793nm laser diode, Tm ions decay
fast to level 3F4 and behave with a characteristic of quasi three level between level *Hs and Fa.
Therefore, when the fiber length shortened, the ASE peak will continuously blue-shift. When
fiber length is cut from 12m down to 8m, the corresponding laser wavelengths is blue-shifted
from 1910nm to 1890nm. At the fiber length of 2 m, the lasing wavelength is centered at
1825nm. Compared with the lasing at 8m, 10m or 12 m, the laser BW at 2 m is broadened with
higher lasing threshold. With fiber length shortened further to 1 m, it is difficult to get lasing
even with maximum pump power of 5 W because the gain in the fiber with length of 1 m is not
sufficient to overcome the cavity loss. Fig. 3. 10b shows the laser output power at fiber lengths
of 8m,10m and 12m respectively, and the corresponding lasing efficiencies are 37.2%, 33.6%
and 35.1%. From the experimental record, the maximum lasing efficiency is gradually
decreased from 37% when fiber length decreased with a step size of 2m. For the in-house
fabricated Tm/Ge co-doped fiber with doping concentration <0.1wt%, the maximum lasing
efficiency without cross-relaxation should be less than 40% [35], which is in accord with the

measured maximum lasing efficiency of 37.2%.
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Figure 3. 11 (a) the free running lasing spectra at different fiber length (b) laser efficiency at different fiber lengths
of 8m, 10m, and 12m.

3.7 Splicing optimization

Since I would like to build all-fiber devices using the Tm/Ge co-doped fiber, therefore, in this
section, | investigated the splicing loss between SMF and Tm/Ge co-doped fiber using the
1310nm superluminescent diode (SLD). I chose 1310 nm SLD as an investigation light source
since the absorption of Tm/Ge fiber is negligible, thus the splice loss could be measured
accurately. Regarding to the Tm/Ge co-doped fiber with NA of 0.28 and core diameter of 4.4
pm, the mode field diameter (MFD) is 4.2 um at 1310 nm. However, the MFD of SMF28 is
9.6 um at 1310 nm. Therefore, the direct splicing loss resulting from MFD mismatch could be
calculated by the equation:

MFD,? + MFD,? .
2x MFD, x MFD, )

Loss =20log

The calculated splicing loss is 2.68 dB, which is comparable to the measured splice loss of 3.1
dB. The typical method of reducing the splicing loss between MFD fibers is to optimize the
splicing recipe, thus achieving an optical intermediate area where MFD matches. For the
abovementioned Tm/Al co-doped fiber(OFS TmDF200) with NA of 0.26 and a core size of 4
um, the significant splicing loss with SMF could be reduced to <0.3 dB when implementing
offset splicing and repeatedly applying multiple arcs with 60 um offset on the side of Tm/Al
co-doped fiber. However, high Ge concentration in the Tm/Ge co-doped fiber lowered
softening temperature and induced higher diffusion coefficient of Ge, provoking difficulty in
MFD matching between the two fibers despite the abovementioned offset-arc splicing method.
And the resultant loss is always around 3dB. However, it is obvious to find that the MFD

between Tm/Ge co-doped fiber and Tm/Al is closely matched. Therefore, | introduced the
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Tm/Al co-doped fiber with a length of 5mm as an intermediate fiber between SMF and Tm/Ge
co-doped fiber. The resultant splicing is significantly reduced. As shown in Fig. 3. 12, the 1310
nm SLD was employed to measure the splice losses for the scheme of SMF-Tm/AI-Tm/Ge-
Tm/Al-SMF. The measured total splicing loss is 1.5dB, i.e. the splicing loss between SMF
and Tm/Ge co-doped fiber is 0.75 dB by average.

SLED Tm: Ge fibre

@1310nm SMF Ji— e SMF Power meter

t\_/1

40 um offset

60 um Offset arc arc: 1time

60 um Offset arc
Many rearcs No rearc
\ Many rearcs ’

Total splice loss =1.5db

Figure 3. 12 Optimized splicing scheme for Tm/Ge co-doped fiber.

3.8 Chapter Summary

In this chapter, | have built an Er/Yb co-doped fiber laser with a maximum pump power of
5W as the pump source for all the experiments pumped by the 1565nm in this thesis, and |
tested this 1565nm pump source regarding to lasing efficiency and spectrum at different pump
powers. Using the preform with new glass composition (GeO2-SiO2) prepared by MCVD
method, the Tm/Ge co-doped fiber is fabricated with cut-off wavelength at 1.4um. Based on
the in-house fabricated Tm/Ge co-doped fiber, fiber characterization including absorption,
fluorescence, cross-sections and lasing efficiency are conducted. Moreover, splicing
optimization is implemented between SMF and Tm/Ge co-doped fiber using the commercial

Tm/Al co-doped fiber as an intermediate fiber.
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Chapter 4. Applications of Tm/Ge co-doped Fiber in Lasers and
Amplifier

Thulium-doped silica glass can be used to generate emission spanning from 1600- 2200 nm
and thulium doped fiber has subsequently emerged as an attractive gain medium for power
scalable laser sources operating in this “eye-safe” wavelength band[37]. Based on Tm®*-doped
silica fibers, many applications such as fiber lasers, amplifiers and mode-locked fiber laser

have been widely studied.

Broadly tunable fiber lasers, particularly in the 2 um wavelength region, have already made
significant impact in many diverse fields of science and technology. Tm-doped, Ho-doped and
Tm/Ho co-doped fiber have all been used to make high performance tunable laser devices. For
example, using an external diffraction grating, Clarkson et al demonstrated a TDFL tunable
from ~1860 - 2090 nm[60]. Moreover, Guo et al reported a tunable TDFL with wavelength a
tuning range from 1895 - 2109 nm[95]. However, developing a TDFL operating below 1750
nm in the Tm emission band is challenging due to the increasingly three-level nature of the
transition at short wavelengths. With a highly wavelength selective fiber Bragg grating (FBG),
Daniel et al demonstrated a TDFL tunable over the 1660 - 1750 nm wavelength band[22]. In
order to access the sub 1750 nm wavelength band, ASE filtering was incorporated in an all
fiber thulium amplifier to introduce substantial loss at wavelengths >1750 nm to avoid parasitic
lasing. Similarly, thulium fiber co-doped with terbium in the core or cladding provided
preferential loss at wavelengths >1750 nm, thus allowing operation at shorter wavelength[19].
Whilst these methods enable an access to the sub-1750 nm waveband, the associated
conversion efficiencies are typically extremely low (<0.2 %) and the tunability is limited,
typically to less than 100 nm. Using different lengths of a Tm-doped GeO2-SiO: fiber in a low
loss cavity configuration, Barnes et al demonstrated a TDFL tunable from 1650 nm to 1870
nm[42]. In this implementation a highly reflective output coupler (R>90%) was used to lower
the lasing threshold to a few mW. Therefore, to date, based on the available Tm3*-doped fiber,
the shortest wavelength of TDFL is 1650nm with low output power, and the tunability of TDFL
is less than 250nm.

With the growing demand for capacity in optical fiber transmission, considerable research
has been devoted to the 1.6-2um wavelength region as an emerging transmission window for
next generation optical communications based on hollow-core photonic-bandgap fibers (HC-
PBGFs) [96]. As the low loss window of silica fiber extends up to 1.7um, and with the continual

improvement of background loss in HC-PBGFs, the possibility of future optical
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communications networks operating seamlessly from 1.55 to 2 um is emerging, requiring
efficient optical fiber amplifiers covering the entire 1.55-2 um wavelength band. Various
configuration of thulium-doped fiber amplifiers (TDFAs) have been demonstrated offering
high gain and low noise performance across the wavelength 1700 — 2050 nm range. With
effective management of amplified spontaneous emission (ASE), the short-wavelength
amplification edge of the TDFA has further extended down to 1650 nm with a small signal
gain of 8dB demonstrated[77]. This is a great improvement but a ~30 nm spectral gap still
exists between operating windows of the L-band EDFAs and TDFAs.

Moreover, the third near-infrared (NIR) optical window (1600 to 1870 nm) has recently
attracted interest from a bio-imaging community owing to the rapid developments of relevant
fiber laser technologies. Compared to shorter wavelengths, the third optical window has the
merits of reduced optical attenuation and diminished photo-toxicity[9], and is therefore
advantageous for imaging of deep and turbid scattering tissues. Up to now, a series of imaging
modalities such as three-photon microscopy, optical coherence tomography[97], and optical
coherence microscopy[98] have all been demonstrated at the 1700 nm optical waveband.
However, N.G Horton et al[9] has shown that one promising strategy for deep-tissue
multiphoton imaging is to implement three-photon excitation with wavelengths in the 1600—
1700 nm range. This provides three advantages: (1) three-photon excitation ensures a better
confinement of the excitation than two-photon excitation when focusing deep inside scattering
media, (2) this wavelength window provides optimal penetration in biological tissues owing to
the somehow reduced absorption of water in this specific range [9], and (3) it matches the three-
photon excitation spectra of red fluorochromes commonly used in biology[9][99].

To date, few short wavelength TDF operations are implemented either via high fractional
ion excitation of the gain fiber or introducing loss to long wavelengths[100] [24][25]. Despite
a few demonstrations of cw fiber laser in 1600-1800 nm range, there are only a couple of ultra-
short pulsed fiber laser reported in this wavelength band all operating beyond 1700 nm. Li et
al. demonstrate a soliton mode-locked thulium-doped fiber laser based on nonlinear
polarization rotation (NPR) with wavelength of 1787 nm[101]. Noronen et al demonstrate a
tunable thulium-holmium mode-locked fiber laser for the 1700-1800 nm wavelength through
combination of an intra-cavity acousto-optic tunable filter and NPR technique [102]. Emami
et al. present a tunable thulium-doped mode-locked laser from 1702 to 1764 nm and 1788 to
1831 nm by utilizing a PCF to suppress long wavelength ASE and NPR as the mode-locker[11].
However, the lasing wavelength in mode-locked regime is still above 1700nm.
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In this Chapter, based on the Tm/Ge co-doped silica fiber, an ultra-wide broadband cw
TDFL laser spanning from 1679nm to 1992nm is presented in section 4. 2. With dispersion
compensating fiber (DCF) introduced as an ASE filter, a much broader tunable TDFL from
1650nm to 2000nm is demonstrated in section 4. 3. Furthermore, with diffraction grating
replaced by compressively tunable FBGs, an ultra-short wavelength tunable TDFL from 1620
nm to 1660 nm could be built and studied in section 4. 4. Considering the blue-shifted cross
section of Tm/Ge co-doped fiber, a short wavelength TDFA from 1628nm to 1655nm is briefed
in section 4. 5. In addition to the applications of the in-house fabricated Tm/Ge co-doped fiber
as tunable lasers and amplifier, I also studied the soliton and noise-like pulse mode-locked fiber
laser in the 1650 nm waveband incorporating a chirped FBG as band pass filter, showing as a
promising candidate as an ultra-fast laser source in 1700 nm waveband for the bio-imaging

community.

4.1 Reflective diffraction grating

Reflective diffraction gratings could be used as wavelength selector in fiber laser. With a
periodic structure on the surface of reflective diffraction grating, the incident light after
diffraction is diffracted in a dedicated angle, depending on the incident light wavelength and
spatial frequency of its periodic surface. The incident light and diffracted light follow the

characteristic diffraction equation:

d(sin®,, +sin6,) = mA (5)

where d is the period of surface grating, 0,, and 6, are the incident angle and diffracted

angle with respect to the grating normal, m is the diffraction order, and A is the incident light
wavelength. Usually, reflective diffraction gratings have a wide wavelength coverage, thus

they could be used in tunable fiber lasers in a Littrow configuration as shown in Fig. 4. 1.

r)Rotate

Diffraction
Grating

m order

incident

Figure 4. 1 Reflective diffraction grating in a Littrow configuration
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Reflective diffraction gratings could work as retroreflector in fiber laser with external cavity

because diffracted angle equal to incident angel, described by the equation:
2dsin6,, = mi (6)
Typically, commercial diffraction gratings have the designed wavelength and the most

intense order (m). In this context, the variation of incident angle could be implemented simply

by rotate the diffraction grating, thus achieving wavelength tuning.

4.2 Ultra-wideband Operation of a Tunable Thulium Fiber Laser offering
Tunability from1679-1992 nm

In this section, | present a tunable TDFL incorporating an in-house fabricated Tm/Ge co-doped
silica fiber to access the sub 1700nm wavelength regime. Meanwhile, a short length of
commercially available Tm-doped aluminosilicate fiber (OFS TmDF200) was added to the

cavity to realize more than 300nm tuning range spanning from 1679 nm to 1992 nm.

4.2.1 Experimental setup

A h'ﬁ TmDF200

- - -1’- - --- -|
. 1
Mirror 1 Lens i | "} ({0 i 30%
1 CA) i [1560/1850 Z
- f Fibre
47.. | ¢ WDM W Retroreflector
Etalon 1 B ((. ‘ 70%
’\,_ |—| \ A -l I
I | Tm/Ge 1565nm
Grat}ng Mirror 2 pump

Figure 4. 2 Schematic diagram of the tunable TDFL. WDM, wavelength division multiplexer. Lens: AR C-
coating (1050-1620), f=11.0 mm.

