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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
Optoelectronics Research Centre

Doctor of Philosophy

THULIUM-DOPED FIBER SOURCES FOR NOVEL APPLICATIONS

by Zhihong Li

Very recently, the 2 µm wavelength region is attracting growing attention as a poten-
tial new transmission window for optical communications to accommodate the ever-
increasing internet traffic. This is underpinned by the emerging technology of hollow-
core photonic bandgap fibers (HC-PBGFs), which holds great promise as a transmission
medium with predicted ultra-low loss window around 2 µm. In order to realize optical
communications at 2 µm, high quality optical amplifiers are indispensable.

The first part of this thesis focuses on the development of thulium doped fiber am-
plifiers (TDFAs) for 2 µm optical communications. To start with, a fiber laser pumped
TDFA is developed. It provides high gain (>35 dB), noise figure (NF) as low as 5 dB, and
over 100 nm wide bandwidth around 2 µm. As a crucial step forward, diode-pumping
scheme of TDFAs is investigated. Amplification in the range 1810− 2050 nm with up to
36 dB gain and NF as low as 4.5 dB is achieved using in-band diode-pumping scheme.
Moreover, by exploiting novel amplifier design and newly developed passive device,
TDFAs operating in the 1.7− 1.8 µm waveband are presented. The TDFA gain is ex-
tended to as short as 1720 nm with 20 dB gain achieved. In total, TDFAs so far have
covered a remarkable gain bandwidth of 28.6 THz. As an ideal platform for testing the
TDFA performance, 2 µm data transmission experiments are conducted and show that
the TDFAs developed well meet the requirements of optical communication systems.

The second part of this thesis describes the development of high power 2 µm fiber
sources. Fiber master oscillator power amplifier (MOPA) systems directly seeded by
2 µm semiconductor diode laser are developed, showing remarkable flexibility and ver-
satility in terms of pulse control. MOPA systems working in the nanosecond regime
feature arbitrary pulse shaping capabilities with pulse energy up to 1.0 mJ (12.5 kHz,
100 ns). When working in the picosecond regime by gain-switching the seed diode
laser, the system is capable of operating at repetition rates in the range 2 MHz− 1.5 GHz
without change of configuration, delivering high quality 33 ps pulses with up to >3.5 µJ
energy and over 100 kW peak power, as well as up to 18 W of average power.
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Chapter 1

Introduction

This opening Chapter serves as the introduction to this thesis. To start with, the moti-
vation of my project is introduced. Next, the structure of the thesis is described. This
is followed by the summary of the key achievements of my PhD study. Finally, I detail
the contributions that I have made to the work presented in this thesis and acknowl-
edge the help that I have received with my PhD project and in particular with the work
presented in this thesis.

1.1 Motivation

Over the past few decades, breakthroughs in low loss, single mode transmission fiber,
erbium-doped fiber amplifiers (EDFAs), wavelength division multiplexing (WDM),
and more recently digitally coherent transmission, have shaped today’s internet infras-
tructure and successfully pushed the record transmission capacity within a factor of 2
(as of∼2010) of the nonlinear Shannon limit [1–3]. However, as a result of the exponen-
tially increasing volume of internet traffic, today’s telecom networks are rapidly being
driven towards their capacity limits, raising concerns over a potential future "capacity
crunch" (see Figure 1.1) [3]. Therefore, new physical layer technologies for communi-
cation networks will soon be necessary.

The quest for increasing transmission capacity has stimulated interest in radical ap-
proaches [4–6], e.g., space division multiplexing (SDM) employing multi-mode [7, 8]
or multi-core [9, 10] fibers. These novel techniques currently under study have shown
impressive data transmission performance and certainly offer interesting prospects. It
is worth noticing, however, that most of the research work directed towards enhancing
network capacity has been focusing on the 1.55 µm optical waveband, which falls in
the well-known low-loss transmission window of silica fiber [11] and the amplification
band of the EDFA [12, 13].
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4 Chapter 1 Introduction

Figure 1.1: Capacity evolution of fiber optic transmission systems (capacity
values scaled to represent a ∼1000 km system) [3]. Together shown is the re-
quired single-fiber capacity to meet the 40% annual growth of internet traffic.

The thulium (Tm3+) doped fiber amplifier (TDFA) offers a route to significantly en-
hanced amplification bandwidths. The remarkably broad emission spectrum of the 3F4

→ 3H6 transition in thulium-doped silica covers about 30 THz (∼1700 nm to ∼2100 nm
[14–17]), which is a particularly attractive feature compared to the∼15 THz (∼1480 nm
to ∼1620 nm [18, 19]) offered by the 4 I13/2 → 4 I15/2 transition in erbium (Er3+) doped
silica. Therefore, the enormous potential bandwidth resource of the TDFA is there to be
exploited. However, TDFAs have so far received little attention from the optical com-
munication community other than for its S-band emission properties [20, 21]. This is
largely due to the lack of a suitable transmission medium, since the background loss
of silica fiber is considerable at 2 µm. Nontheless, for local area networks, where fiber
loss is not a crucial issue, conventional fiber can be used to carry the signals across a
significant fraction of the TDFA bandwidth. As for long haul transmission, radically
new fiber types will be necessary.

Encouraging developments have recently been reported in the design and fabrication
of the hollow-core photonic band-gap fiber (HC-PBGF) [22–24], which is manifesting
itself as a very promising contender for the 2 µm transmission line. In HC-PBGFs, since
light is predominately guided in the hollow core, its overlap with silica glass and thus
the material absorption it experiences can be much reduced [25]. For a given wave-
length (not too long, say, ∼2 µm), it is found that the decisive factor for the ultimate
attenuation in HC-PBGFs is the scattering loss at the air-glass interfaces due to the
surface roughness that comes from the surface capillary waves frozen into the fiber
during fabrication [26]. Although very different from Raleigh scattering loss which
dominates in solid-core fibers and has ∝ λ−4 dependence [11], the surface scattering
loss still decreases quickly (∝ λ−3 [26]) as the wavelength increases. By reducing the
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F factor (which describes the overlap between the fundamental mode with the surface
[26]) through means of core size scaling, core boundary control, as well as air filling
ratio scaling, the loss limit of a 19-cell HC-PBGF is predicted to be about 0.2 dB km−1

at 1620 nm and 0.13 dB km−1 at 1900 nm [26]. A loss of 1.2 dB km−1 has been experi-
mentally demonstrated at 1620 nm [26], and before my PhD work, 9.5 dB km−1 loss at
1.99 µm [25] in HC-PBGFs was achieved. These are indeed very exciting results and
should spur further improvement in HC-PBGF design and fabrication to bring down
the loss of the HC-PBGF to a level comparable to or even lower than that of the con-
ventional single mode fiber. Nevertheless, note that although small, the material ab-
sorption in HC-PBGFs is not negligible and will eventually dominate the loss when
the wavelength increases (see Fig. 1.2(b), where the dotted lines show that the mate-
rial absorption increases with wavelength; the percentages marked are the air filling
ratios of the HC-PBGF). In fact, the balance point between surface scattering loss and
the infrared absorption in the HC-PBGF is where the minimum loss will be achieved.
Currently, it’s estimated to be around 2 µm [25, 26], fortuitously matching the TDFA
working wavelength.

Figure 1.2: A design of a low loss HC-PBGF and predicted lowest loss window
of HC-PBGFs at ∼2 µm [26, 27]. (a) Scanning electron micrograph (SEM) im-
ages of a low loss HC-PBGF with 20 µm core diameter exhibiting∼1.2 dB km−1

loss at 1620 nm. (b) Predicted lowest loss window of HC-PBGFs. Dashed blue
lines show the surface scattering losses which have ∝ λ−3 dependence. Dot-
ted red lines indicate the material absorption losses. The numbers beside the
dotted lines are the fractions of light travelling in the air.

HC-PBGFs have several other advantages when applied to communication networks.
Firstly, its ultra-low Kerr nonlinearity can greatly suppress various nonlinear effects
[28]. Secondly, it has a remarkable power handling ability due to the low nonlinear-
ity and high "damage" threshold of air as well as a larger modal area [28]. The higher
operating power allows higher optical signal-to-noise ratio (OSNR) hence higher spec-
tral efficiency according to the Shannon theorem [29]. Thirdly, it has good immunity
to bend loss as the "potential well" that restricts light from leaking is higher than that
of the single mode fiber [28]. Fourthly, it offers low latency since the refractive index
of the air core is lower than those of other media [22, 23] . Moreover, it is inherently
compatible with multi-mode transmission [22, 23].
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Recently, data transmission experiments have been conducted at 2 µm over both con-
ventional solid core fiber and HC-PBGF, achieving 20 Gbit/s [30] and 8 Gbit/s [24]
transmission rates, respectively. These preliminary results clearly indicate the potential
of 2 µm fiber communication systems. It is also worth commenting that other material
systems exist with potential for low loss at wavelengths around 2 µm [31, 32] providing
yet further motivation to consider the telecommunications potential of the TDFA.

Besides the application in potential future optical communication systems, thulium-
doped fiber amplifiers and lasers in the eye-safe 2 µm spectral region are attracting sig-
nificant interest in both research and industry as an enabling technology for numerous
other important applications such as spectroscopy, remote sensing, photo-medicine,
materials processing, as well as nonlinear frequency conversion [14, 33, 34]. For ex-
ample, the 2 µm waveband hosts rich absorption lines of various molecules (e.g., H2O,
CO2, and NO2 [35]) and can therefore find wide utilization in many areas. For instance,
as the first overtone vibration of OH at 1.9 µm falls in this region [36], a laser source
matching this absorption wavelength would be very useful for atmospheric lidar sens-
ing as well as medical and surgical applications [14, 33, 34]. Another example is the
use of 2 µm lasers for welding transparent plastics (see Figure 1.3) [37]. Welding with
1 µm lasers is only possible with additives inside the plastic to enhance the otherwise
very low absorption at this wavelength region [37]. For many of these applications,
pulsed high power thulium-doped fiber sources with flexible control in output pulse
parameters can be very helpful.

Figure 1.3: Application of 2 µm laser in plastic welding [37]. Left: schematic
of laser welding of two transparent plastics. Right: Two plastic welding exam-
ples. The laser used was a 2 µm Tm:YAG laser (Prolas GmbH Aachen).

This thesis describes the development of TDFAs for optical communications at 2 µm,
which is the main topic of the author’s PhD study. Another topic of my PhD course is
the study of high power pulsed thulium-doped fiber sources, which can be useful for
the various application areas mentioned above.

1.2 Thesis structure

This thesis is composed of three Parts.
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Part I (Chapter 1 – Chapter 2) introduces the background of this thesis. Chapter 1
discusses the motivation of my PhD project, describes the thesis structure, lists the key
achievements of my PhD study, details my contributions, and acknowledges helps that
I have received with the work presented in this thesis. Chapter 2 discusses related
theoretical and technological background of my PhD work. Topics including classical
theories of linear optical amplification, overview of rare earth doped fiber lasers, rare
earth spectroscopy theories, spectroscopic features of thulium-doped silica fibers, as
well as the current status of thulium-doped fiber sources are discussed in this Chapter.

Part II (Chapter 3 – Chapter 5) focuses on the development of TDFAs for optical com-
munications at 2 µm. In Chapter 3, fiber laser pumped TDFAs are developed and char-
acterized in the 2 µm telecommunications context. It is found that TDFAs are analogous
in implementation and function to the current EDFA, but capable of operating over a
far more extended bandwidth in this new waveband of interest. As a crucial step for-
ward for TDFAs to be considered as a true alternative solution, it has to reach the same
level of compactness, reliability and efficiency as current erbium-based systems, i.e.,
diode-pumping is indispensable. This is investigated in Chapter 4. It is demonstrated
that diode-pumping scheme is well suited to TDFAs, thus confirming the practicality
of 2 µm optical fiber communications from an amplifier perspective. A diode-pumped
monolithic ultra-wideband tunable laser at 2 µm is also developed and presented in this
Chapter. To fully exploit the potential of 2 µm optical communications, it is essential
to maximize the TDFA working window. Chapter 4 also presents the gain extension of
diode-pumped TDFAs towards 1.7 µm by utilizing novel amplifier designs and newly
developed passive devices. Compared with previous diode-pumped TDFAs discussed
earlier in this Chapter, a 90 nm gain extension is achieved. So far, the aggregated gain
band of diode-pumped TDFAs have covered 1715 – 2050 nm. Chapter 5 discusses 2 µm
data transmission experiments which serve as a perfect platform for evaluating the per-
formance of TDFAs in a system context. Two transmission experiments incorporating
either a solid core fiber or an HC-PBGF as the transmission medium are presented.

Part III (Chapter 6 – Chapter 7) reports the study of high power pulsed thulium-doped
fiber master oscillator power amplifier (MOPA) systems which feature flexible pulse
parameter control by exploiting a semiconductor diode laser as the seed. The MOPA
systems can work in both picosecond and nanosecond regimes, as discussed in Chap-
ter 6 and Chapter 7, respectively.

Note that just prior to finalising my thesis, (1) I succeeded in extending the gain of
silica-based TDFA (pumped by a fiber laser) to as short as 1650 nm, and also demon-
strated a holmium-doped fiber amplifier (HDFA) pumped by a thulium-doped fiber
laser (TDFL) providing gain for signal wavelength as long as 2130 nm. These results
are included in Appendix B rather than in the main contents due to the time limit of
thesis writing; (2) 2 µm data transmission experiments employing TDFAs that are pre-
sented in this thesis have demonstrated 8-channel (spanning 1968 – 2004 nm) coarse



8 Chapter 1 Introduction

wavelength division multiplexing (CWDM) transmission with a total capacity of 100
Gbit/s, as well as 8-channel (with 100 GHz channel spacing) dense wavelength division
multiplexing (DWDM) transmission with a total capacity of 160 Gbit/s over 1.15 km
HC-PBGF. These results are shown in Appendix C.

1.3 Key achievements

Key achievements of the author’s PhD study are summarized as follows:

• First demonstration and detailed characterization of TDFAs in the context of 2 µm
optical communications.

• Investigation of a diode-pumping scheme for TDFAs and identification of this
scheme as being suitable for TDFAs in 2 µm communication systems.

• Demonstration of diode-pumped TDFAs covering in total 1715 – 2050 nm (15 dB
gain window), which corresponds to an aggregate bandwidth of 28.6 THz. The
20 dB gain window spans 1723 – 2030 nm, corresponding to 26.3 THz bandwidth.

• Demonstration of 2 µm amplified data transmission experiments incorporating
TDFAs through both solid core fiber and HC-PBGF.

• Development of a diode-seeded thulium-doped fiber MOPA system delivering
picosecond pulses with up to 100 kW peak power.

• Demonstration of diode-seeded nanosecond thulium-doped fiber MOPA systems
incorporating active pulse shaping abilities with up to 1 mJ pulse energy.

1.4 Contributions and acknowledgements

The author is responsible for all the work presented in this thesis.

For the work presented in Part II (except the experiments in Chapter 5), I have been
helped by Dr. Jae Daniel and Mr. Nikita Simakov who have built the 2 µm tunable laser
sources for the TDFA characterization, as well as Dr. Alexander Heidt and Dr. Yongmin
Jung who have assisted me during all these experiments. They have all contributed to
the design of the TDFAs through discussions. For the experiments presented in Chap-
ter 5, the author has worked as the main assistant together with their respective leaders,
namely Dr. Naoise MacSuibhne (Tyndall National Institute & University College Cork)
for the experiment in Section 5.2 and Dr. Hongyu Zhang (Tyndall National Institute &
University College Cork) for the experiment in Section 5.3.
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For the work presented in Part III, I have conducted all the experiments together with
Dr. Alexander Heidt. I have built the first pre-amplifier and the power amplifier in the
MOPA, helped Dr. Alexander Heidt as the major assistant with the picosecond exper-
iment in Chapter 6, and led the nanosecond experiment in Chapter 7. Prof. Jayanta
Sahu and Dr. Peter Shardlow have provided the in-house drawn thulium-doped fiber
which has been used to construct the second pre-amplifier in the MOPA (this was done
by Dr. Alexander Heidt). The computer code to control the arbitrary waveform gener-
ator (AWG) used in Chapter 7 has been provided by Mr. Peh Siong Teh and Dr. Martin
Berendt and modified by myself for the experiment in Chapter 7.