Fig. 4.2 depicts the experimental setup of the tunable TDFL with an external cavity comprising
a bulk grating operated in a Littrow configuration whereby the first order-diffracted beam is
retro-reflected back to the gain fiber under test. A silver-coated fiber retroreflector formed the
other end mirror of the laser cavity. The tunable TDFL was core-pumped by an in-house built
1565 nm fiber laser through a 1565/1850nm wavelength division multiplexer (WDM). The 30%
port of a 70/30 tap coupler was used to extract the output power from the TDFL and the output
measured using the OSA and a thermal power head (Ophir 3A-FS). Wavelength tuning was

achieved by tuning the angle of the grating (for coarse tuning) and the etalon (for fine tuning).
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Figure 4. 3 (a) ASE spectra of the TmDF200 fiber (TDFL-A), Tm/Ge co-doped fiber and the combination of 0.2
m TmDF200 (TDFL-C) and 2.5 m Tm/Ge co-doped fiber (TDFL-B)(Measured with 0.5 nm OSA resolution). (b)
Measured insertion loss of the 1560/1850nm filter based WDM.

4.2.2 Results and discussion

As shown in Fig. 4. 2, we investigated three different cavity configurations designated as
TDFL-A/BI/C, respectively. TDFL-A incorporated only a 0.5m length of TmDF200 fiber,
while TDFL-B comprised only Tm/Ge co-doped fiber of ~2.5 m length. The lengths of
TmDF200 and Tm/Ge co-doped fiber were selected via a series of cut-back measurements so
as to yield the maximum tuning range without parasitic lasing when operating at extreme
wavelengths. TDFL-C incorporated ~0.2 m of TmDF200 and ~2.5 m of Tm/Ge co-doped fiber
spliced together so as to extend the operating bandwidth both at the shorter and longer
wavelength edges. The (sub-threshold) ASE spectra at the output of the three fiber cavities, i.e.
TDFL-A/B/C were measured with 0.5 W pump power at 1565 nm. The ASE spectra plotted
in Fig. 4. 3a clearly indicate that the Tm/Ge fiber generates relatively higher ASE intensity at
wavelengths shorter than 1740 nm as compared to TmDF200 fiber. However, the TmDF200
fiber was able to provide higher gain at wavelengths beyond 1750 nm, with a ~6 dB higher
ASE peak at 1820 nm. The combination of the 2.5 m length of Tm/Ge co-doped fiber a 0.2 m
length of TmDF200 fiber could maintain the ASE intensity at shorter wavelength region (sub
1750 nm) while increasing the ASE intensity at longer wavelength, thus broadening the overall
ASE bandwidth. The rapid drop in ASE of TDFL-B/C below 1625 nm results from the rapidly
increasing loss of the WDM at short wavelengths, which rises to 5 dB at 1625 nm as illustrated
in Fig. 4. 3b. Due to an excess loss of the free space external cavity shown in Fig. 4. 2, higher
pump power is required to overcome the loss of the cavity, especially at the shorter wavelength

edge where a high excitation fraction is required in the 3F4 level.
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Figure 4. 4 (a) Output power versus laser wavelength. The three tuning curves correspond to TDFL-A/B/C
respectively. (b) Output optical spectra of the TDFL-C laser operating at different wavelengths from 1679 nm to
1992 nm

At the maximum available pump power of 3 W, the highest output powers achieved from
TDFL-A/B/C were 46.4, 25.8 and 41.1 mW respectively. When pumped at 3W, TDFL-A could
be tuned from 1726 nm to 1980 nm yielding a total tuning range of 254 nm as shown in Fig.
4.4a. By contrast, the overall tuning range of TDFL-B was 282 nm, spanning from 1679 nm to
1961nm. The most important feature of this cavity is that the operating wavelength is blue-
shifted by about 47 nm thanks to the introduction of the Tm/Ge co-doped fiber. Overall, the
average output power over the entire tuning range for TDFL-B is almost 3 dB lower than that
of TDFL-A and this is believed to be due to pump saturation in the Tm/Ge co-doped fiber
resulting in inefficient pump absorption. At the shortest operating wavelength of 1679 nm, the
output power was measured to be about 1.5 mW. In TDFL-C, where a 0.2 m length of
TmDF200 fiber was spliced to the 2.5m long Tm/Ge co-doped fiber, the tuning range was
further broadened, extending from 1679 nm to 1992 nm with a total tuning range of 313 nm
which is the highest demonstrated to date from a single Tm-doped fiber laser cavity. The
average output power at 1679 nm was increased to 2 mW. However, at wavelengths beyond
1700 nm the average output power is ~3 dB higher than TDFL-B, which exhibits similar
behavior to that to TDFL-A. The corresponding output spectra are plotted in Fig. 4. 4b. A
maximum optical signal to noise ratio (OSNR) of 60 dB was measured at the gain peak of 1820
nm whilst a minimum OSNR of 30 dB was measured at the shortest operating wavelength of
1679 nm. It is anticipated that further extension of the tuning range should be possible with a
further increase in pump power since no parasitic lasing was observed even at the extreme
operating wavelengths. Moreover, replacing the 70/30 coupler with a 90/10 coupler as well as

using a wavelength selective FBG instead of a diffraction grating in a ring cavity configuration
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will reduce losses and enable lasing at much shorter wavelength with increased optical
conversion efficiency. TDFL-C gave the best performance amongst the three laser
configurations in terms of tenability and output power. Exploiting Tm/Ge co-doped fiber,
which provides enhanced gain in the sub 1750 nm wavelength region, a record 313nm tuning

range is achieved for a thulium doped fiber laser which covers from 1679 nm to 1992 nm.

4.3 Ultra-wide tunability TDFL down to 1650nm from 2000nm

4.3.1 DCF as discrete ASE filter

As demonstrated in previous section, TDFL-C with Tm/Ge co-doped fiber possess the
tunability from 1679 nm to 1992 nm. However, even with the Tm/Ge co-doped fiber, the peak
emission is still located in the 1800 nm region (Please, see Fig. 4.3(a)). In order to push the
lasing wavelength below 1679nm, one option is to implement ASE filtering at
wavelength >1800nm without inducing extra loss at the wavelength <1700 nm. Due to the
bend-induced loss in optical fiber as a function of wavelength and bend radius [103], the
strategy of fiber bending is frequently used to achieve single mode operation by significantly
introducing high losses for high order mode[104]. Similarly, in this section, a dispersion
compensating fiber (DCF) under bended condition is introduced as a long wavelength ASE
filter to suppressing emission at wavelength beyond 1800nm, thus facilitating lasing at
wavelength<1679nm. A 20 m DCF (Thorlabs DCF38) with MFD of 6um was selected as the
ASE filter. To select filtering edge wavelength, a bending scheme is adopted. The bending loss
of DCF is wavelength and bending diameter dependent. And the bend losses at different bend
diameters were measured using the same setup with SC source for absorption test as presented
in section 3.3. Fig.4. 5 shows the transmission curve of DCF fiber bended at the diameters of
25cm, 12.5cm, 10cm and 5.5cm. At the bend diameter of 25cm, the transmission curve is flat
with bend loss <1.5dB. With tighter bending diameter to 12.5¢cm or 10cm, the transmission loss
at wavelength <1750nm remains unchanged. However, the transmission loss at
wavelength>1750nm increase, marking a 3dB loss at 1800 nm when coiled at 10cm diameter.
Moreover, when DCF is bended further to 5.5cm, the transmission loss is significant increased,
bringing up the loss of 7.5dB and 20dB at 1800nm and 1900nm, respectively. The tighter

bending also induces high loss at the target short wavelength (<1700nm).
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Figure 4. 5 Transmission curves of DCF at different bend diameters, i.e. 25¢cm, 12.5¢cm, 10cm and 5.5¢cm.

4.3.2 Experimental setup
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Figure 4. 6 Schematic diagram of the tunable TDFL. WDM, wavelength division multiplexer. Lens: AR C-
coating (1050-1620), f=11.0 mm.
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Compared with the tunable TDFL in the previous section, the tunable TDFL laser setup
illustrated in Fig. 4. 6. The setup is composed of two segments of Tm/Ge co-doped fiber with
optimal fiber lengths of 2.5m and 4.6m, and a long DCF of 10 m as a ASE filter to suppression
emission at longer wavelength. Instead of using a fiber retroreflector as cavity feedback, a
Sagnac loop mirror with low loss was employed to provide feedback of 30% as well as output
coupling of 70%. All other components are same as those illustrated in Fig. 4. 2, and the output

of spectra and power are measured with the same procedure as described in section 4.2.

4.3.3 Results and discussion
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Figure 4. 7 Output optical spectra of the TDFL with a DCF ASE filter bended at different diameters ¢ : (a) ¢

=25cm when pumped by 1565nm fiber laser with power of 1.5W; (b) ¢ =12.5cm and ¢ =10cm with pump power
of 4W.

Lasing wavelength tuning was achieve using bulk grating and etalon in the external cavity.
At a bending diameter of 25cm with pump power of 1.5W, the TDFL showed tuning
performance from 1760nm to 2000nm as shown in Fig. 4.7. Lasing at the emission edges (A <
1760nm or >2000nm) were difficult to achieve. Due to the strong ASE peak at 1850nm, the
lasing threshold will be higher at shorter wavelength. Particularly, at high pump power, ASE
peak will overrun the laser wavelength at short wavelength edge of the emission. For lasing at
wavelength beyond 2000nm, it will be achievable using longer active fiber length if the small
emission cross-section at the long wavelength is overcome. My target is to explore the shorter
wavelength regime, and the ASE around 1850 nm is anticipated as the main challenge to
overcome. The DCF fiber with strong bending would help suppress the ASE. Then, the
remaining questions include low emission fluorescence below 1760 nm (10 dB lower than at
1850 nm as shown in Fig. 4. 7a), and possible extra loss induced by the ASE filter at the shorter
wavelength under tight bending. It seems to suggest that higher pump power is necessary to
address the questions. At the bending diameter of 12.5cm, the ASE peak is shifted from
1850nm to 1730nm. With tighter bending at a diameter of 10 cm, the ASE peak is shifted down
to 1690 nm. At a pump power of 4 W, Fig. 4. 7b shows the seamlessly tunable TDFL spectra
from 1750nm to 1650nm with DCF bending diameter adjusted from 12.5cm to 10cm. As shown
in Fig. 4. 7, the OSNR of lasing spectra from 1760nm to 2000nm is above 50 dB . Even though
the OSNR at wavelength from 1750nm to 1650nm is lower, it is still larger than 40 dB

sufficient for many applications.
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Figure 4. 8(a) Laser output power of the tunable TDFL with a DCF ASF filter bended at different diameters of
25cm, 12.5cm and 10cm with pump power of 4W. (b) Lasing efficiency of the tunable TDFL from 1750nm to
1975nm with DCF bending diameter of 25cm for the pump power of 4W.

Fig. 4. 8a shows the laser output with respect to different bending diameters for the pump power
of 4 W at 1565 nm. At a bending diameter of 25 cm for DCF, the powers of more than 20dBm
were achieved in the wavelength range from 1750nm to 1975nm, and the variation of power
was less than 3dB . In addition, the slope efficiency of the tunable 1750nm-1975nm TDFL is
shown in Fig. 4. 8b with respect to the lasing wavelength at the pump power of 4W. When the
coiled DCF was bended at a diameter of 12.5cm, the built TDFL could be tuned continuously
from 1690nm to 1760m, and the peak of laser output was located at 1710nm with power of
18.5dBm . The low power at 1690nm is attributed to the low gain coefficient at the emission
edge. Similarly, with DCF bended further to 10cm, the tunability range of TDFL becomes in
1650nm - 1725nm with peak power of 14.8dBm at 1680 nm. Further reducing the bending
diameter will increase the lasing threshold. Subsequently, lasing performance is compromised
by the significant bending loss from coiled DCF. Considering the maximum pump power from
the 1565nm fiber laser and the maximum handling power in WDM, it is difficult to push the
lasing wavelength less than 1650nm. When the tunable TDFL operated with DCF at different
bending diameters, the corresponding spectral range could overlap with each other, thus
achieving a seamlessly tunable TDFL from 1650nm to 2000nm (corresponding to a frequency
bandwidth of 31.8THz).
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4.4 Ultra-short wavelength operation of a thulium doped fiber laser in a
1620-1660 nm wavelength band

Broadband operation of tunable thulium doped fiber lasers (TDFL) have been extensively
investigated over the past few years and efficient laser emission can readily be achieved in the
1700nm to 2050nm wavelength range [2-3]. However, it is challenging to achieve shorter
wavelength operation in a Tm-doped silica fiber, due to the fact that Tm exhibits a strong three-
level behavior and as such requires a high population inversion (thus high pump intensity) and
a low cavity loss to achieve reasonable lasing at this waveband. Recently, a tunable TDFL
operable over the 1660 - 1750 nm has been demonstrated using a highly wavelength selective
fiber Bragg grating (FBG) and a low loss all fiber laser cavity [4]. In addition, by suppressing
the amplified spontaneous emission (ASE) at the longer wavelength region (1800-2000nm), Li
et al have demonstrated a thulium-doped fiber amplifier (TDFA) working in the 1650-1700 nm
range with a small signal gain of up to 29 dB [5]. Operation of Tm-doped fiber devices at or
below 1650 nm remains a topic of great interest as it could potentially provide for seamless
silica based rare-earth doped amplifier solutions extending from the S-band (exploiting erbium

doping) right up to the IR absorption edge of silica fiber.