Dr. Morten Ibsen, Dr. Martin Becker (Institute of Photonic Technology, Jena), and Dr.
Manfred Rothhardt (Institute of Photonic Technology, Jena) have provided 2 µm fiber
Bragg gratings (FBGs). Dr. Richard Phelan (Eblana Photonics) and Dr. Brian Kelly
(Eblana Photonics) have provided 2 µm semiconductor diode lasers. OFS Denmark
and Nufern have provided thulium-doped fiber samples.

All the work (except the transmission experiments in Chapter 5) in this thesis has been
conducted under the supervision of Prof. David Richardson, Dr. Shaiful Alam, and Dr.
Alexander Heidt. The transmission experiments in Section 5.2 and Section 5.3 have
been conducted under the supervision of Prof. Andrew Ellis (Tyndall National Insti-
tute & University College Cork) and Dr. Fatima Gunning (Tyndall National Institute &
University College Cork).

All the work presented in this thesis has been supported by the EU 7th Framework
Program under grant agreement 258033 (MODE-GAP) and by the UK EPSRC through
grant EP/I01196X/1 (HYPERHIGHWAY).





Chapter 2

Theoretical and Technological
Background

In this Chapter, I discuss the theoretical and technological background knowledge that
is related to the work presented in this thesis. I first briefly discuss the classical theo-
ries of linear optical amplification in Section 2.1. Important concepts such as Einstein’s
coefficients, transition cross sections, (quasi-)three/four-level systems, and population
inversion are introduced. Rate equations are established for three-level systems, based
on which I discuss two important gain regimes for optical amplifiers, namely the small
signal regime and the saturation regime. The gain behaviour of the optical amplifier
in both regimes is discussed. The topic of noise generation and detection is also inves-
tigated. Noise generated in the optical amplification process and contributions from
different types of noise to the output noise power of a detector placed after an optical
amplifier are analysed in detail. In Section 2.2, I provide a short review of the historical
development and current status of rare earth doped fiber lasers . Next, I describe the
distinguishing spectroscopic properties of rare earth elements and the corresponding
origins in Section 2.3. In particular, I discuss how the energy states of the rare earth
ions’ 4 f level are formed, as well as how the 4 f → 4 f transitions happen. In Sec-
tion 2.4, I discuss in detail the spectroscopic properties of thulium-doped silica fibers.
The energy structure of thulium ions doped in silica and pumping schemes of thulium-
doped fibers are discussed. Numerical models for simulating power characteristics of
thulium-doped fiber sources are also reviewed. Section 2.5 provides an overview of the
current status of high power thulium-doped fiber sources. Section 2.6 concludes this
Chapter. The background knowledge discussed in this Chapter is crucial for optical
fiber amplifier design as evidenced by the work presented in Part II and Part III. Note
that the discussion of the theories in this Chapter, in particular those in Section 2.1 and
Section 2.3, has followed a number of textbooks, namely References [38], [39], and [40].
More detailed and comprehensive discussions of related theories can be found in these
books.

11
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2.1 Linear optical amplification theories

2.1.1 Mode density

Consider a cubic box in space whose volume is V = L3. In V, only a finite number
of light wave modes can exist. Suppose a certain mode has a wavelength of λ. The
projections of λ on the x, y, z axes has to satisfy

λi

2
mi = L (i = x, y, z; mi = 0, 1, 2, · · · ). (2.1)

Let k denote the wave vector of a light wave whose wavelength is λ and frequency is ν.
We have |k| = k = 2π/λ = 2πν/c = 2πνn/c0, where c and c0 are the speed of light in
the medium (whose refractive index is n) and in vacuum, respectively. k can be treated
as a vector in the wave vector space as shown in Figure 2.1.

Figure 2.1: Wavevector coordinates

The projections of k on three axes are kx,y,z = 2π/λx,y,z = mx,y,zπ/L. In order to know
the number of modes in volume V whose frequencies are between ν and ν+dν, we can
calculate the number of modes in the wave vector space between k and k + dk as the
relation between k and ν is linear. Note that in the wave vector space, the allowed kx,y,z

are discrete points spaced at π/L interval. Therefore, the number of modes (taking
account of two polarization states) in volume V and between k and k + dk is [41]

2 ·
(π

L

)−3
·
∫ π/2

θ=0

∫ π/2

φ=0
k sin(φ)dθ · kdφ · dk = k2dk

∫ π/2

θ=0
dθ
∫ π/2

φ=0
sin(φ)

= 2 · V
π3 · k

2dk · cos(φ)|0φ=π/2 · θ|
π/2
θ=0

= 2 · V
π3 ·

(
2πν

c

)2 2πdν

c
π

2

=
8πν2dνV

c3 . (2.2)
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From Equation 2.2, it is clear that the mode density ρ(ν) in unit volume and unit fre-
quency interval around frequency ν is [38]

ρ(ν) =
8πν2

c3 . (2.3)

As we will see later, ρ(ν) ([modes m−3 Hz−1]) is an important factor that connects the
Einstein’s coefficients representing the transition probabilities [38].

2.1.2 Einstein’s coefficients

Consider an ensemble of atoms/ions/molecues with the same energy structure which
can be represented by a two-level energy system as shown in Figure 2.2. N1,2 and
g1,2 are populations and degeneracies of the upper energy level (E2) and lower energy
level (E1), respectively. A21, B12, and B21 are Einstein’s coefficients corresponding to
spontaneous emission, absorption, and stimulated emission, respectively. We ignore
the non-radiative transition between the two energy levels.

Figure 2.2: Diagram of a two-level system [38]. N1,2 and g1,2 are popula-
tions and degeneracies of the upper energy level (E2) and lower energy level
(E1), respectively. A21, B12, and B21 are Einstein’s coefficients corresponding
to spontaneous emission, absorption, and stimulated emission, respectively.
Non-radiative transition between the two energy levels is neglected.

In thermal equilibrium, the population distribution in this two-level system can be de-
scribed by the Boltzmann distribution [38]:

N2

N1
= exp

(
E1 − E2

kT

)
, (2.4)

where k is the Boltzmann constant, and T is the temperature of the system. At room
temperature, kT ≈ 200 cm−1. Figure 2.3 plots N2/N1 as a function of energy gap
∆E = E2 − E1 at different temperatures. It can be seen that N2 is always less than
N1 except for two extreme cases, where the two energy levels are very close (E2 ≈ E1)
or the temperature is very high (T >1× 106 K). For the wavelength region we are in-
terested in, namely λ <2 µm (∆E > 5000 cm−1) and moderate temperature, the whole
population resides at the lower energy level.
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Figure 2.3: Population distribution of a two-level system as a function of en-
ergy gap at different temperatures.

Assume that multiplets of the same energy level are equally populated (i.e. ignoring the
splitting of sub-levels and Boltzmann distribution of the population of the sub-levels).
Let N′2 and N′1 denote the population of any of the multiplets at the upper and lower
level, respectively. Then N2 = g2N′2, N1 = g2N′1, and hence [38]

N2

N1
=

g2N′2
g1N′1

=
g2

g1
exp

(
E1 − E2

kT

)
. (2.5)

We now look at Einstein’s coefficients. They are defined through the interaction be-
tween an electromagnetic field and the two-level system as [38]

∂N1

∂t
|absorption = −B12$(ν21)N1 (2.6)

∂N2

∂t
|spontaneous = −A21N2 (2.7)

∂N2

∂t
|stimulated = −B21$(ν21)N2, (2.8)

where ν21 = (E2− E1)/h; $(ν) ([J m−3 Hz−1]) is the radiation energy density, i.e. the ra-
diation energy per unit volume per unit frequency at frequency ν and can be calculated
by Planck’s law [38]:

$(ν)dν = ρ(ν)
hνdν

exp (hν/kT)− 1
, (2.9)

where ρ(ν) is the mode density shown in Equation 2.3. From Equation 2.6, B21 and
B12 ([s−1 J−1 m3 Hz]) can be understood as the transition probability per unit time per
energy density [38], whereas A21 ([s−1]) is the spontaneous emission rate [38].
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Equation 2.6 – Equation 2.8 describe the dynamics of population evolution for absorp-
tion, spontaneous emission, and stimulated emission, respectively. From these equa-
tions, it is clear that Einstein’s coefficients represent the probability of the correspond-
ing transition process. These equations are coupled by a simple relation [38]:

N1 + N2 = Ntot, (2.10)

where Ntot is the total population in the ensemble. Therefore, we have [38]

− ∂N1

∂t
=

∂N2

∂t
= B12$(ν21)N1 − A21N2 − B21$(ν21)N2. (2.11)

The steady state is described by [38]

∂N1

∂t
=

∂N2

∂t
= 0. (2.12)

Combining Equation 2.11 and Equation 2.12, we get

B12$(ν21)N1 − A21N2 − B21$(ν21)N2 = 0. (2.13)

Based on Equation 2.13 and using Equation 2.5, we can express the energy density with
Einstein’s coefficients:

$(ν21) =

A21
B21

B12
B21

N1
N2
− 1

(2.14)

=

A21
B21

B12
B21

g1
g2

exp
(

hν21
kT

)
− 1

. (2.15)

Compare Equation 2.15 and Equation 2.9, we can get two important relations [38]:

A21 = ρ(ν)hνB21 =
8πhν3

c3 B21 (2.16)

B12 =
g2

g1
B21. (2.17)

Note that the validity of Equation 2.17 depends on the derivation from Equation 2.14
to Equation 2.15, which relies on the assumption made for Equation 2.5 that sublevels of
the same manifold are equally populated.

Before ending this subsection, it is worth noting that A21 is often expressed in its recip-
rocal denoted by τ21, i.e. [39],

A21 = τ−1
21 . (2.18)

τ21 is quoted as the radiative life time of the upper energy level when there is only
spontaneous decay from the upper energy level to the lower energy level [39].
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2.1.3 Transition cross sections

The discussion we had in this Section so far is based on a monochromatic electromag-
netic field interacting with a strictly energy-matching two-level system [38]. However,
monochromaticity corresponds to an infinitely long light wave in time which clearly
does not exist. In real laser systems, various line-broadening mechanisms can broaden
the emission and absorption spectra. This non-zero linewidth situation can translate to
important considerations for laser and amplifier design. For instance, a broad emission
spectrum indicates a wide tuning range, whereas a broad absorption spectrum loosens
the requirement on stabilising the pump wavelength. In this subsection, we will briefly
discuss line broadening effects and introduce important parameters namely transition
cross sections.

2.1.3.1 Linewidth broadening and transition lineshapes

The first concept that needs introduction is the atomic lineshape function g(ν, ν0), which
is defined as the spectral distribution of transition probability per unit frequency while
collectively the central frequency of the whole emission spectrum is ν0 [38]. The fraction
of population that will emit in the frequency range (ν, ν + dν) is [38]

Ñ(ν)dν = N2g(ν, ν0)dν. (2.19)

The shape of g(ν, ν0) resembles the lineshape of the transition while the absolute value
of g(ν, ν0) can be obtained by integrating Equation 2.19 [38]:∫ ∞

0
Ñ(ν)dν = N2

∫ ∞

0
g(ν, ν0)dν = N2. (2.20)

Therefore, g(ν, ν0) must be normalized, i.e. [38],∫ ∞

0
g(ν, ν0)dν = 1. (2.21)

Linewidth broadening can be caused by various mechanisms. The resulting g(ν, ν0)

can be categorized into two groups, described by a Lorentz distribution function (see
Equation 2.22) and a Gaussian distribution function (see Equation 2.23), respectively
[38]:

gL(ν) =

(
∆ν

2π

)[
(ν− ν0)

2 +

(
∆ν

2

)2
]−1

(2.22)

gG(ν) =
2

∆ν

(
ln 2
π

)1/2

exp

[
−
(

ν− ν0

∆ν/2

)2

ln 2

]
, (2.23)
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where ν0 is the central frequency, ∆ν is the full width at half maximum (FWHM). Fig-
ure 2.4 compares a Lorentz lineshape with a Gaussian lineshape with the same FWHM.

Figure 2.4: Comparison of two spectral line shapes with a Guassian profile and
a Lorentz profile respectively [38]. The two profiles have the same linewidth
∆ν in this particular case.

Effects that cause Lorentz and Gaussian lineshapes are termed homogeneous broad-
ening and inhomogeneous broadening, respectively [38]. As the names suggest, the
former describes a situation where all lasing particles have the same lineshape and
frequency response, whereas in the latter case the central frequencies of individual par-
ticles are misaligned and different particles have slightly different frequency responses
on the same transition [38]. Lifetime broadening (natural broadening), collision broad-
ening, Dipolar broadening, and thermal broadening are typical homogeneous broad-
ening effects [38]. The Doppler effect in gases and random local crystal field in solids
can cause inhomogeneous broadening [38].

Rare-earth ions doped in glasses experience both homogeneous broadening and inho-
mogeneous broadening [39]. The former is mainly caused by nonradiative transitions,
which are particularly pronounced in silica fibers as the phonon energy is high and
electron-phonon coupling is strong [39]. The latter originates from the rich varieties
of local environment that the glass has to offer [39]. The inhomogeneous broadening
in glass results in broad and smooth transition spectra compared with the transition
spectra of crystalline hosts. From the perspective of constructing telecom amplifiers,
inhomogeneous broadening can be helpful for broadband WDM operation because the
broad and smooth transition spectra that it induces can help achieve relatively uniform
gain profiles and place less requirement on the pump wavelength stabilization.

The emission lineshape and absorption lineshape are generally different for a certain
transition. To distinguish the two lineshapes, we add subscripts to g(ν, ν0) and use
g21(ν, ν0) and g12(ν, ν0) to represent the emission and absorption lineshapes of the
transition between the two levels, respectively. We can examine the relation between



18 Chapter 2 Theoretical and Technological Background

g21(ν, ν0) and g12(ν, ν0) by replacing N1 with N1g12(ν, ν0)dν and N2 with N2g21(ν, ν0)dν

in Equation 2.14. Hence we get

$(ν) =
A21

B21

[
B12

B21

N1g12(ν, ν0)dν

N2g21(ν, ν0)dν
− 1
]−1

(2.24)

=
A21

B21

[
B12

B21

g12(ν, ν0)

g21(ν, ν0)

g1

g2
exp

(
hν

kT

)
− 1
]−1

. (2.25)

The derivation from Equation 2.24 to Equation 2.25 is based on Equation 2.5 which
assumes multiplets in the same energy level are equally populated. Comparing Equa-
tion 2.25 with Equation 2.9 leads to

B12

B21

g12(ν, ν0)

g21(ν, ν0)

g1

g2
= 1. (2.26)

Therefore we have
g12(ν, ν0) = g21(ν, ν0)

B21

B12

g2

g1
. (2.27)

Integrating Equation 2.27 and noticing that g12(ν, ν0) and g21(ν, ν0) are normalized, we
can get B12g1 = B21g2 , a relation the same as Equation 2.17. Feeding this back to
Equation 2.27 leads to [39]

g12(ν, ν0) = g21(ν, ν0). (2.28)

Note that the validity of Equation 2.28 is based on the assumption made for Equation 2.5,
i.e., sub-levels of the same energy level are equally populated.

2.1.3.2 Emission and absorption cross sections

With the lineshape function g(ν, ν0) defined and explained, the concept of cross sections
can now be discussed.

Consider a two-level system with linewidth-broadened transitions (center frequency is
ν0) interacting with an electromagnetic field with frequency νs. The absorption cross
section σ12(νs, ν0) and emission cross section σ21(νs, ν0) are defined through the follow-
ing two equations [39]:

∂N1(νs, ν0)

∂t
|absorption = −σ12(νs, ν0)N1

I(νs)

hνs
(2.29)

∂N2(νs, ν0)

∂t
|stimulated = −σ21(νs, ν0)N2

I(νs)

hνs
, (2.30)

where I(νs) is the light intensity ([J s−1 m−2]). Note that I(νs) can be expressed by the
energy density $(νs) as

I(νs) = $(νs)dνsc0/n, (2.31)

where c0 is the speed of light in the medium, n is the refractive index of the medium.
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In order to study the connection between transition cross sections with Einstein’s coef-
ficients as well as transition lineshapes, we rewrite Equation 2.6 and Equation 2.8 using
the relation in Equation 2.19:

∂N1(νs, ν0)

∂t
|absorption = −B12$(νs) · N1g12(νs, ν0)dνs (2.32)

∂N2(νs, ν0)

∂t
|stimulated = −B21$(νs) · N2g21(νs, ν0)dνs, (2.33)

where g12(νs, ν0) and g21(νs, ν0) are the absorption and emission line shapes at the sig-
nal frequency νs.