In section 4.3, | have reported a ultra-wide tunable Tm3*-doped fiber laser in the wavelength
spanning from 1650 nm to 2000 nm using a diffraction grating for wavelength tuning and DCF
as ASE filter. Still, there is a 30 nm unfilled gap to the L-band edge of 162 Onm. In this follow-
on work, | focus on ultra-short wavelength operation of the TDFL and present the first
demonstration of a tunable TDFL (based on an in-house fabricated Tm/Ge co-doped silica
fiber) operating over the 1620-1660nm wavelength band, i.e. extending operation down to the
long wavelength edge of the L-band. This results represent by far the shortest laser wavelengths

ever achieved for a TDFL.

4.4.1 Fiber Bragg grating (FBG)

In Section 4.3, the reflective diffraction grating is employed as retroreflector in laser cavity.
Although the diffraction grating could provide broadband tunability, the reflection will degrade
with lasing wavelength away from the designed wavelength, thus bringing in extra loss for
laser cavity. To provide broader operating window, FBG is introduced to replace the diffraction
grating as fiber retroreflector to construct all-fiber laser without any free space elements. FBG
is a periodic refractive index modulation written directly in fiber core by exposing to periodic

pattern of ultraviolet light.
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Figure 4. 9 The illustration of Fiber Bragg grating

The reflected Bragg wavelength for a FBG is described by:

7\’FBG = 2neffA (7)

where A'is the grating period and n, is the effective refractive index of propagating mode in

fiber core. A high reflective FBG (>99%) with narrow bandwidth (<1nm) could be achieved
when a propagating mode strongly overlaps with grating index modulation which is adjusted
by controlling grating length and strength. In order to achieve a high quality FBG with
suppressed side-lobes, apodization of refractive index is required over the grating length.
Interestingly, Bragg wavelength of FBG could be tuned up to a certain range through
optoelastic and thermo-optic effects which influence Aandn, . For instance, the grating pitch
is somewhat tunable by applying mechanical strain on the Bragg grating. On the other hand,
temperature induced tunability of FBG wavelength is also possible albeit limited to a few nm
range. Hence, the mechanical strain based tuning was investigated. The grating separation A
could be increased when stretching FBG, which gives a red-shifted Bragg wavelength.
However, increased tension would result in creating micro-cracks, which limits this approach

and corresponding tunability of less than 10nm.

Instead, compressed strain would enable a broader tuning range. | introduce an in-house
built tunable HR FBG. As depicted in Fig. 4. 10a (top), a FBG was mounted on an elastic beam
sandwiched by flexible slabs. The FBG became under compression by moving the movable
block inward, thus leading to blue-shifted FBG wavelength. According to [105], the
wavelength shift could be calculated by:

-d
AL =0.78- (eL_)}"FBG (8)

b

where 0 is the angle formed between deformed elastic beam and idle position, d is the

thickness of flexible slab, L, is the elastic beam length and A,z is the central wavelength of

FBG.
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As shown in Fig. 4. 10a (bottom), a tunable FBG was built using a FBG (Of-link) with a
central wavelength of 1675nm in the lab. By compressing the FBG, the central wavelength
could be tuned down to 1600nm from 1675nm, which covering the whole U-band of optical
communication. Even though the wavelength could be blue shifted further with larger
compression stress, the main concern is that at high pump power regime, high intensity due to
strong compression stress will burn the fiber written with FBG. With a SC source (Fianium
WhiteLase) and 1675nm circulator, the reflection of tunable FBG was characterized and the
result is shown in Fig. 4. 10b. The reflection of the tunable FBG is more than 80% throughout
the tunable range from 1675nm to 1638nm with narrow BW (<0.5nm). With the Bragg
wavelength blue-shifted further down to 1615nm, the reflection of FBG decreased gradually,
i.e. 65% at 1617.5nm. Moreover, with the compression of FBG on the mounted stage, the
grating period along the gratings are nearly linear changed, thus the compressed FBG
performed like a chirped FBG with broadened bandwidth at shorter wavelength, exactly as
shown in Fig. 4.10 (b). Even though the decreased reflection at shorter wavelength, the
compressively tunable FBG provides better reflectivity as compared to the external cavity bulk
grating. Therefore, this high reflective FBG became a key element to improve the performance
of CW lasing in the U-band.
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Figure 4. 10 (a) (Top) the scheme structure of tunable FBG, and (bottom) the corresponding in-house made tunable
FBG; (b) the measured reflection of FBG with central wavelength tuned from 1660nm to 1600nm.

4.4.2. Experimental setup
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Figure 4. 11 Schematic of the TDF, showing the two laser configurations studied, hereafter referred to as TDFL-
A (Green) and TDFL-B (Brown).

Fig. 4. 11 shows the experimental setup of the all-fiber tunable TDFL illustrating the two laser
configurations studied. The setup comprises an in-house built Er/Yb fiber laser at 1565nm with
maximum output power of 5 W as the pump source and a ~4.5 m length of in-house fabricated
Tm/Ge co-doped fiber with high Ge concentration (19 mol%). The core diameter and NA of
the fiber were measured to be 4.4um and ~0.28, respectively. In TDFL-A, the pump light is
coupled into the Tm/Ge co-doped fiber through a broadband, filter-based, 1560/1850 nm WDM.
In order to build the cavity, the signal port of the WDM was spliced to a silver coated fiber
retro-reflector, whereas a highly wavelength selective compressible fiber Bragg grating (FBG)
with a central wavelength of ~1675nm was spliced to the other end of the gain medium. The
FBG could be tuned from 1620 nm throughout to 1660nm by compression tuning. The
measured reflectivity and bandwidth of the FBG varied from 80% to 94% and from 0.67 nm to
1 nm respectively, depending on the operating wavelength. The 10% port of the 90/10 tap
coupler was used to extract the output from the TDFL. A coiled 20 m long DCF was used as
an ASE filter. The bend diameter was optimized to provide low transmission loss at
wavelengths below 1700 nm, whilst exhibiting high transmission loss at longer wavelengths.
Fig. 4. 5 shows the bend dependent loss of the coiled DCF for an optimized bend diameter of
5 cm. The insertion loss of the WDM was also measured (see Fig. 4. 3b), and it was found that
the loss increases significantly at wavelengths shorter than 1640nm. Therefore, for improved
performance at wavelengths below 1660nm the TDFL-B configuration was used. Here the
WDM and retro-reflector were replaced with a second compressible FBG, thereby avoiding the
high insertion loss of the WDM. Given that the FBG is wavelength selective, it was possible
to couple 1565nm pump power through the FBG without introducing additional cavity loss.
Tuning of the laser cavity was realized by simultaneously compressing the two FBGs (mounted

on mechanical stages) whilst ensuring wavelength synchronization between the two. Splicing
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the Tm/Ge co-doped fiber and the SMF-28 fiber pigtails of the passive components together
resulted in a high splice loss of ~3dB due to the large mode field diameter mismatch and this
compromised the short wavelength operation of the cavity. To reduce this splice loss, a short
section (~1cm) of OFS TmDF200 was used as an intermediate fiber between SMF-28 and
Tm/Ge co-doped fiber and the optimized splice loss was reduced down to 0.8 dB. The 90/10
output coupler has an insertion loss of around 0.4dB in the 1550-1750nm waveband. The
output characteristics of the tunable laser was measured by using a Y okogawa OSA (AQ6375)

and a thermal power meter (Ophir 3A-FS).

4.4 .3 Results and discussion

As shown in Fig. 3. 6, the in-house fabricated Tm/Ge co-doped fiber exhibits a blue-shifted
absorption curve with a peak absorption of ~20dB/m at 1580nm, significantly shorther than
the commerical Tm-doped aluminosilicate fiber. Moreover, according to McCumber theory,
the emission profile of Tm/Ge co-doped fiber will also be blue-shifted, enabling shorter
wavelength operation. In the TDFL-A configuration, the high insertion loss of the WDM
coupler and ASE filter as well as the splice losses between SMF-28 and Tm/Ge co-doped fibers
give an aggregate single pass cavity loss of 6 dB at 1650 nm, which increased further at shorter
wavelengths. To achieve short wavelength operation, a short Tm/Ge co-doped fiber length is
preferred in order to avoid signal reabsorption, with the minimum usable fiber length
determined by the requirement to achieve sufficient total gain to overcome the large cavity
loss. In our experiment, we found that the optimal fiber length was 4.5 m (for a pump power
of 3.5W). The blue colored plot in Fig. 4. 12a shows the output power as a function of operating
wavelength for the maximum available pump power. A highest output power of ~15 mW was
obtained at a wavelength of 1660 nm. The shortest lasing wavelength was measured to be
1637nm with an output power of ~5mW. The red colored plot in Fig. 4. 12a shows the output
power as a function of operating wavelength for the TDFL-B laser configuration. The same
pump power and fiber length were used to ensure a fair comparison between the two laser
configurations. We found that the lasing threshold for 1660 nm operation decreased from 1.6
W to 0.9 W, resulting in a much higher laser output power. Also, an almost constant output
power was achieved over the entire tuning range from 1620 nm to 1660 nm which highlights
the importance of avoiding passive components whose insertion loss varies with wavelength
(i.e. the WDM coupler). The highest output power of about 22 dBm from the 10% port of the
coupler was recorded at 1660 nm. At 1620 nm, a measured laser output power is 17 dBm, the

shortest wavelength we could reach with the current tunable gratings. Moreover, when the
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10/90 coupler was replaced by 30/70 coupler, at the pump power of 3.5W, the laser outputs
were improved by 3dB overall in the 1620-1660nm. Particularly, when lasing at 1660nm, the

slope efficiencies are 5.0% and 6.24% for the couplers with ratio of 10/90 and 30/70
respectively.
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Figure 4. 12(a) Output powers of TDFL-A and TDFL-B at different lasing wavelengths, and (b) The laser
outputs at 1660nm for different output couplers, (10% and 30% respectively).
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Figure 4. 13 Output optical spectra of the TDFL-B laser configuration (measured with 0.1nm OSA resolution).

Since the output from the laser cavities was extracted after reflection from the FBG on the right
side depicted in Fig. 4.11, the out-of-band ASE was well suppressed, resulting in a high optical
signal-to-noise ratio (OSNR) albeit at a slightly lower output power. Fig. 4. 13 plots the spectral
characteristics of TDFL-B. An OSNR of more than 45 dB was successfully achieved across
the full tuning range from 1620 nm to 1660nm (up to 60 dB OSNR from 1640nm to 1660nm).
The 3dB bandwidth of the laser lines were measured to be <0.3nm. We believe that the output
power and lasing efficiency could be further improved by optimizing the ASE filter to provide
a much sharper wavelength cutoff and the Tm/Ge fiber glass composition.
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4.5 Ultra-short Wavelength Operation of Thulium-doped Fiber Amplifier
in the 1628-1655nm Waveband

Based on the fabricated Tm/Ge co-doped fiber using new glass composition (particularly, a
thulium (Tm) and germanium (Ge) co-doped silica fiber), in section 4.4, | have successfully
demonstrated a tunable Tm-doped fiber laser in the wavelength range of 1620-1660 nm [97].
With the distinctive feature of blue-shifted absorption and emission spectra, the Tm/Ge co-
doped fiber provides the intriguing possibility of bridging the gap between the long wavelength
edge of the L-band EDFA and short wavelength edge of the TFDA. In this section, | report
amplification of the short TDF wavelengths encouraged by the successful TDFL operation in
the ultra-short wavelength region. This presents the first realization of a silica-based TDFA
operating down to as short as 1628 nm.

4.5.1 Experimental setup
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Figure 4. 14(a) Schematic of the TDFA, TLS: tunable laser source; (b) insertion losses of the WDM coupler (green)

and circulator (blue and pink) used in the setup, and the total optical loss of the double pass cavity.

Fig. 4. 14a shows a schematic of the TDFA. In our experiment, a commercially available

tunable laser source (Tunics T100S-HP) covering the wavelength range of 1500-1680 nm was
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used as a seed source with an input power of -20 dBm and 0 dBm for small and saturated
signals, respectively. An optical circulator optimized at 1650 nm and with high optical isolation
(>40 dB at center wavelength) and low insertion loss (0.45 dB) was employed as depicted in
Fig. 4. 14(a). In order to extract enough gain at short wavelengths, a high population inversion
is required and an in-house built high-power Er/Yb fiber laser operating at 1565 nm was used
as a pump source with a maximum output power of 4.35 W (36.3 dBm). A dielectric filter-
based 1550/1850 nm WDM was used for combining the pump and signal. As shown in Fig. 4.
14b, the insertion loss of the WDM coupler was less than 2dB but this sharply increased at
wavelengths shorter than 1640 nm. In addition, Fig. 4. 14b also shows the total optical loss in
a double pass configuration including the loss of an optical circulator, a 1550/1850nm WDM
coupler as well as the optimized splicing loss of 0.8 dB between standard SMF and Tm/Ge co-
doped fibers. To realize short wavelength operation, a tunable FBG was used in our experiment
as an ASE filter as well as a narrowband signal retroreflector to realize a double pass

implementation.

The FBG can be tuned from 1620 nm throughout to 1660 nm by using an axial compression
mechanism. The measured reflectivity and bandwidth of the FBG varied from 80 % to 94 %
and from 0.67 nm to 1 nm respectively, depending on the operating wavelengths. Moreover, a
1565 nm FBG with ~99% reflection was incorporated to recycle the residual pump light (~0.4
W). The external gain and NF of the amplifier was measured by an optical spectrum analyzer
(Yokogawa AQ6375) and a thermal power meter (Ophir 3A-FS).