Comparing Equation 2.32 with Equation 2.29, and using Equation 2.31, we can get the
relation between the absorption cross section σ12(νs, ν0) and Einstein’s coefficient B12

[38, 39]:

σ12(νs, ν0) =
hνsn

c0
B12g12(νs, ν0). (2.34)

Similarly, by comparing Equation 2.33 with Equation 2.30 and considering the relation
Equation 2.31, we can obtain the emission cross section σ21(νs, ν0) expressed in Ein-
stein’s coefficient B21 [38, 39]:

σ21(νs, ν0) =
hνsn

c0
B21g21(νs, ν0). (2.35)

According to Equation 2.34 and Equation 2.35, cross sections can be viewed as the spec-
tral distributions of transition probabilities. They are convenient to use in the sense
that they can link the transition rate directly with the light intensity as shown in Equa-
tion 2.29 and Equation 2.30.

Equation 2.35 can also be written with Einstein’s coefficient A21 and the radiative life-
time τ21 involved by considering Equation 2.16 and Equation 2.18 [38]:

σ21(νs, ν0) =
c2

0
8πn2ν2

s
A21g21(νs, ν0) =

c2
0

8πn2ν2
s

τ−1
21 g21(νs, ν0). (2.36)

2.1.3.3 Ladenburg-Fuchtbauer theory of transition cross sections

The accurate knowledge of transition cross sections are required for the simulation of
lasers and amplifiers. There are a few ways to determine transition cross sections ex-
perimentally [42], among which the Ladenburg-Fuchtbauer (L-F) relation and the Mc-
Cumber theory are briefly discussed here. They are powerful tools since they link the
emission cross section and absorption cross section, allowing one to be calculated if the
other one is known.
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We first derive the L-F relation. Integrating Equation 2.34 gives

∫ ∞

0
σ12(νs, ν0)dνs =

∫ ∞

0

hνsn
c0

B12g12(νs, ν0)dνs

≈ hν0n
c0

B12

∫ ∞

0
g12(νs, ν0)dνs

=
hν0n

c0
B12. (2.37)

Note that we assume hνs is close to hν0 in the above derivation. This is essentially as-
suming that the emission bandwidth is relatively narrow [43]. Similarly, Equation 2.35
can be integrated:

∫ ∞

0
σ21(νs, ν0)dνs =

∫ ∞

0

hνsn
c0

B21g21(νs, ν0)dνs

≈ hν0n
c0

B21. (2.38)

Comparing Equation 2.37 and Equation 2.38, we have

∫ ∞

0
σ21(νs, ν0)dνs =

B21

B12

∫ ∞

0
σ12(νs, ν0)dνs. (2.39)

Next, we integrate Equation 2.36:

∫ ∞

0
σ21(νs, ν0)dνs =

∫ ∞

0

c2
0

8πn2ν2
s

A21g21(νs, ν0)dνs

≈ c2
0

8πn2ν2
0

A21

∫ ∞

0
g21(νs, ν0)dνs

=
c2

0

8πn2ν2
0

A21. (2.40)

Rewriting Equation 2.40 and considering Equation 2.39, we get [39]

A21 = τ−1
21 =

8πn2ν2
0

c2
0

∫ ∞

0
σ21(νs, ν0)dνs =

8πn2ν2
0

c2
0

B21

B12

∫ ∞

0
σ12(νs, ν0)dνs. (2.41)

Under the assumption that multiplets within the same energy level have equal popula-
tion, Equation 2.41 can be written as [39]

A21 = τ−1
21 =

8πn2ν2
0

c2
0

∫ ∞

0
σ21(νs, ν0)dνs =

8πn2ν2
0

c2
0

g1

g2

∫ ∞

0
σ12(νs, ν0)dνs. (2.42)

Equation 2.42 is called the Ladenburg-Fuchtbauer relation [39].

The L-F relation can be used to decide the absolute values of transition cross sections.
One can measure the shape of σ21(νs, ν0) by measuring the fluorescence spectrum and
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the shape of σ12(νs, ν0) by measuring the absorption spectrum of the medium. The ab-
solute values of σ21(νs, ν0) and σ12(νs, ν0) can then be obtained from Equation 2.42 with
additional measurement of the radiative lifetime τ21. For instance, suppose the mea-
sured fluorescence emission spectrum is Iem(νs, ν0) and suppose σ21(νs, ν0) ∝ Iem(νs, ν0),
the absolute value of the emission spectrum is [43]

σ21(νs, ν0) =
c2

0

8πn2ν2
0τ21

Iem(νs, ν0)∫ ∞
0 Iem(νs, ν0)dνs

. (2.43)

It is worth stressing that the validity of the L-F relation relies on the assumptions that
[39, 43] (1) all sub-levels in a certain energy state are equally populated; (2) the emission
bandwidth is not too large; and (3) the upper state lifetime is close to the radiative
lifetime, i.e., the quantum efficiency of the laser is close to unity.

2.1.3.4 McCumber theory of transition cross sections

In order to relax the assumption of equally populated energy levels and reflet the often-
seen real situation where the separations of multiplets within the same energy level are
non-trivial, the Boltzmann distribution has to be taken into account. The McCumber
theory has been developed in this context [42, 44]. We now derive the McCumber
theory.

Figure 2.5 depicts a generalized two-level system with degeneracies lifted. We use E1

and E2 to label the lower and upper manifolds, and Em1 and Em2 to denote a certain
sub-level in the lower and upper manifolds. σm2m1 and σm1m2 are the emission and ab-
sorption cross sections for the transitions between Em1 and Em2 . E12 is termed the "zero
line" [42], which is the energy difference between the baselines (lowest sub-levels) of
the two manifolds. Note that Em1 and Em2 are defined as the energy difference between
the sub-level denoted and the corresponding baseline of that particular manifold where
the sub-level belongs. Following these definitions, immediately we have [39, 42]

hν = E12 + Em2 − Em1 , (2.44)

where hν is the photon energy corresponds to the transitions between Em1 and Em2 .

In Figure 2.5, we claim σm2m1 and σm1m2 are approximately equal. This is under the
assumption that Em1 and Em2 are non-degenerate. In this case, Em1 and Em2 can be viewed
as the simplest two-level system. According to our discussions above, in particular
Equation 2.17, Equation 2.28, Equation 2.34, and Equation 2.35, σm2m1 ≈ σm1m2 .

The overall emission cross section σ21(ν) can be expressed as the weighed sum of in-
dividual emission cross sections between any of two sub-levels, the weight being the
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Figure 2.5: Diagram of a generalized two-level system [39]. E1 / E2: lower /
upper manifold; Em1 / Em2 : a certain sub-level in the lower/upper manifold;
E12: the "zero line" [42], which is the energy difference between the baselines
(lowest sub-levels) of the two manifolds; σm2m1 / σm1m2 : emission / absorption
cross section for the transitions between Em1 and Em2 .

population distribution [39]:

σ21(ν) = ∑
m1,m2

exp(−Em2 /kT)
Z2

σm2m1(ν), (2.45)

where Z2 is termed the partition function expressed as [39, 42]

Z2 = ∑
m2

exp(−Em2 /kT). (2.46)

Similarly, the overall absorption cross section is [39]

σ12(ν) = ∑
m1,m2

exp(−Em1 /kT)
Z1

σm1m2(ν), (2.47)

where Z1 is the partition function with the form of [39, 42]

Z1 = ∑
m1

exp(−Em1 /kT). (2.48)

Dividing Equation 2.45 by Equation 2.47 and taking account of Equation 2.44 as well as
σm2m1 ≈ σm1m2 , we have [39]

σ21(ν)

σ12(ν)
=

Z1

Z2

∑
m1,m2

exp(−Em2 /kT)σm2m1(ν)

∑
m1,m2

exp(−Em1 /kT)σm1m2(ν)

=
Z1

Z2
exp [(E12 − hν) /kT]

∑
m1,m2

exp(−Em1 /kT)σm2m1(ν)

∑
m1,m2

exp(−Em1 /kT)σm1m2(ν)

=
Z1

Z2
exp [(E12 − hν) /kT]

≡ exp[(ε− hν)/kT)], (2.49)
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where ε is chosen to satisfy exp(ε) = Z1/Z2 exp(E12). Equation 2.49 is the McCumber
relationship between the emission cross section and absorption cross section.

It can be clearly seen from Equation 2.49 that the emission cross section and absorption
cross section are only equal at a particular frequency ν0 = ε/h [39]. At frequencies
higher than ν0, the emission cross section is smaller than the absorption cross section,
i.e., the medium tends to absorb rather than to emit at such frequencies, and vice versa.
This is consistent with the second law of thermodynamics.

A full discussion of the experimental procedure of implementing the McCumber the-
ory is beyond the scope of this thesis. In order to get accurate cross section measure-
ments, great care should be taken [45, 46]. Indeed, due to the complexities involved in
the detailed treatment of energy structures and in the systematic error generated from
experiments (e.g., fluorescence reabsorption, poor signal-to-noise ratio at the edges of
spectra), debates have arisen over the validity of applying the McCumber theory to
rare-earth doped glasses [45–47]. The recent consensus suggests the McCumber theory
is applicable to rare-earth doped glasses under most practical circumstances [45, 46].
Although the discussion on the L-F theory and McCumber theory provided here is
very brief, it suffices to help understand the relations between cross sections and these
with the Einstein’s coefficients. This forms a good foundation for future study on spec-
troscopic properties of rare-earth doped fibers and numerical simulation work for rare
earth doped fiber lasers and amplifiers.

2.1.4 Energy structures for optical amplification

The discussion so far is based on hypothetical two-level systems. Two-level systems
where all sub-levels in the same manifold are equally populated cannot provide opti-
cal amplification for simple reasons. As the net number of transitions from the upper
level to the lower level directly translates to the number of photons generated, opti-
cal amplification can only be achieved by having a positive net number of transitions
from the upper level to the lower level. Equation 2.17 suggests that chances of an inci-
dent photon being absorbed or inducing stimulated emission are the same. Therefore,
optical amplification relies on the upper level having more population than the lower
level, a situation termed "population inversion" in contrast to the natural population
distribution described by Equation 2.5. In the case of optical pumping for a two-level
system with no energy level splitting, the pump frequency νp and the signal frequency
νs are forced to be equal. Suppose the pump populates the upper level to 50 % pop-
ulation inversion, i.e., the upper and lower levels have equal amount of population.
Then for a group of incident photons, there are collectively equal amounts of transition
events from the lower laser level to the upper laser level and vice versa, meaning that
the medium is transparent without loss or amplification. More pump power would not
help to raise the inversion, as the medium emits at the exact pump wavelength.



24 Chapter 2 Theoretical and Technological Background

In the real world, energy structures of laser media are far more complicated than the
simple two-level system. It is this very complexity in energy structure that provides the
opportunity for optical amplification. Insofar as the optical amplification is concerned,
energy structures can be coarsely grouped into two categories, namely the three level
system and the four level system. Figure 2.6 depicts the schematics of a three-level sys-
tem and a four-level system. In a three level system (see Figure 2.6(a)), some compo-
nent of populations of the ground level (E1) is pumped to a higher lying level (E3), from
which it is quickly transferred to the upper laser level (E2) through fast non-radiative
decay (characterized by a large W32). The upper laser level E2 features a long lifetime
(characterized by a small A21) so that population inversion can be built up over time
with respect to the ground level, which acts as the lower laser level. A four-level sys-
tem (see Figure 2.6(b)) has a similar pump process as well as an upper laser level (E3 in
Figure 2.6(b)) with a long lifetime, however, it differs from the three-level system in the
position of the lower laser level. Instead of having the ground level as the lower laser
level, the four-level system has its laser transition terminating at an energy level (E2 in
Figure 2.6(b)) higher than the ground state. The lower laser level in a four-level system
is sufficiently higher than the ground state such that its thermal population is insignif-
icant. However, the energy gap between the lower laser level and the ground level is
small enough to allow non-radiative processes to quickly depopulate the lower laser
level. Therefore, the lower laser level is essentially empty and population inversion
can be achieved more easily in a four-level system than in a three-level system. Note
that for the ease of discussion we have ignored the non-radiative decay from the up-
per laser level to the lower laser level for both the three-level system and the four-level
system. This is acceptable for laser materials with long upper state lifetimes.

Figure 2.6: Comparison between a three-level system and a four level system
[39]. (a): Energy diagram of a three level system. (b): Energy diagram of a
four level system. Ei: energy level; Ni: population at energy level Ei; σp / σs:
pump / signal transition cross section; φp / φs: pump / signal photon flux; Aij:
spontaneous emission rate from Ei to Ej; Wij: non-radiative decay rate from Ei
to Ej. Note that the non-radiative decay from the upper laser level to the lower
laser level is ignored for both cases for the ease of discussion.

Energy level structures of most optically active rare-earth ions (a noticeable exception
being Nd3+ operating on ∼1.06 µm transitions [48]) are described as "quasi-four-level
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systems". (Another term "quasi-three-level systems" is also commonly seen in the lit-
erature [48]. The former term is used here to be consistent with the fact that gain is
possible at an inversion level of less than 50 % between the upper and lower Stark level
manifolds.) A quasi-four-level system has a lower laser level with appreciable popu-
lation as it is close to the ground level [48]. For instance, if the ground state has large
Stark splittings, the lower laser level of a quasi-four-level system can be a higher lying
sub-level of the ground state’s Stark manifold. In fact, this is the case for all transitions
of Yb3+, Er3+ operating at ∼1.5 µm, as well as Tm3+ operating at ∼2 µm [48]. An im-
portant feature of the quasi-four-level system is that the shape of the gain spectrum de-
pends on the population inversion level [48]. For example, a low population inversion
level can result in strong (re)absorption for short wavelengths whereas the long wave-
lengths are less affected and can experience gain even at very low inversion levels.
Note that a quasi-four-level gain medium can behave more like a three-level-system
or a four-level-system depending on the wavelength it operates at and the transition
between three-level and four-level behaviours can be smooth [48].

2.1.5 Optical amplification in three-level systems

2.1.5.1 Rate equations and pump thresholds

In this subsection, we discuss the behaviour of a three-level system in the presence of
incident pump and signal photons by examining its rate equations. Based on our dis-
cussions above, in particular the definitions of Einstein’s coefficients and cross sections,
and using the nomenclature in Figure 2.6(a), we can write the following rate equations
for a three-level system [39]:

∂N3

∂t
= −W32N3 + (N1 − N3)σpφp (2.50)

∂N2

∂t
= W32N3 − A21N2 − (N2 − N1)σsφs (2.51)

∂N1

∂t
= A21N2 + (N2 − N1)σsφs − (N1 − N3)σpφp. (2.52)

In the steady state, populations at all levels do not change over time, thus we have [39]

∂N3

∂t
=

∂N2

∂t
=

∂N1

∂t
= 0. (2.53)

From Equation 2.50, we can express N3 with N1 as [39]

N3 =
1

W32/(σpφp) + 1
N1. (2.54)
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Using Equation 2.54 and Equation 2.51, we can further express N2 in terms of N1 as [39]

N2 =

W32
1+W32/(σpφp)

+ σsφs

A21 + σsφs
N1 (2.55)

≈
σpφp + σsφs

A21 + σsφs
N1. (2.56)

The derivation from Equation 2.55 to Equation 2.56 is based on the assumption that
W32 � σpφp. This is essentially assuming that the non-radiative transfer rate from
E3 to E2 is much higher than the pump rate. Under such assumption, we can further
assume that N3 = 0, i.e., the population pumped E1 to E3 instantaneously goes to the
upper laser level E2. Using Equation 2.56 and N1 + N2 ≈ N1 + N2 + N3 = N where N
is the total population, we can get [39]

N1 =
A21 + σsφs

A21 + 2σsφs + σpφp
N (2.57)

N2 − N1 =
σpφp − A21

A21 + 2σsφs + σpφp
N. (2.58)

Equation 2.58 suggests the population inversion depends on the competition between
the pump absorption (∼ σpφp) and the spontaneous emission rate (∼ A21). When
the pump photon flux exceeds a certain threshold, population inversion and therefore
optical amplification can be achieved. The pump photon flux threshold is given by [39]

φth =
A21

σp
=

1
σpτ2

, (2.59)

where τ2 is the upper state life time. The pump photon flux is therefore inversely pro-
portional to the so called "σ − τ product". Large pump absorption cross sections and
long upper state lifetimes help reduce pump thresholds, and vice versa.