4.5.2 Result and discussion

Fig. 4. 15a shows the gain and NF performance of the proposed TDFA. An external small-
signal gain of 19 dB was achieved at 1655nm, 8dB at 1632nm and 4dB at 1628nm. Compared
to the previous demonstration of a short wavelength TDFA in Section 2.9, | have successfully
extended the short wavelength edge of the silica-based TDFA from 1650 nm to 1628 nm. The
saturated gain shows similar behavior and varies from 7 dB to 17.2 dB with only 2.5 dB
difference as compared to the small signal gain. The external NFs for saturated signal and small
signal were as low as 4.6dB and 4.4dB at a wavelength of 1655 nm but increased towards
shorter wavelengths. This is mainly due to the high insertion loss of the WDM coupler and

strong re-absorption of signal light by Tm ions in their ground state.
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Figure 4. 15(a) Gain and NF performances of the TDFA. Amplified spectra for (b) saturated and small signals,

measured with 0.5nm OSA resolution.

By considering the total insertion loss of the amplifier with the double-pass architecture, the
gross (or internal) small-signal gain is around 15-26dB in the 1628-1665 nm. Therefore, further
improvement in the performance of the TDFA is expected with higher pump powers (or indeed
a different choice of pump wavelength such as 793nm, which has been theoretically
investigated with the conclusion that the gains at shorter wavelengths will be enhanced
compared to 1550nm pumping[106]). In addition, further optimization of both the passive fiber
components and splicing loss between the active and passive fibers are expected to improve
the performance. Fig. 4. 15b shows the amplified optical spectra for the saturated and small
signal regime in the upper and the lower plots, respectively. The amplified small signal has 30—
38dB in-band OSNR across the entire amplification band while the amplified saturated signal
exhibits over 50 dB in-band OSNR.

4.6 Ultra-short wavelength mode-locked fiber laser at 1650nm waveband

Fiber laser system based on TDF have been demonstrated as efficient way which covers a wide
wavelength band from 1800 nm to over 2200 nm in both CW and mode-locked
regimes[107][108] [9], because of its high optical gain and optical conversion efficiency. The
fluorescence of Tm in silica glass is originated from the 3F4 — ®He transition, which allows the
operation ranging from 1600 nm to 2200 nm. The peak of the emission is usually located
between 1800 and 1850nm[106]. However, the quasi-three-level nature of TDF emission leads
to strong re-absorption of the light at the short wavelength region and TDF lasers generally

operate at wavelengths longer than 1900 nm.
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In order to achieve ultra-fast fiber laser below 1700 nm by mode-locking, there are two key

elements need to be concerned, i.e., higher gain below 1700nm and suitable saturable absorber
(SA). Fortunately, as described in previous section, | have the fabricated Tm/Ge co-doped fiber,
which providing a higher gain at short wavelength edge below 1700nm than other Tm3*-doped
fiber available so far[44][109]. Moreover, | introduced a 1650 nm chirped FBG with BW of 20
nm as a band pass filter for lasing at 1650nm waveband. Firstly, compared with HR FBG with
BW of 0.5nm, the 20nm BW of chirped FBG ensures an ultra-short pulse duration when
operated in a soliton regime as well as noise-like pulse. Secondly, the chirped FBG performs
like a band pass filter with high reflectivity (>90%) at 1650nm, which introduce less loss than
the aforementioned long wavelength ASE filters such as PCF and DCF.
Recently, higher energy pulse TDFL below 1750nm is requested from the perspective of
applications. Despite the conventional soliton and dissipative soliton, noise-like pulses have
attracted attentions due to their high pulse energy and broadband spectrum. Compared with
SAs such as semiconductor saturable absorber mirror (SESAM), carbon nanotubes and other
physical SAs, NPR or NOLM could be used as artificial SA to achieve high energy pulsed fiber
laser due to its easy implementation and low cost. In addition, mode-locking based on the
technique of NPR or NOLM allows ultra-fast pulsed laser to operate in both soliton and noise-
like regimes, which is determined by pump power. At high pump power, soliton pulse could
be switched to the noise-like pulse by simply adjusting the polarization controllers (PCs).
Particularly, the energy of noise-like pulse will increase accordingly with increment of pump
power. Unlike conventional soliton pulse, the energy of noise-like pulse will not be restricted
by the cavity dispersion and nonlinear effect[110]. Horowitz et al described a theoretical
explanation to the formation of noise-like pulse, indicating that the noise-like pulse could be
achieved in a birefringent laser cavity comprising a gain fiber and a nonlinear transmission
element [111] .

For a soliton pulse fiber laser based on Tm3*-doped fiber, the shortest wavelength reported
so far is 1702nm [11]. For noise-like pulse TDFL, Sobon et al achieved an ultra-broadband
noise-like pulse from a normal dispersion mode-locked TDFL with a 10dB bandwidth of over
300nm spanning from 1830nm to 2140nm[112]. Li et al studied both soliton and noise-like
pulse at 2017.33nm based on Tm3*-doped fiber [113]. To date, the central wavelengths of all
noise-like pulses are around the 2 um band.

In this section, | discuss on a self-starting all-fiber passively ultra-short wavelength mode-

locked TDFL based on nonlinear optical loop mirror (NOLM) in both soliton and noise-like
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pulse regimes. Stable soliton pulses centered at 1656.1nm with 0.55 nm FWHM were produced
at a repetition rate of 1.28MHz with pulse duration of 5.32 ps and pulse energy of 109 pJ. As
pump power increases, the oscillator can also operate at the noise-like (NL) regime. Stable NL
pulses with coherence spike width of 890 fs and pulse energy of up to 20 nJ was achieved with
a central wavelength of 1656.2nm with 4.51nm FWHM. To the best of my knowledge, this is

the shortest wavelength operation of a mode-locked thulium-doped fiber laser.

4.6.1 Nonlinear optical loop mirror

In this section, I will introduce the NOLM as an artificial SA for the mode-locked fiber lasers
in section 4.6.4 and 4.6.5. As illustrated in Fig. 4. 16, a NOLM could be built based ona 2 X2
fiber coupler with power-coupling ratio of a : 1- a , where a 7 %. The input beam will be split
into two counter propagating beams with unequal intensity in the right hand side loop. Phase
shift ¢ occurs between the two mismatched counter propagating beams due to the intensity

dependent phase velocity. If dispersion is ignored, the transmission of a NOLM is given by
[114]

Coupler

Figure 4. 16 the loop mirror configuration

b= [, [ x 2k
c ©)
T, = ELL” =1-2a(l-o){L+ cos[(L—2a)$]}

in

where ¢ is the phase shift accumulated when a beam propagate a fiber length of L. n, refers to

the nonlinear (Kerr) coefficient of the fiber, |E;,| is the output field from the TDFA. T, denotes
transmissivity of the nonlinear loop, a: (1 — @) is the coupling ratio of the coupler. It is
obvious that the transmission of a NOLM is intensity dependent, and before the first
transmission peak, the increase of transmission with respect to intensity is similar with the
performance of a fast SA. When a NOLM is placed in a laser cavity as a nonlinear phase shifter,
pulse self-shaping occurs just as real SA. In a laser cavity incorporating NOLM, passive mode-
locking is expected.
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4.6.2 Experimental setup

The experimental arrangement for the mode-locked TDFL based on a NOLM is depicted in
Fig. 4. 17 The left loop is a ring oscillator and the right one is the nonlinear loop mirror. The
above mentioned 3.8 m Tm/Ge co-doped fiber was used in the ring oscillator Moreover, the
small-signal gain of ~5.8 dB/m at 1655 nm was observed when pumped at 36.3 dBm power at
1565 nm. A commercial CW 1560 nm fiber laser (SPI) was used to pump the active fiber
through a 1560/2000 nm wavelength-division multiplexer (WDM, AFR). This WDM provides
maximum 5 W for the pump and 2 dB insertion loss at 1650 nm. A chirped fiber Bragg grating
(20 nm bandwidth at a central wavelength of 1650 nm with 90% reflection, OF-LINK) in
conjunction with a circulator (1.5dB loss, OF-LINK) was used as a wavelength selective filter
and anomalously/normal dispersive element. The 10% port of a 90:10 coupler was used to
extract output from the all-fiber mode-locked laser. A 2 x2 fused fiber coupler with a coupling
ratio of 60:40 at 1650 nm was used to join the loop on the left hand side (LHS) to the NOLM
on the right hand side (RHS). A 140 m long SMF-28 fiber was used to ensure enough nonlinear
phase shift for mode-locked operation. Two PCs were placed close to the 60:40 coupler in the
NOLM section to control the polarization state of the counter clockwise (CCW) and clockwise
(CW) beams to initiate mode-locked operation. An isolator working at 1650 nm with an
insertion loss of 0.5 dB and an extinction ratio of 48 dB was inserted in the ring oscillator to
ensure unidirectional laser operation.

Length of the total cavity was about 161 m including 3.8 m Tm/Ge co-doped fiber, 140 m
SMF-28 fiber, 3 m SMF-28 fiber in PCs and 14.2 m SMF-28 pigtail fibers from the pump
combiner, isolator, circulator, CFBG and the tap couplers. The anomalous dispersion values of
the SMF-28 fiber at 1.65um was about —0.034ps?/m. The anomalous dispersion values of the
FBG at 1.65 um was about -8 ps?, which is provided by the producer (OF-LINK).
Unfortunately, | have not measure the dispersion of the home-made Tm/Ge co-doped fiber. |
assumed slightly anomalous dispersion from the active fiber, which is ignored. Hence, the net
dispersion in the cavity was estimated to be about -13.44ps?. For the measurements of the laser
output, an InGaAs photodetector (EOT ET-5000F) with a response time of approximately 60
ps was connected to a 20 GHz oscilloscope (Tektronix CSA 803A). The detection system was

used to measure the pulse train and pulse waveforms whilst the actual pulse duration was
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measured by a commercial autocorrelator (APE). The pulse spectra were measure by an optical
spectrum analyzer (Yokogawa AQ6375)
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Figure 4. 17 Schematic of the mode-locked TDF laser. WDM-Wavelength-division multiplexer, PC- Polarization
controller, CIR- Circulator, FBG- Fiber Bragg grating.

4.6.3 CW fiber laser at 1656nm

The oscillator started to operate at a cw regime after reaching the launched pump power of 1.9
W. With the increment of pump power, the cw lasing output at 1656 nm increased linearly. At

pump power of 5 W, the lasing output reaches 33.8 mW . The measured lasing spectrum is
shown in Fig. 4. 18.
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Figure 4. 18 The optical spectrum of all-fiber ring cavity laser incorporated with 1650nm band-pass FBG.

4.6.4 Soliton mode-locked fiber laser at 1656nm

In this section, | report the demonstration of an ultra-short wavelength mode-locked fiber laser
at 1656 nm by using an in-house fabricated Tm/Ge co-doped silica fiber as the gain medium.
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It employs the NOLM structure, and large net anomalous dispersion operates at both soliton
and NL pulse regimes. The 5.32 ps soliton pulses with pulse energy of 109 pJ and SNR of ~60
dB, and 890 fs noisy double-scale pulses with pulse energy of 20 nJ and SNR of ~63 dB were
achieved, respectively. It represents by far the shortest lasing wavelength ever achieved from

a TDFL producing soliton optical pulses.

The oscillator started to operate at a cw regime with a threshold launched pump power of
1.9W. With appropriate adjustment of the PCs, stable soliton mode-locking operation was
achieved as shown in Fig.4. 19a at a launched pump power of 2.1W. The measured repetition
rate of 1.288MHz matches well with the cavity length dependent theoretically value suggesting
that the oscillators operates with a single pulse per round trip. The inset of Fig.4. 19a shows
the waveform at the 2 ns range suggesting no multi-pulse operation. The mode-locking state
could be maintained up to a launched pump power of 2.15W, generating a maximum average
output power of 140 uW and pulse energy of 109 pJ. Once the mode locking achieved by the
initial adjustment of the polarization controllers, the soliton pulses were self-starting and no
further adjustment of the PCs was required, and the operation is stable when pump power is
increased gradually or even the pump power is re-switched. Fig. 4. 19b shows the RF spectrum
of the output at a scanning range of 180 kHz with a resolution of 1 Hz at the launched pump
power of 2.15 W. The signal to noise ratio (SNR) of ~60dB and the absence of modulation in
12 MHz broad RF spectrum [see inset of Fig. 4. 19b] indicated that the oscillator operated at
stable CW mode-locking regime.
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Figure 4. 19 Mode-locked laser under soliton operation: (a)Pulse train and waveform (insert with 2ns range); (b)
Ratio frequency (RF) spectrums with scanning range of 180kHz and 12 MHz (inset); (c) optical spectrum; (d)
autocorrelation trace with sech?-pulse fitting, FWHM- Full width at half maximum.