Rewriting Equation 2.58 using φth, we have [39]

N2 − N1

N
=

φp/φth − 1
φp/φth + 1 + 2σsφs/(σpφth)

(2.60)

≈
φp/φth − 1
φp/φth + 1

. (2.61)

The derivation from Equation 2.60 to Equation 2.61 is based on the assumption that the
signal is very small, i.e., φs ≈ 0. Figure 2.7 plots the fractional population inversion
(N2−N1)/N as a function of normalized pump photon flux φp/φth according to Equa-
tion 2.61. It can be clearly seen that when there is no pump (φp = 0), all population
resides at the lower laser level. As the pump flux increases (0 < φp < φth), the popu-
lation inversion grows quickly. When the pump flux reaches the threshold (φp = φth),
there are equal populations at the upper and lower laser levels. This is the point where
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the three-level-system described by Equation 2.50 — Equation 2.52 becomes transpar-
ent (in practice, various loss mechanisms in the gain medium , e.g., background scat-
tering loss and material absorption, can increase the threshold). It is only when the
pump flux exceeds the threshold (φp > φth) that positive population inversion (and
therefore net gain) can be achieved. The population inversion reaches 50 % when the
pump flux is increased to three times the threshold (φp = 3φth). Note that after the
population inversion exceeds 50 %, the growth of population inversion becomes very
slow. It takes a pump photon flux as much as 20 times the threshold pump flux to reach
90 % population inversion.

Figure 2.7: Fractional population inversion (N2 − N1)/N as a function of nor-
malized pump photon flux φp/φth in the case of small signal (σs ≈ 0) [39].

At this point, it is useful to give an estimation of pump thresholds for fiber lasers and
amplifiers. The pump intensity threshold Ith is linked to the pump photon flux thresh-
old φth through the pump photon energy [39]:

Ith = hνpφth =
hνp

σpτ21
, (2.62)

where h is Planck’s constant and νp is the pump frequency. The pump power is the
integration of pump intensity over area. Suppose the pump intensity is uniform on the
plain normal to its propagation direction, we have

Pth = Ith A =
hνp

σpτ21
A, (2.63)

where Pth is the pump power threshold, A is the area which the pump light passes at
a normal angle. Rare-earth doped fiber as a gain medium has relatively long upper
state lifetime due to weakly allowed transition and well-confined light propagation in
a small core [39]. Therefore rare-earth doped fiber lasers and amplifiers can have very
low thresholds, making it possible to employ compact laser diodes as the pump source
[39]. To give an idea of numbers, we calculate Pth for using parameters given in Ref
[49]: for a thulium-doped fiber with τ21 = 6 ms (radiative lifetime) and σp(1550 nm) =
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2× 10−25 m2, suppose the pump wavelength is 1550 nm and the core size is 6 µm in
diameter, then Pth is estimated to be ∼3 mW.

2.1.5.2 Small signal regime and saturation regime

After discussing the rate equations and pump thresholds, we can now examine two
important scenarios for laser and amplifier operation, namely the small signal regime
and the saturation regime. The former describes the situation where the signal intensity
is very small compared with the saturation intensity (which will be introduced later),
whereas the latter refers to the situation where the signal intensity is much higher than
the saturation intensity. To study the signal power evolution in these two regimes,
we can explore the rate equations introduced above, as the change in population will
directly translate to the emission or absorption of photons.

Let N1, N2, N3, and N = N1 + N2 + N3 denote the population density in the units of
number of ions per unit volume. Note that the change of signal photon flux ∂φs after the
signal travelling through an infinitesimal length ∂z in an infinitesimal period of time ∂t
corresponds to the net change of the population inversion N2−N1 in the volume which
the signal path covers during ∂t, i.e.,

∂φs = c · ∂(N2 − N1)|stimulated emission, (2.64)

where c is the speed of light in the medium. Therefore we have [38, 39]

∂φs

∂t
=

∂

∂t
[c(N2 − N1)] |stimulated emission

= c(N2 − N1)σsφs (2.65)

⇒ ∂φs

∂z
= (N2 − N1)σsφs. (2.66)

Express N2 − N1 with the total population density N using Equation 2.58, we can fur-
ther write Equation 2.66 as [39]

∂φs

∂z
=

σpφp − A21

A21 + 2σsφs + σpφp
Nσsφs

=

Ip
Ith
− 1

1 + 2 hνpσs
hνsσp

Is
Ith

+
Ip
Ith

N
σs Is

hνs

≡
I′p − 1

1 + 2η I′s + I′p
N

σs Is

hνs

≡
I′p − 1

(I′p + 1)(1 + I′s/Isat)
N

σs Is

hνs
(2.67)

⇒ ∂I′s(z)
∂z

=
1

1 + I′s(z)/Isat(z)
I′p(z)− 1
I′p(z) + 1

Nσs I′s(z). (2.68)
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During the derivation of Equation 2.67 and Equation 2.68, we have used Equation 2.62
and have also defined a few new parameters, including [39]

η =
hνpσs

hνsσp
(2.69)

I′s(z) =
Is(z)
Ith

(2.70)

I′p(z) =
Ip(z)

Ith
(2.71)

Isat(z) =
1 + I′p(z)

2η
. (2.72)

I′s(z) and I′p(z) are the signal and pump intensities normalized with respect to the
threshold pump intensity Ith. Isat is called the saturation energy [39].

Equation 2.68 describes the signal evolution during its propagation through the gain
medium, e.g., a length of doped fiber. Depending on the relative strength of the sig-
nal intensity I′s(z) compared to the saturation intensity Isat(z), there are two extreme
scenarios which are of particular interest to applications. One is when I′s(z) � Isat(z),
other is when I′s(z)� Isat(z). These two cases are referred to as the small signal regime
and saturation regime, respectively. We will now examine them in detail.

When the signal is very weak (I′s(z) � Isat(z)) Equation 2.68 can be approximated to
[39]

∂I′s(z)
∂z

≈
I′p(z)− 1
I′p(z) + 1

Nσs I′s(z). (2.73)

Integrating Equation 2.73 and assuming that the pump intensity is uniform along the
direction of signal propagation, we get [39]

I′s(z) = I′s(0) exp

[
I′p − 1
I′p + 1

Nσsz

]
. (2.74)

Equation 2.74 describes the signal intensity evolution during its propagation through
the laser medium in the small signal scenario. We can learn a few things from Equa-
tion 2.74. Firstly, amplification of the signal can only be achieved when I′p > 1, i.e.,
Ip(z) � Ith. The existence of a threshold is consistent with our previous discussion as
depicted by Figure 2.7. Secondly, during optical amplification, the signal grows expo-
nentially along the z axis. Thirdly, the gain coefficient given by [39]

α =
I′p − 1
I′p + 1

Nσs (2.75)

depends on the pump intensity and therefore population inversion. It is also propor-
tional to the ion density and emission cross section at the signal wavelength. In the
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case of negative population inversion, the gain coefficient is negative, meaning that the
signal experiences loss rather than gain.

When the signal is very strong (I′s(z) � Isat(z)) Equation 2.68 can be approximated to
[39]

∂I′s(z)
∂z

≈ Isat(z)
I′p(z)− 1
I′p(z) + 1

Nσs. (2.76)

Integrating Equation 2.76 and assuming that the pump intensity is uniform along the z
axis, we get [39]

I′s(z) = Isat
I′p − 1
I′p + 1

NσszI′s(0). (2.77)

Equation 2.77 describes the signal intensity evolution in the saturation regime. Again,
in order to achieve amplification, there is a pump threshold to overcome. Once the
threshold is exceeded, the signal will experience amplification. It is interesting to no-
tice that in the saturation regime, the signal intensity grows linearly in contrast to the
exponential growing fashion in the small signal regime.

Before ending this subsection, we give the definition of gain [39]:

G = 10 log10

[
Is(z)
Is(0)

]
. (2.78)

G is in the units of dB and is the most important figure of merit for an optical amplifier.

2.1.6 Noise generation and detection

2.1.6.1 Noise generation during optical amplification

Noise is unavoidable for any linear amplifier because a noiseless linear amplification
process violates Heisenberg’s uncertainty principle [50, 51]. A full treatment is far be-
yond the scope of this thesis. Hence, the noise theory is treated here from a pragmatic
point of view to help understand how the noise is formed in an amplifier and detector
system and how to quantify the noise generated during amplification and detection.