Fig. 4. 19c shows the measured optical spectrum of the soliton pulses at the launched pump
power of 2.15W with a resolution of 0.05nm. The central wavelength and FWHM were
1656.1nm and 0.55nm respectively. Typical Kelly sidebands originating from spectral
interference of dispersive waves suggested the operation in this case was the conventional
solitary mode-locking. The separation of 1.22nm between first-order Kelly sidebands agrees

well with the estimated net cavity dispersion of —13.34ps? according to the formula:

_ A |4amre?
A= o /—Iﬁzl 1 [115] (10)

where 1o denotes pulse duration at half of the maximum intensity, B2 refers to the net cavity

dispersion. Noted that the cw component with narrow spectral line generally started with the
Kelly sideband if the PCs shifted from the optimum positions. Fig. 4. 19d shows the measured
autocorrelation trace of the mode-locked pulses at a scanning range of 60 ps. A background-
and side-lobe free autocorrelation trace measurement shows the laser operates at single soliton

pulse as well. The FWHM is 8.19 ps. The experimental data were fitted by a sech?-pulse profile
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very well, and the pulse duration was estimated to be 5.32 ps. Consequently, the time-
bandwidth time (TBP) was calculated to be 0.319 indicating the pulse is almost transform-
limited. Further increasing the pump power, soliton splitting initially appeared in temporal

domain due to energy overflow of single soliton pulse.

4.6.5 Noise-like mode-locked fiber laser at 1656nm

In this section, we report the demonstration of an ultra-short wavelength mode-locked fiber

laser at 1656 nm by using an in-house fabricated Tm/Ge co-doped silica fiber as the gain
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Figure 4. 2 Mode-locked laser under NL pulse operation: RF spectrums with scanning range of (a) 180kHz and (b)
2MHz; (c) optical spectrum

medium. It also employs the NOLM structure and large net anomalous dispersion which can
operate at NLP regime. The 890 fs noisy double-scale pulses with pulse energy of 20 nJ and
SNR of ~63 dB were achieve. It also represents by far the shortest lasing wavelength ever
achieved from a TDFL producing noise-like optical pulses.As the launched pump power was
increased to 2.48W, the oscillator switched to a NL pulse regime producing stable pulses with
further adjustment of the PCs. At this launched pump power, the measured average output

power was 3 m\W. Moreover, once the mode locking was started by the initial tuning of the
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polarization, the pulses were self-starting without the request of polarization tuning when the
pump power was switched on and increased. The NL mode-locking state can be maintained up
to the maximum launched pump power of 5W with an average output power of 25.6 mW. Fig.
4. 20a demonstrates the RF spectrum with 63dB SNR at a scanning range 18kHz with a
resolution of 1 Hz at the launched pump power of 2.48 W. The measured repetition rate of 1.28
MHz is same as soliton pulses, indicating that the oscillator operated at the fundamental mode-
locking regime. Given the achieved highest average power of 25.6mW, the maximum achieved
single pulse energy can be calculated as high as 20 nJ. Similarly, the RF spectrum at a range
of 12MHz with a resolution of 1kHz was free of modulation indicating no Q-switching
instability. Fig.4. 20c shows the measured optical spectrum of the NL pulses with a resolution
of 0.05 nm at the launched pump power 2.48W. The smooth spectrum had a typical shape of
NL pulses as reported at 1.5 and 1.9 um regions [116][117]. The center wavelength and FWHM
were 1656.2 nm and 4.51 nm, respectively. Gradually increasing the pump power to maximum,
the spectral profile was essentially unchanged, and the output power and pulse-width increase
linearly, which was the typical feature of mode-locked pulses operating at NL regime. As in
Fig. 4. 21, it shows the measured pulse width and laser output with respect to the pump power.
Unlike the limited power value of mode-locked laser in soliton regime, the maximum output
power could reach 25 mW . The pulse duration shown in Fig. 4. 21 is measured based on the
fast photodiodes (60ps response time) and 20GHz oscillator (Tektronix CSA 803A).
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Figure 4. 21 The variation of pulse width and output power with respect to pump power
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Figure 4. 22(a) The pulse temporal profile with FWHM of 1.8ns; (b) presents the autocorrelation trace at 5ps
range; (c) measured 140ps autocorrelation trace of the pulse.

At the pump power of 2.48 W, the measured pulse duration was 1.8 ns of FWHM illustrated in
Fig. 4. 22a. Fig. 4. 22b shows a FWHM of 1.29ps at a scanning range of 5 ps. If a Gaussian-
pulse profile is assumed, the width of the coherent spike is 895 fs with time bandwidth product
of 0.442. Fig. 4. 22c shows the measured autocorrelation trace at a scanning range of 140 ps, a
narrow spike riding on a broad pedestal was observed. The wide shoulders that extended over
the entire width of measurement window suggested that the pulse duration was longer than 140
ps at launched pump power of 2.48W.

To investigate the influence of the cavity dispersion in our case, we reverse the direction of
the CFBG without other variation of the cavity thus inverting the dispersion of the CFBG to be
+8ps?. The net dispersion of the cavity is estimated to be +2.56ps2. The oscillator started to
operate at a cw regime after reaching the launched pump power of 1.9W which is the same as
the net-anomalous regime discussed in the earlier section. The NL pulse was achieved under
the lunched pump power of 2.4W with adjusting the PCs. This result agrees with that the NL

pulse could be generated in dispersion-mapped cavities with either net-anomalous dispersion
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(NAD) or net-normal dispersion (NND)[118][119][120]. The influence of SMF length in the
RHS loop mirror for the mode-locking operation was investigated in[114].

Note that the coupling ratio chosen in this experiment was 60:40 instead of 50:50 to increase
the nonlinear phase shift difference between the counter clockwise and clockwise directions so
as to increase the transmissivity of the NOLM to meets the condition that light with high
intensity has a higher transmissivity than that of light with low intensity. We also replaced the
previous 140 m SMF-28 fiber by 110 m and 80 m SMF-28 fiber, respectively. The CW
operation thresholds for 110 m and 80 m fibers were decreased to 1.85 W and 1.8 W,
respectively, as a result of the reduced total cavity loss. From equation 9, the shorter length of
fiber requires higher pulse energy entering into the NOLM under the fixed nonlinearity and the
fixed coupling ratio to start the function of the NOLM for mode-locking. Hence for the 80 m
fiber, the soliton pulses cannot be achieved due to the signal energy required for NOLM was
beyond the soliton regime. For the 110 m fiber, the soliton pulses cannot be self-started, but
can be achieved by increasing the launched pump power until multiple pulses were observed.
The multiple pulses remained when the pump power was slightly decreased. This is because
enhanced nonlinear phase shift difference was induced by higher peak power of multiple pulses
[113]. For both 110 m and 80 m fibers, the stable NL can be achieved at threshold of 2.55W
and 2.8W respectively.

4.7 Chapter Summary

In Section 4.3, | have reported a ultra-wide tunable Tm3*-doped fiber laser in the wavelength
spanning from 1650 nm to 2000 nm using a diffraction grating for wavelength tuning and DCF
as ASE filter.

In Section 4.4, | have successfully demonstrated an all-fiber tunable TDFL operating over
the 1620 nm to 1660 nm range (communication U-band) by using Tm/Ge co-doped fiber. This
unique glass composition effectively shifts the emission cross-section of the Tm ions to shorter
wavelengths as compared to conventional Tm-doped fiber using an aluminosilicate host. This
greatly improved short wavelength operation and allowed us to bridge the gap between the
prior EDFLs and TDFLs. Using two FBGs as cavity mirrors and a long wavelength ASE filter,
more than 17 d Bm output power with >45dB OSNR was achieved over the entire tuning range.

In section 4.5, by constructing a double-pass amplifier, we have demonstrated a silica-based
TDFA operating from 1628 nm to 1655 nm, a ~2THz gain bandwidth extension compared to
the previous best report. Up to 19 dB small signal gain (external) and a NF as low as 4.4 dB
were achieved at 1655 nm with >30dB in-band OSNR.

64



Chapter 4. Applications of Tm/Ge co-doped Fiber in Lasers and Amplifier

In Section 4.6, I have experimentally demonstrated an ultra-short wavelength soliton and
noise-like mode-locked TDFL based on a NOLM. Both stable soliton and NL mode-locked
pulses at all-anomalous-dispersion regime were observed. The oscillator produced 5.32 ps
soliton pulses with energy of 109 pJ and SNR of ~60 dB centered at 1656.1 nm witha FWHM
of 0.55 nm. The oscillator can also produce NL pulses centered at 1656.2nm with duration of
1.8ns and pulse energy as high as 20nJ. The measured SNR of~63dB suggests its higher
stability compared with typical NL pulses. Although the NL pulses in most of cases are not the
ideal pulses due to its large pulse duration and broad pedestal, the highly energetic NL pulses
with high SNR in this case is of great potential in deep-tissue multiphoton imaging and
producing femtosecond-level pulses with high energy that could lead to a wide range of
applications [8]. To the best of my knowledge, this is the shortest wavelength of operation of a
mode-locked thulium-doped fiber laser. Energetic ultra-short 1.65 pm mode-locked pulses
operating at dissipative soliton regime were also expected by developing a normal dispersion

cavity based on the above structure.
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Due to the important applications for telecommunication, LIDAR, remote sensing, medical
surgery and mid-infrared frequency generation, fiber lasers in the wavelength regime of 2um
have attracted intense attention for its feature of broadband emission linewidth from 1.6um to
2.1um[37][121]. Moreover, Thulium (Tm?3*)-doped fiber lasers have a significant advantage of
high slope efficiency over other rare-earth ions, which could exceed the Stoke limit.

Particularly, when pumped by the wavelength near 800nm (*H, — *H, ), the cross-relaxation
energy transfer process happens thus exhibiting a quantum efficiency of 2. However, the
efficient one-for-two energy transfer requires high Tm* doping concentration resulting from
the close proximity of Tm* jons. In order to obtain high m* -doped fibers, the option of the

host glass is momentous. For the state-of-art Tm* doped silica fibers, very high doping

concentration has not achieved yet because of the defined waveguide structure in silica glass.
Compared with silica glass host, germanate glass with lower phonon energy (~900 cm™)

enhance the luminescence quantum efficiency[122]. Multi-component glasses (e.g. germanate
glass, silicate glass, tellurite glass and bismuthate glass) are better Tm** glass host due to their

higher Tm** solubility. Furthermore, the highly Tm*" -doped (typically up to 102! jons/cm3)
germanate glass fiber increases the ability to reach a large pump absorption and high gain per
unit length of the fiber, which leads to mitigate the nonlinear effect, reduce the background
loss, and narrow emission linewidth.

On the other hand, some of the abovementioned applications require high power pulse or CW
laser with good beam quality, which could be accomplished by the configuration of a MOPA
[123]. For silica-based glass fiber MOPA system, the conventional approach is to develop low
NA, LMA fibers because LMA fibers reduces both the peak power of pulse intensity
propagating through the active core region and the fiber length required to achieve appreciable
amplification, thus overcoming nonlinear effects for high power application. However, pulse
distortion due to nonlinear effects remains a key issue and further improvements are still
required. Therefore, with the capability of highly Tm3*-doping concentration, Tm3*-doped
germanate glass LMA fiber would be an efficient approach to further mitigate nonlinearity in

high power application.

In this Chapter, I will introduce the in-house fabricated Tm®*-doped germanate glass fiber (TGF)

and its application in lasers and amplifiers. Based on the prepared core glass and cladding glass
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with novel multi-oxide composition, a single-clad LMA (20um) TGF have been in-house
fabricated. After preliminary fiber characterization of in-house fabricated LMA TGF, | have
demonstrated a CW TDFL with maximum power of 1.5 W operating at 1952nm by core-
pumping at 1565nm. A high slope efficiency of 55.9% with respect to absorbed pump power
and nearly diffraction-limited beam quality are achieved. Moreover, a D-shape double-clad
LMA TGF was also fabricated. A TGF based amplifier spanning from 1880nm to 2000nm has
been demonstrated with peak gain of 13dB and 10dB at 1930nm for small signal and saturated
signal respectively. In addition, a pulse-MOPA fiber system incorporating double-clad LMA
TGF as main amplifier has been demonstrated with output power of 3.7W, corresponding to

an energy of 0.27p]J with pulse duration 57ps.

5.1Fabrication and characterization of germanate glass

Glass samples used in this work was fabricated by the conventional melting-quenching
technique using high purity chemicals (99.9% minimum). Tm3* doped multi-component
germinate glass (core glass) with molar composition of 61GeO2-15Pb0O-10Zn0O-3ZnF2-6Na20-
4Nb20s-0.6Tm203-0.4GdF2 was obtained. The cladding glass (without Tm3*ions) had a
slightly different composition from the core glass with molar composition of 61GeO2-14PbO-
11Zn0-3ZnF2-6Na20-4Nb20s-1GdF2. For each glass, well mixed materials were melted at
1230°C for about 3 hours in a Platinum crucible under dry O2/N2 atmosphere to eliminate OH-
content. The melts were stirred with a platinum rod to homogenize the glass, remove bubbles
and avoid the cluster of the melt. Thereafter, the glass was cast into a brass mold preheated at
a temperature around the transition temperature, Tg, for 4 hours to relieve internal stresses
before it was cooled to room temperature. After the annealing process, glass samples were cut
and polished for optical and spectroscopic characterization. Two glass compositions, namely
Ge_01 (doped with 3.10%° ions/cm3) and Ge_02 (undoped Tm?3*), were prepared to be thermo-

mechanically compatible when used as core/cladding glass pairs for fiber fabrication.

5.1.1 DTA, CTE and Refractive index of germanate glass

Differential Thermal Analysis (DTA) was carried out using a PerkinElmer Diamond TG/DTA
instrument with a heat rate of 5°C/min from 40°C to 1350°C under N2 atmosphere, in order to
detect the transition (Tg) and the crystallization (Tx) temperatures.

Thermal analysis using DTA was carried out in order to measure the characteristic temperatures
Tg and Tx. With these data, one can calculate the stability parameter of a glass, AT = Tx— Tg,
which give an indication of the stability of the glass and his tendency to devitrification. The
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glass transition temperatures were measured to be 485°C and 489°C for Ge_01 and Ge_02,
respectively. In Fig. 5. 1 the typical DTA curve for the core composition glass is reported. The
difference between the crystallization temperature and the glass transition temperature is 260°C,
a quite high value, higher than the one reported by Wen et al[124]. Such high transition
temperatures and high thermal stability, as compared to other reported germanate glass
compositions, make the fabricated glasses suitable for manufacturing glass lasing structures

able to handle high average powers without the risk of crystallization and devitrification[125].

Core glass
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Figure 5. 1 The curve DTA versus temperature of Ge_01 core glass

The coefficient of thermal expansion (CTE) was measured using a PerkinElmer Diamond TMA
instrument in the 30°C-400°C temperature range at a rate of 10°C/min under a constant
compressive force of 100mN. The CTE was reported in table 2 and the value of core and
cladding glasses were 7.18x10%/°C and 6.46x10%/°C, respectively. The difference between the
core and germanate cladding glasses is 7.2%. Because of the little discrepancy, it can be stated
that the drawing of the fiber can be performed without residual stresses at the interface. The
density of the two glass samples was also reported in table 1. The density of the cladding is

lower than the core glass, according to the less amount of PbO in the composition.

The refractive indexes of the glasses was measured by ellipsometry using a MC05-Woolham-
Ellipsometer. The absorption spectra was performed on a UV-visible NIR double beam
spectrometer for wavelengths ranging from 200 to 2000 nm. The refractive indexes of core and
cladding glasses at 632.8 nm are 1.834 and 1.833, respectively. The NA was as low as 0.07
0.001. This value is suitable for developing a single mode fiber with a large core diameter at

21m.
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Figure 5. 2 Refractive indexes of in-house developed Tm Germanate glass fiber, lead germanate glasses in[126].

As shown in Fig. 5. 2, the refractive index of Tm germanate glass with respect to wavelength
was measured in the visible and near IR region. Based on the measured result, the refractive

index could be fitted by Sellmeier equation as in [126]:

3, BA®
2 — i
n (/1)—1+izﬂ:—/12 < )

And the value of Sellmeier coefficients after fitting are given in table 1. Compared with other
germanate glasses doped with lead [126], the refractive index is much lower, therefore, our
prepared germanate glass is promising to have lower nonlinear coefficient y. In summary, the
physical properties of germanate glasses (core glass and cladding glass) including glass density,
the characteristic temperatures of Tgand Tx in DTA, refractive index at 632.8nm and the CTE,

are listed in table 2.

Glass B, B, B, G C, G,
Tm 1.03441 0.17048 1.03029 0.0319 0.15771 0.03189

Germanate

Table 1 Sellmeier coefficients for Tm germanate glass and the calculated Rl at 2 um

Density(g/cm®) =~ Tg(°C) = Tx(® AT(°C) Refractive = CTE(10°C?)

+0.05 +3 C) +3 index at
+3 632.8 nm+
0.001
Core(Ge_01) 5.38 485 745 260 1.834 7.18
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Cladding 5.11 489 734 245 1.833 6.46
(Ge_02)

Table 2 Property summary of germanate glasses (Ge_01 and Ge_02) in this work

5.1.2 Absorption and lifetime of germanate glass
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Figure 5. 3 Absorption spectrum of Tm germanate core glass

The absorption UV-Vis-NIR measurement of core glass in the wavelength regions of 400-2000
nm is shown on Fig. 5. 3 The spectrum is characterized by five characteristic absorption bands
located at 468 nm, 682 nm, 790 nm, 1210 nm and 1652 nm which can be ascribed to the
corresponding transitions from 3Hs ground state to the different excited states 'Ga, 3Fs, 3F2, 3Ha,
3Hsand 3F4 of Tm®*, respectively as shown in Fig.2. 1. In detail, the absorption peaks at 792nm
and 1662nm are 1030 dB/m and 490 dB/m respectively, which make the prepared germanate
glass a promising candidate for compact fiber devices. Also, the pump sources at 792nm and

1550nm wavelength bands are commercially available.
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Figure 5. 4 Lifetime measured for the core bulk glass using a 793nm LD

1 1

The fluorescence lifetime is defined as P = - + P with 7, and 7, corresponding to
fl r nr

the radiative and non-radiative lifetime. Because of non-radiative quenching, measured
fluorescence lifetime is shorter than that of calculated radiative lifetime by Judd-Ofelt

analysis[127]. In addition, the quantum efficiency from level °F, to level*H, is define by the

T
ratio of P The fluorescence lifetime from level °F, to level*H, is usually discrepant, with

reported value in the range of 0.67ms-2.25ms for germanate glass fiber, and the corresponding
radiative lifetime varies from 2.2ms to 5.3ms as shown in table 3, where the difference in
radiative lifetime is expected relating to Tm doping concentration and possibly co-dopants.
Moreover, fluorescence lifetime is relates to temperature described by glass multi-phonon
energy-gap law. In order to better understand and model the pump and lasing properties of the
in-house fabricated Tm germanate glass fiber, it is necessary to characterize the fluorescence

lifetime of °F, level in advance. In our experiment, the fluorescence lifetime was measured at

room temperature, we used a modulated 790nm laser diode by PROB8000 (Thorlabs)
temperature controller (TEC) and LD controller with an output of 6-ms-duration pulse as pump,
which is coupled to the bulk Tm germanate glass. Moreover, we employed the InGaAs
photodetector (PDA10D-EC) to measure the emission fluorescence from the level of °F, , the
modulated pulse pump, fluorescence response and its decay curve are depicted in Fig. 5. 4. And
the fluorescence lifetime of fabricated Tm germanate glass fiber was also measured, which was
in accord with the reported fluorescence lifetime of Tm germanate glass in table 3. By
comparison, the fluorescence lifetime of Tm silica doped glass have a shorter fluorescence
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lifetime (0.3ms to 0.7ms) but longer radiative lifetime (4.56ms-7ms). Therefore, Tm germanate
glass provide a high quantum efficiency since longer fluorescence lifetime favors population
accumulation and generally lower lasing threshold. With the exponential fitting applied to the

fluorescence decay curve in Fig 5.4, Tm germanate glass has a lifetime of 0.957ms.

Glass Fluorescence | radiative Thulium
lifetime lifetime doping
°F, level (ms)

concentration

61Ge0,-10Zn0-3ZnF,-15Ph0 0.957 -- 0.6 mol%
-4Nb,0, -6Na,0-0.6Tm,0,-0.4GdF, (3x10%/em?)
(our work)
36Bi,0,-29Ge0,-25Ga,0, 122 1.63 2.25 1mol%

T -10Na,0-1Tm, 0, [122]

Germanate 36Bi,0,-29Ge0, -25Ga, 0, [122] 2.25 2.46 1mol%

-10BaF,-1Tm,0,

glass
20Ba0-15Ge,0,-60Ga0, [49] 0.7 -- 1.8mol%
-3.2(La,0,+Y,0,)-1.8Tm,0, (7.6x10%/cm?)
- 3 [46] 5.3 6.24x10%/cm3

Tm2Os Silica | Tm, Al, La [19] 0.3-0.7 4.56-7 8.4x10%%/cm?

Table 3. Comparison of fluorescence lifetime, radiative lifetime, and doping concentration

of different Tm** doped glasses

5.2. Fabrication and characterization of LMA single mode fiber

5.2.1 Optical fiber development

As illustrated in Fig. 5. 5, the rod-in-tube technique is used for fiber fabrication. Firstly, the
Ge_02 glass billet was extruded into a tube with an out diameter of 9.5mm and inner diameter
of 1.7mm in a funnel through a die channel by force. An initial rod (120mm long and 11.5mm
in diameter) of Ge_01 glass was prepared as described in section 4.1. This rod was then drawn
into a cane of 1.3 mm in diameter on a drawing tower. The preform was prepared with the
Ge_01 glass cane inserted in the Ge_02 glass tube as shown in Fig. 5. 5b, thereafter, the preform
was drawn into a fiber of 130 um at a speed of 5.4 m/min. During the fiber drawing process,
the cane did not show any sign of crystallization. For the fabrication of LMA fiber, we have

developed a 20 um core effectively single mode fiber using Ge_01 glass as core and Ge_02
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glass as cladding. The physical properties of the obtained fiber is reported on table 4. The
fabricated fiber was again pristine with no apparent sign of crystallization. A cross-sectional

view of the fiber is shown in Fig. 5. 6a.

Extrusion Process Rod-in-Tube Technique

Force r\ N
1.1-2.5 KN - _»l
'!\\‘y
| 0 Qe
- . i / i ,;,’ | | \
Ram o 4{"‘”5 \/ .
Heat lm/ﬂllluuhmlmmm]uulnuh1 ‘
. : i Core  Clad Insert rod Preform
(up 650°C) , Billet rod  tube into tube
(diameter 28-32 mm)
Thermocouple die channel
|__ (variable diameter)

Extruded preform

Figure 5. 5 (a) the extrusion process to obtain clad tube (b) illustration of the Rod-in-Tube technique for fiber

drawing.

Fiber Doxe[UmM] L um B pre[MmM] £ pum  NA at 632.8 nm

LMA fiber 130 20 0.07

Table 4. Ge_01 core glass with a Ge_02 glass cladding

Figure 5. 6(a) Transmission micrograph and (b) near field imaging through a 4.8m length of fiber made from our

prepared Tm germanate glass
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5.2.2 Fiber background loss of Tm germanate glass fiber

The LMA fiber was successfully developed in-house using the rod-in-tube technique. As one
can see on Fig. 5. 6a, there are no signs of residual stresses or bubbles at the interfaces between
the core and cladding, which demonstrates the compatibility of these glasses and their CTE and
the goodness of the drawing process. The background loss of the fiber was assessed by the cut-
back technique using a laser source operating at a wavelength of 980 nm over a length of 5.3
m. The attenuation was calculated through a linear fit of the experimental data. The measured
loss of 1.14 dB/m, confirming the absence of crystallization, otherwise it would have induced
asignificantly higher loss value. It also indicates that the glass can withstand the double thermal
cycle necessary for fiber fabrication, without crystallizing. Moreover, a white light source is
used to measure the background loss of the fabricated Tm germanate glass fiber also using cut-
back technique, and the corresponding background loss is around 0.96 dB/m, which is in accord

with the value measured by 980 nm laser diode.
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Figure 5. 7 (a) Fiber loss measured by the cut-back technique at 980nm; (b) the measured transmission curves for

fabricated Tm germanate glass fiber based on cut-back methods using a white light source.
5.2.3 Absorption and emission cross-section of Tm germanate glass fiber

For the fabricated Tm germanate glass fiber, absorption measurement was first conducted by
supercontinuum source (Fianium) by cutting-back technique. It could be found from Fig. 5. 8
that the transmission curves for the tested Tm germanate fiber have the characterization of
oscillation below 1800nm, originating from the interference between LPo1 and LP11 mode.
Moreover, when fiber length is 8.9 cm, the transmission curve is overlap with the noise level

of OSA because of the high absorption spanning from 1600nm to 1800nm. By calculation, the
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absorption is around 500dB/m at 1700nm, which is very close to the value calculated in core
glass in Fig. 5. 3, i.e. 490 dB/m.
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Figure 5. 8 Tm doped Germanate glass fiber absorption tested with a SC source. (Both ends of Tm Germanate
fiber spliced with SMF)

Absorption and emission cross-sections are very important spectroscopic properties of in-house
developed Tm germanate glass fiber for the evaluation of laser performance from level

°F, .Given absorption and Tm?3* doping concentration; it is straightforward to calculate the

absorption cross section. Assuming the in-house developed Tm germanate glass fiber with a
step-index refractive index profile, absorption cross-section could be calculated by equation
(1). Moreover, based on the measured fluorescence and reasonable estimation of radiative
lifetime (2.4ms) by Judd-Ofelt analysis, the emission cross-section could be calculated by

equation (2) in Chapter 3.5.

As depicted in Fig. 5. 9a, the peaks of absorption and emission cross-section are located at
1660nm and 1875nm respectively. Compared with Tm3* doped silica glass [20], the emission
cross-section peak of in-house developed Tm Germanate glass is higher, around 7.06x10-2°m?,
which is comparable with those of Tm Germanate glasses in[122][49].i.e. 5.95x10?°m? and

7x102°m?.Furthermore, the gain coefficient form the *F, — *H, transition could be calculated

by equation (3) in Chapter 3.5.
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Figure 5. 9(a) Absorption and emission cross sections (b) the calculated gain coefficient of the core glass for

1600

different population fractions in level 3F,.

As shown in Fig. 5. 9b, ideally, fluorescence of Thulium germanate glass covering from
1600nm to 2000nm and beyond. The calculated gain coefficient of core glass is also shown for
population fraction p in level 3F4 ranging from 0 to 1 with a step of 0.1. Note that p is expected
to be higher than 0.1 to have a positive gain in the wavelength range from 1893 to 2050 nm,
indicating that a low pumping threshold will be required for 2.0 um laser operation in the Tm?3*
doped germanate fiber. Furthermore, the maximum gain coefficient reaches 2.11cmat
1878nm, which is larger than that of Tm3*-doped silicate glass(1.5 cm™), showing promising
applications for efficient 2.0 pum fiber lasers[128]. Considering the quasi-three-level behavior

of Tm3* dopant in the transition from*F, — °*H,, it is difficult to achieve amplification and

lasing in short wavelength region below 1700nm because of reabsorption. On the other hand,
gain saturation effect resulted from amplified spontaneous emission (ASE) in the region from

1800-1900nm, limiting the emission at longer wavelength beyond 2050nm.

5.2.3 Effective mode area of Tm germanate glass fiber

Given the Sellmeier coefficient of refractive index in Tm germanate glass and the waveguide
structure of the in-house developed Tm germanate glass fiber, we are able to calculate the mode
effective area (Aef) using the finite element model (COMSOL Multiphysics) to calculate the
electric field of fundamental mode propagation along the fiber. As shown in Fig. 5. 10, the
effective mode area increases from 368um? to 397um? in the wavelength region from 1900nm
to 2050nm, corresponding to an effective mode diameter increment from 19.18um to 19.92um,
and the simulation result also shows that Tm germanate fiber only supports fundamental mode
with electric field shown in the inset of Fig. 5. 10, meanwhile the single-mode feature of Tm

germanate fiber is verified by the V-number, decreasing from 2.3 down to 2.15 in the
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wavelength region from 1900nm to 2050nm , smaller than single-mode cut-off VV-number value
of 2.405.

Mode effective area(umz)

00 1 1 1 1 1 1 1
1900 1925 1950 1975 2000 2025 2050
Wavelength(nm)

Figure 5. 10 The calculated effective mode area versus wavelength at 2um waveband

5.2.4 Fiber laser performances

With fiber characterized as above, the lasing efficiency is tested. As shown in Fig.5. 11, the
fiber laser cavity was implemented using a 14.1 cm long section of as-drawn Tm3* doped
germanate fiber. The cavity feedback incorporated a high reflectivity FBG centered at 1952
nm and a Sagnac loop mirror as an output coupler. The cavity was in-band pumped using a
1565nm fiber laser with the pump beam coupled into the doped fiber through a broadband
WDM operating at 1550/1850 nm wavelength. Importantly the silica and in house germanate
fibers used to construct the cavity were fusion spliced together to allow the construction of a
monolithic all-fiber cavity. However, the splicing loss between Tm3*-doped germanate fiber
and single mode silica fiber (SMF28) is high because of the difference in melting temperature
and core size mismatch. With optimization of the splicing parameters of fusion splicer
(FujikuraFSM-45PM), the splicing loss is decreased. And the measured loss was in the range
of 1.5-2.5dB, even if using the same splicing recipe, which is probably due to the varying
cleaving angle. The splicing losses of two splicing samples (SMF-TGF-SMF) with respective
TGF length of 1.3cmand 12.2cm are measured by 1300 nm ASE source, as shown in Fig.5.12a,
the total average splicing losses for two samples are 3dB and 5dB respectively from 1300nm
to 1350nm, and the high loss around 1250nm originates from the absorption transition from
level 3H6 to level 3H5. Moreover, the spectral oscillation as shown in Fig. 5. 12a is from the
interference between LP01 and LP11 modes guided around 1300nm for TDF, which is not an
issue at 2um waveband for TGF only supporting LPO1 mode. Despite the relatively high intra-
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cavity losses, the laser slope efficiency was measured to be 8.75 % with lasing spectrum shown

in inset of Fig. 5.12 b. Considering the 2 dB splicing loss we estimate an “effective” slope

efficiency value of 16.17 % regarding to real absorbed pump power, which is very promising

considering the large potential for improvements spanning material synthesis, through to fiber

and laser cavity design.
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Figure 5. 11 Schematic diagram of all fiber Tm doped Germanate glass fiber laser
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Figure 5. 12 (a) The total splicing loss with configuration SMF-Tm Germanate glass fiber-SMF; (b) Laser output
power as a function of the absorbed pump power with a length of 14.1cm fiber
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Figure 5. 13 Schematic diagram of experimental set-up for highly Thulium doped Germanate fiber laser

Because of the non-negligible splicing loss between Tm germanate fiber and SMF and the
insertion loss in WDM, we propose the experimental scheme as shown in Fig. 5. 13, i.e., one-
end core-pumping configuration coupled through high reflectivity fiber Bragg grating FBG
instead of WDM. An in-house built Erbium-ytterbium co-doped fiber laser performed as pump

power. The laser cavity was implemented using a 21cm long in-house fabricated Tm** -doped

germinate glass fiber. One end of Tm*" -doped germinate glass fiber was fusion spliced with
the SMF pigtail of a high reflectivity FBG centered at 1952nm with a FWHM of 0.12 nm, and

the other end facet of Tm* -doped germinate glass fiber was perpendicularly cleaved with a
Fresnel reflection of approximately 5%, which functioned as partially reflective mirror of the
laser cavity. Given that the FBG is wavelength selective, the 1565nm pump was coupled
through the FBG without introducing additional passive component loss. Collimated light after
aspheric lens with focal length of 15mm was splitted into residual pump and output signal by
45  dichroic mirror with high reflectivity at 2um and high transmission at 1565nm. An
additional dichroic mirror was used to filter the signal output beam. The output characteristics
of laser and residual pump were measured using a thermal power meter (Ophir 3A-FS) and a
Yokogawa OSA (AQ6375) with a resolution of 0.1nm.

Since the FBG is wavelength selective at 1952nm with narrow bandwidth, lasing efficiency

could be maximized with the optimization of Tm*" -doped germanate glass fiber length. When
fiber length is ~21cm, the ASE peak was around 1952nm. As shown in Fig. 5. 14, the threshold
pump power was around 0.3 W, and the fiber laser yielded a maximum output power of 1.52W

with a slope efficiency of 38.7% regarding to the launched pump power. Considering the
residual pump power and 1dB splicing loss between Tm*" -doped germanate glass fiber and

SMF resulting from mismatch of mode field diameter, the effective slope efficiency regarding

to absorbed pump was estimated to be 55.9%, marking the highest slope efficiency and highest
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laser above 1.5W for Tm* -doped germinate glass fiber incorporating core-pumping scheme. It
could also be seen that the OSNR of laser output was higher than 55 dB and the 3 dB bandwidth

of laser lines was< 0.2nm.
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Figure 5. 14. (a) The laser output power versus absorbed pump power; (b) the lasing spectrum at 1952nm for 21.1
cm TGF.
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Figure 5. 15 Measured beam quality of the output beam, and the far field beam profile is shown in inset

To confirm its beam quality of the house-drawn fiber, the M2 factor was measured. When
laser output power was 1 W with the launched pump power of 3.01W, an attenuator was
included after DM2 to attenuate the signal power to 50 mW before reaching the beam profiler
from NanoScan (NS2s-Pyro/9/5-STD) and beam-profiling camera (Pyrocam iii) when
measuring beam propagation factor M* and far field beam profile respectively. The m? factor
was measured by focusing the laser beam with a 100 mm aspheric lens and by moving the
beam profiler through the focus. The M2 factor was determined by performing a hyperbolic
fitting to the square of beam width along two perpendicular direction, i.e. M%< =1.28 and
M?y=1.12. Such values confirm that the fabricated Tm3* doped germanate LMA fiber operates

as a single mode fiber dominantly.
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Lasing Doped level | Core Apump| Output | Slope Reference

wavelength diameter | (nm) | power efficiency

(nm) (Hm) (mw)

1950 (7.6*10% 9.2 1568 | 160 17% [49]
lcm?)

1950 2.8wt% 8.6 1568 | 206 34.8% [29]
(4.5*10%°
/cm3)

1935 1wt% ~10 1560 | 318 21% [129]

1740-2017 | 2wt % 7 805 | 50 35% [30]

1950 2.8 wt% Not 1568 | 102.5 24.7% [130]

available

1950 5wit% Not 1610 | 617 42.2% [131]
(7.6%10%® | available
/cm?)

1952 (3*10%° 20 1565 | 1500 55.9% Our result
lcm?3) nm

Table 5. Summary of cw fiber laser based on TGFs, all the slope efficiencies in the table above are

w.r.t. absorbed pump power for the in-band core-pumping scheme.

For comparison, the works based on Tm germanate glass fiber are summarized in table 5. All
the works based on single-cladding Tm germanate glass fiber are demonstrated using core-
pump configuration by in-band fiber pumping or 805nm LD pumping with low output power.
However, one prominent advantage for Tm germanate glass fiber is very highly Tm3*-doped,
which could be 10 times higher than silica glass fiber without significant clustering. On the
other hand, the cross-relaxation will be facilitated with the increment of Tm doping
concentration, particularly when pumped at around 790 nm, which promotes higher lasing
efficiency through the one-for-two effect. With a commercially available high power 790 nm

laser, cladding pumping scheme will be the choice to get high power at 2 um waveband for Tm
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germanate glass fiber. Therefore, in the following section of this chapter, we will study the

double-cladding Tm germanate glass fiber.

5.3 Double-clad Tm germanate glass fiber (TGF)

Figure 5. 16 Transmission micrograph of double-cladding germanate glass fiber

The core glass and inner cladding glass of the prepared double cladding Tm germanate glass fiber follow
the same composition and fabrication procedure as the single-cladding Tm germanate glass fiber, i.e.
Ge_01 as core glass and Ge_02 as inner-cladding glass. And the inner cladding is polished to obtain the
double D-shape for cladding pump scheme. During fabrication, the outer cladding glass is crystallized
to have a robust fiber structure. Together with the prepared core/inner cladding germanate glass, first
trial D-shape double-cladding Tm germanate glass fiber is fabricated, with the cross-section view shown
in Fig. 5. 16. Based on the same lasing scheme shown in Fig. 5. 13, lasing performance of double-
cladding TGF core-pumped by 1565 nm fiber laser was tested with a slope efficiency of 40% regarding
to the absorbed pump power, which is smaller than 55.9% of single cladding Tm germanate glass fiber
as shown in Fig. 5. 14(a). As abovementioned, the core/inner-cladding glasses of double-cladding TGF
are made of the same core/cladding compositions of the single-cladding TGF, therefore, we would like
to explore the reason why the slope efficiency is decreased in the double-cladding TGF. A 980nm LD
is used as pump source, which is coupled into the core of single-cladding or double—cladding TGF, the
near field from the other end of fiber is measured by camera (Xeva XC-130). For the single-cladding
TGF, fundamental mode as depicted in Fig. 5. 17(a) and LP11 modes as depicted in Fig. 5. 17(b) and
(c) could be extracted separately by adjusting coupling into core of TGF. However, for the double
cladding TGF, only distorted mode as shown in Fig. 5. 17(d) was able to be extracted, which seems to
indicate refractive index variation resulting from unbalanced mechanical stress between crystallized
outer-cladding and double D-shape inner-cladding. Therefore, the overlap amongst pump mode, lasing
mode and doping distribution for double-cladding TGF is decreased as compare with the single-

cladding TGF, resulting in a smaller lasing slope efficiency. Moreover, as shown in Fig. 5.17, all the
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mode profiles are slightly elliptical even though the core area shown in Fig. 5. 16 is circular, verifying

the slight difference of M2 and M?, measured in section 5.2.

(a) (b) () (d)

Figure 5. 2(a) the extracted fundamental mode and (b), (c) the LP11 modes from single-clad TGF;
(d) The extracted distorted mode from double-cladding TGF.

5.3.1 Tunable double-cladding TGF amplifier

Silica-based TDFAs is successfully demonstrated spanning from 1650nm to 2050nm[77][132],
and the application of TDFA is demonstrated in 2 um optical communication system[133].
Considering the capability of high Tm3*-doping concentration in germanate glass, an ultra-
short fiber amplifier could be an interesting application with the TGF. Even with the disturbed
mode profile guided in our fabricated first generation double-cladding TGF, it is still valuable
to explore its amplification in the 2 um waveband. As illustrated in Fig. 5. 18, the schematic
of our experimental setup included the in-house tunable laser source spanning from 1750 nm
to 2000 nm with output power above 100 mW. A variable optical attenuator was utilized to
obtain small signal (-20 dBm) and saturated signal (0 dBm) as input seed after tunable laser
source. An isolator was used to suppress the unwanted feedback into the tunable laser source.
We used a 21 cm double-cladding TGF in the experimental setup as shown in Fig 5. 18, which
was core-pumped by 1565nm fiber laser with power of 800 mW. WDM couplers were used to
combine and split the signal and pump at the input and output ends respectively. The output
characteristics of laser and residual pump were measured using a thermal power meter (Ophir
3A-FS) and a Yokogawa optical OSA (AQ6375) with a resolution of 0.5 nm.
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Figure 5. 18. The experimental setup of TDFA pumped by 1565nm fiber laser incorporating 21cm double clad
germanate glass fiber. TLS: tunable laser source; VOA: variable optical attenuator; 1SO: isolator; WDM:
1550/2000nm wavelength division multiplexer.

As shown in Fig. 5. 19(a), the average splicing loss of SMF-TGF-SMF is estimated to be
4 dB, . Then the estimated coupled pump power is around 500 mW. The external small signal
gain and saturated signal gain are shown in Fig. 5.19b. The external gain peak of small signal
and saturated signal both located at 1930 nm with the gain value of 12 dB and 10 dB
respectively, and the 8 dB gain bandwidths for small signal and saturated signal are 100 nm
and 75 nm respectively. Fig. 5. 19(c) and 19(d) show the amplified small signal and saturated
signal spectra. For small signal spectra, the in-band OSNR across the amplified wavelength
region varies from 30 dB to 35 dB. And the amplified saturated signal has a 45-50 dB OSNR.
With the 4 dB splicing loss included, the gross gain of the small signal and saturated signal will
be improved 4 dB thoroughly from 1880nm and 2000nm. On the other hand, the disturbed
mode profile as shown in Fig. 5. 17(d) indicates that the gain coefficient of double-cladding
TGF will decrease because of deteriorated spatial overlap between mode profile and doping
distribution, thus making gain value decrease.
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Figure 5. 19(a) The total splicing loss of SMF-TGF-SMF measured by ASE source with central wavelength at
1300n. (b) Gain performance of TDFAs for small signal and saturated signal spanning from 1880nm to 2000nm.

(c) and (d) are the output spectra for small signal (-20dBm) and saturated signal (0dBm) respectively, measured

with 0.5nm spectral resolution.

5.3.2 Master-oscillator power amplifier

Recently, ultrashort laser pulses at 2um have attracted incremental interest in many application
such as surgical operation, remote sensing and LIDAR. Compared to the achievement of ultra-
short pulse in the wavelengths of 1 um and 1.55 pm, the pulse energy of 2 um fiber lasers still
remain at a low level in mode-locked fiber laser regimes because the available Tm3*-doped
fibers still locates at the anomalous dispersion at 2 um. Due to pulse breaking issue in
conventional soliton in high power regime, researchers have contributed to build dissipative
soliton by laser cavity dispersion management, thus giving an overall normal dispersion cavity
even though the gain medium of Tm-doped fibers exhibit an anomalous dispersion. Based on
this mentioned strategy, dispersion compensating fibers are employed to realize normal
dispersion in laser cavity, however, the energy level of dissipative soliton at 2um is still
comparable to conventional soliton. However, Huang et al demonstrated with simulation and
experiment that a dissipative soliton with higher energy was possible by shortening gain fiber
length, which help separately control dispersion and nonlinearity [134]. Fortunately, the
heavily TGF possesses a much higher gain coefficient with high Tm3*-doping concentration
compared with silica-based fiber. Therefore Tm3*-doped TGF will be an alternative approach

to achieving high energy dissipative soliton.

On the other hand, driven by the requirement of high power fiber laser, MOPAs are
progressed to-date to achieve high power based on multi-stage amplification scheme. Usually,

a MOPA system includes master oscillator, preamplifiers and main power amplifier. For main
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power amplifier, LMA active fibers are employed with cladding pump scheme. In this section,
we build a picosecond all-fiber MOPA system incorporating our in-house fabricated LMA (20
pm core) double-clad TGF as the gain fiber of power amplifier. The schematic setup of the
fiber MOPA system is shown in Fig. 5. 20. Firstly, a SESAM passively mode-locked Tm?3*-
doped fiber laser with a repetition rate of 13.5MHz and pulse duration of 38 ps constructs
master oscillator for the MOPA system as a seed source. The output power of seed source is
3 mW, corresponding to an energy value of 0.22 n]. In addition, three 2um isolators were used
to ensure the unidirectional operation avoiding the damage from backward reflection light.
Before preamplifier, a 30 m dispersion compensating fiber (DCF38, Thorlabs) was used as a
pulse stretcher to reduce the peak power of seed source. At the first stage of preamplifier, 1560
nm fiber laser was coupled into the core of the 0.6 m single mode Tm3*-doped fiber (OFS
TmDF200 5/125um) through 1550/2000 WDM with low insertion loss. The output power after
the first stage preamplifier is 102 mW. At the second stage of preamplifier, 1.8 m double-clad
Tm?3*-doped fiber (Nufern PM-TDF-10/130um-HE) was used as gain fiber with a cladding
absorption of 4.7dB/m at 793nm. Moreover, cladding pump stripper (CPS) was used to strip
out the residual pump, and we obtained an amplified pulse with power of 1W. Finally, at the
main power amplifier stage, we incorporated the in-house TGF with 21 cm length. The
cladding absorption of Tm®* double-clad TGF is 407 dB/m at 793nm with background loss of
2 dB/m in the inner cladding. One end of Tm3*-doped double-clad TGF is fusion spliced to
the pigtail of (2+1) x1 combiner with a splice loss of 2dB, and the other end of double-clad
TGF is angle-cleaved. The collimated laser output power after 100 mm aspheric lens is
measured from the reflection end of dichroic mirror (800nmHT/2000nmHR) using a thermal
power meter (Ophir 3A-FS). And the laser pulse was monitored by the 2x2 5/95 coupler, where
the spectrum was measured using Yokogawa optical OSA (AQ6375) with a resolution of
0.5nm. The pulse width of laser output after the power amplifier is 57 ps measured by
autocorrelator (APE pulse check), and the maximum output power is 3.7 W at the pump power
of 14 W, corresponding to the energy of 0.27/ and peak power of 47.37 kW. As shown in Fig.
5. 21(b), by increasing the pump power from 2W to 14W, the output power increases from
1.15W to 3.7W with a slope efficiency of 21.6%. Comparing the spectra of dissipative soliton
seed source and output laser after power amplifier as depicted in Fig. 5. 21(a), there is still no
mode instability sideband. And the OSNR of seed source and output laser both kept at around
20dB.
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Figure 5. 20 Experimental setup of a pulse-MOPA system incorporating double-clad TGF. ISO: isolator; WDM:
wavelength division multiplexer; CPS: cladding pump stripper; DM: dichroic mirror
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Figure 5. 21(a) the spectra of seed source and laser output after MOPA system. (b) The output power of MOPA
system versus the launched pump power.

86



Chapter 6. Conclusion and Future works

Chapter 6 Conclusion and Future works

The work in this thesis comprise fiber lasers and optical fiber amplifiers mainly based on two
in-house fabricated TDFs, i.e., lowly Tm3*-doped germanosilicate fiber (or namely Tm/Ge co-
doped fiber) and Tm3*-doped germanate glass fiber. Given the difference of glass composition
and Tm3*-doping concentration, the aforementioned two Tm3*-doped fibers have distinct

performances yet are both promising in the applications of fiber lasers and fiber amplifiers.

6.1 Tm/Ge co-doped fiber based applications
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Figure 6. 1 Summary of output powers and wavelength coverages for different laser configurations incorporating
Tm/Ge co-doped fiber, which are all included in this thesis

Due to the lowly Tm?*-doping but highly germanium-doping concentration, Tm/Ge co-doped
fiber exhibit a blue-shifted absorption and emission cross-section, assisting lasing and
amplification in short wavelength region (<1700nm). In Chapter 4, various tunable TDFLs in
CW regime are demonstrated in different laser configurations with the combined lasing
wavelength covering from 1620nm to 1992nm as illustrated in Fig. 6. 1. The lasing wavelength
of TDFL could be tuned down to 1620nm, to my best knowledge, this is to-date the shortest
lasing wavelength by silica-based TDFs. Meanwhile, the wavelength of 1620nm is the L-band
edge of silica-based EDFA. Moreover, the operational wavelength of tellurite-based EDFA
could reach the wavelength of 1634nm. On the other hand, the state-of-the-art TDFAs could
cover the wave band from 1650nm to 2050nm. Considering the blue-shifted emission feature
of the in-house fabricated Tm/Ge co-doped fiber, therefore, I have built a Tm/Ge co-doped
fiber amplifier with the operational wavelength from 1628nm to 1655nm, exhibiting a small
signal gain of 17.2 dB at 1655nm. As shown in Fig. 6. 2, | have summarized the performances
of the Tm/Ge co-doped fiber amplifier and the state-of-the-art EDFA as well as TDFA with
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respect to gain and NF. In pulse fiber laser regime, by using a chirped FBG based band-pass
filter with bandwidth of 20nm at 1650nm, | have demonstrated a to-date the shortest
wavelength mode-locked TDFL at 1650nm waveband operated as soliton and noise-like pulse,

showing as a great potential in OTC and deep-issue multiphoton imaging [8].
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Figure 6. 2 summary of the gain and NF performance of TDFA incorporating the Tm/Ge co-doped fiber and
TDFAs in [77] [132]as well as EDFAs from literatures, including [135]. Particularly, EDTMF refers to Erbium-
doped tellurite based microstructure fiber (purple dotted line)[15].

Based on Tm/Ge co-doped fiber, it is exciting that the operational wavelength of TDFA
have been pushed below 1650nm with short wavelength limit down to 1628nm, in addition,
shortest wavelength operations of tunable TDFLs and mode-locked TDFL in soliton and noise-
like pulse regimes have been reported. In order to improve the lasing efficiency and TDFA
gain performance below 1.7um, particularly at wavelength < 1650nm, potential design
strategies could be implemented as follows: first, Tm3*-doping and germanium-doping
concentration in silica glass could be optimized with better performance below 1.7um.
Secondly, distributed long wavelength ASE filter is promising for efficient lasing below 1.7um,
such as co-dopant based ASE filter by doping terbium in cladding region and waveguide based
ASE filtering ( eg.,W-type fiber), therefore, efficient lasing and improved TDFA gain at short
wavelength below 1.7um or even 1650nm is realizable core-pumped by laser diodes.
Particularly, 790nm laser diode pumping is a proper option due to its much higher pump
absorption than that of 1.55um band, thus short gain fiber is needed to minimize reabsorption.
Moreover, higher 790nm pump power could be realized using two 790nm laser diodes by
polarization beam combiner. On the other hand, with the improvement of passive devices with
lower insertion loss, noise figure could be lowered. Therefore, efficient TDFL and TDFA with

higher gain, lower noise below 1.7um or even 1650nm can surely be envisaged.
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6.2 Tm3*-doped germanate glass fiber (TGF) based applications

By using the in-house fabricated LMA TGF with novel multi-oxide composition (61GeO:-
15Pb0-10Zn0-3ZnF2-6Na20-4Nb20s-1GdF2), | have demonstrated a 1.5 W TDFL at 1952nm
when core-pumped at 1565nm. For this CW fiber laser at 1952nm, a high slope efficiency of
55.9% with respect to absorbed pump power and nearly diffraction-limited beam quality have
been achieved. In addition to the promising performance of single clad LMA TGF, a D-shape
double-clad LMA TGF have been proposed to explore the capability of high power pulse fiber
laser at 2um. Based on the fabricated double-clad TGF, a TGF based amplifier spanning from
1880nm to 2000nm has been demonstrated with peak gain of 13dB and 10dB at 1930nm for
small signal and saturated signal respectively. Furthermore, with dissipative soliton as seed, |
have also reported a pulse-MOPA fiber system incorporating double-clad LMA TGF as main
amplifier. As a result, the output power of pulse is 3.7W, corresponding to peak power of
47.37kW with pulse duration 57ps.

Regarding to the fabricated TGF, the lasing performance could be further improved by using
optimized fiber length of TGF used in the setup shown in Fig. 5. 13, based on the model in[45],
numerical modelling could be conducted using RP fiber power to verify the experimental
result. It can be seen that, when pumping by 1565 nm, the simulated slope efficiency gets to be
58.5% making the simulation and experiment results in good agreement. In the same simulation
model with pump power of 4W, lasing output is investigated with respect to fiber length as
depicted in Fig. 6. 3b. it shows that lasing is generated at the length of 5 cm, and it is obviously
found that the maximum output power at 1952nm increases gradually when fiber length
increases from 5¢cm to 40cm with maximum output power of 2.08W. Because of the quasi-
three-level behavior between the level of 3He and 3F4, output power decreases as expected with
fiber length increasing further. In addition, simulation shows that in the L-band from 1565nm
to 1610nm with same pump power, pumping at longer wavelength will have a higher output
power with higher slope efficiency; however, high power fiber laser beyond 1565nm is not
available so far for demonstration. Therefore, cladding-pump by 793nm will an effective
approach to achieve high output power with high slope efficiency considering the high Tm203
doping. And for the first generation D-shape double-clad TGF, despite that the mode profile is
distorted as shown Fig. 5. 17d, a slope efficiency of 21.6% is achieved at the power amplifier
stage regarding to the launched pumped power. To suppress mode profile distortion, a double-
clad TGF with hexagonal cladding is proposed to improve laser and amplifier performance.

Moreover, the multi-oxide glass composition of our prepared glass could be optimized to
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achieve higher Tm203 doping concentration for ultra-short (a few cm) fiber devices so that the
nonlinear effect could be mitigated further.
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Figure 6. 3 (a) The laser output power at 1952nm versus absorbed pump power as well as the corresponding

simulation result; (b) Simulation result of the maximum output power as a function of Tm3+ doped germanate
fiber length from 0 to 1 m.

On the other hand, as described in[136][137] , the zero-material dispersion wavelength
(ZDW) of germanate glass is located at 1734pm, amid the emission band of Tm3*-doped fiber
in the transition from level 3F4to level *Hs. Compared with silica-based fibers with a 1300nm
ZDW, germanate glass fibers will have a significantly red-shifted ZDW(>400nm). Moreover,
a Tm**-doped fiber with normal dispersion at the emission band from level 3Fsto level 3Hs,
will obviously increase the pulse energy in ultrafast fiber laser[134]. Therefore, it is worthwhile

to investigate the chromatic dispersion of the in-house fabricated TGF.
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