Noise in amplification originates from the spontaneous emission. Recall Equation 2.16:
A21 = ρ(ν)hνB21. It shows the relation between Einstein’s coefficients A21 and B21,
hence it links probabilities of the spontaneous emission and the stimulated emission.
Quantitatively, the spontaneous emission probability (A21) equals the mode density
(ρ(ν)) times the energy of a single photon (hν) times the stimulated emission proba-
bility per unit energy density (B21). This relation can be interpreted in the way that
the spontaneous emission probability equals the stimulated emission probability of an
electromagnetic field composed of all possible modes with only one photon in each
mode. Therefore it can be inferred that the possibility of spontaneous emission falling
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into an individual mode equals the stimulated emission probability of this particular
mode occupied by a single photon [39].

Now we consider a mode at frequency νm and study its photon density evolution as it
propagates through a medium. According to Equation 2.6 – Equation 2.8, the change
in photon density Nm (in the units of number of photons per unit volume) is [39]

∂Nm

∂t
= B21$(νm)N2 − B12$(νm)N1 + A21(νm)N2, (2.79)

where N1 and N2 are the population density (in the units of number of ions per unit
volume), $(νm) is the energy density at frequency νm, A21(νm) is the probability of the
spontaneous emission falling into the mode with frequency νm. From our previous
discussion, A21(νm) can be expressed as

A21(νm)N2 =
1

∆V∆ν
hνmB21, (2.80)

where ∆V = 1 m3, ∆ν = 1 Hz. Substituting Equation 2.80 in Equation 2.79 and assum-
ing that B21 = B12, we get [39]

∂Nm

∂t
= B21hνmNm

1
∆ν

N2 − B21hνmNm
1

∆ν
N1 +

1
∆V∆ν

hνmB21N2

= B21hνm
1

∆ν
[Nm(N2 − N1) + N2/∆V] . (2.81)

Suppose ∂t = ∂z/c, where c is the light speed in medium, Equation 2.81 can be further
written as [39]

∂Nm

Nm + N2
N2−N1

1
∆V

= (N2 − N1)B21hνm
1

∆ν

∂z
c

(2.82)

⇒ ln
[

Nm(L) + nsp

Nm(0) + nsp

]
= (N2 − N1)B21hνm

1
∆ν

L
c

(2.83)

⇒ Nm(L) + nsp =
[
Nm(0) + nsp

]
exp

[
(N2 − N1)B21hνm

1
∆ν

L
c

]
(2.84)

≡
[
Nm(0) + nsp

]
exp(gL) (2.85)

≡
[
Nm(0) + nsp

]
G (2.86)

⇒ Nm(L) = GNm(0) + nsp(G− 1). (2.87)

During the above derivation, we have defined a few parameters, namely the inversion
parameter nsp, the gain coefficient g, and the gain (in linear scale) G [39]:

nsp =
N2

N2 − N1

1
∆V

(2.88)

g = (N2 − N1)B21hνm
1

∆ν

1
c

(2.89)

G = exp(gL), (2.90)



32 Chapter 2 Theoretical and Technological Background

where L is the length that the signal has travelled.

Equation 2.87 describes the photon density evolution in a linear amplifier. The first
term on the right side represents the amplification of the signal by a factor of G, whereas
the second term corresponds to the generation of spontaneous emission in a unit fre-
quency interval ∆ν = 1 Hz [39]. Therefore, the power of the spontaneous emission in a
bandwidth ∆ν around frequency ν at an amplifier gain of G (in linear scale) is [39]

Psp = nsp(G− 1)hν∆ν∆V, (2.91)

where ∆V = 1 m3. Note that it is often seen that nsp is defined as [39]

nsp = N2/(N2 − N1), (2.92)

which is a dimensionless parameter. Strictly speaking, this definition is not correct
when it is used in equations such as Equation 2.84. However, as this loose definition is
quite commonly used, we shall adopt it and correspondingly rewrite Equation 2.91 as
[39]

Psp = nsp(G− 1)hν∆ν. (2.93)

Note that (1) in the general case where the thermal distribution of populations is con-
sidered, the inversion factor becomes [39]

nsp =
σe(λ)N2

σe(λ)N2 − σa(λ)N1
=

1

1− σa(λ)
σe(λ)

N1
N2

, (2.94)

where σa(λ) and σe(λ) are the absorption and emission cross sections at the wavelength
λ, respectively; (2) Psp is the spontaneous emission power per spatial and per polariza-
tion mode [39].

2.1.6.2 Noise detection

At the output end of an optical communication system, a detector detects the optical
signal and converts it to an electrical signal. Detectors cannot follow the light frequency,
therefore, they do not respond to the electric field. Rather, they respond to the light in-
tensity. Suppose an electric field E is composed of signal Es and spontaneous emission
Es; also, suppose they have the same polarization. Then we have [39]

E = Es + Esp. (2.95)

The light intensity I is proportional to EE∗ (the star sign represents the complex conju-
gate) [39]:

I ∝ E2
s + E2

sp + EsE∗sp + E∗s Esp. (2.96)
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Consider a single mode optical amplifier and transmission link. Assume that an optical
amplifier has a flat gain G across an optical bandwidth Bo. Suppose the input optical
signal has an angular frequency of ω0 = 2πν0. According to Equation 2.93, the power
of spontaneous emission in one polarization state is [39]

Psp = nsp(G− 1)hν0Bo. (2.97)

Expanding the electrical field of the spontaneous emission using a series of simple har-
monic components in the time domain with Equation 2.97 taken into account [39]:

Esp(t) =
m=Bo/2δν

∑
m=−Bo/2δν

√
2nsp(G− 1)hν0δν cos[(ω0 + 2πmδνt) + φm], (2.98)

where δν is an infinitesimal frequency band chosen to make Bo/2δν an integer, m is
an integer labelling different frequency components, φm is a random phase associated
with each frequency component. For the ease of discussion, we define two parameters
[39]:

N0 = nsp(G− 1)hν0 (2.99)

M =
Bo

2δν
. (2.100)

The total electrical field at the output of the amplifier is [39]

E =
√

2GPin cos(ω0t) +
m=M

∑
m=−M

√
2N0δν cos [(ω0 + 2πmδνt) + φm] , (2.101)

where Pin is the power of the input signal. The phase of the amplified signal is chosen
to be zero.

Suppose the detector has unit quantum efficiency, which means that for one incident
photon, the detector will generate one electron. The photon current generated by the
detector is therefore [39]

i(t) =
〈
[E(t)]2

〉 e
hν0

, (2.102)

where the bracket 〈 〉 represents the time average over optical frequencies for a certain
variable. i(t) contains contributions from the intensity of the signal, intensities of spon-
taneous emission components, beating between the signal and spontaneous emission
components, and beating between two spontaneous emission components. Note that
each beating term can be viewed as the sum of a high frequency (∼ 2ω0) component
and a low frequency (∼ mδν) component. In the following discussion, we assume that
the detector does not respond to any high frequency component generated by the beat-
ing.
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Now we take a closer look at these contributions. Firstly, we examine the beating be-
tween the signal and the spontaneous emission. The corresponding photocurrent is
[39]

is−sp(t) =
4e
hν0

√
GPinN0δν

〈
m=M

∑
m=−M

cos(ω0t) cos[(ω0 + 2πmδνt) + φm]

〉

≈ 2e
hν0

√
GPinN0δν

m=M

∑
m=−M

cos(2πmδνt + φm). (2.103)

Note that the detector can follow the variation of the low frequency components, which
will directly be reflected in the photocurrent. The power spectrum of is−sp(t) is uniform
in the frequency domain in the [− Bo

2 , Bo
2 ] frequency band. The single-sided power spec-

trum of is−sp(t) is [39]

Ns−sp(ν) = (
2e
hν0

)2GPinN0δν2M
1
2

1
Bo

2

=
4e2

hν0
PinnspG(G− 1). (2.104)

Secondly, we examine the beating between two spontaneous emission components.
The corresponding photocurrent is [39]

isp−sp(t) =
e

hν0
2N0δν

〈[
m=M

∑
m=−M

cos[(ω0 + 2πmδνt) + φm]

]2〉

≈ N0eδν

hν0

p=M

∑
p=−M

q=M

∑
q=−M

cos[2π(p− q)δνt + φp − φq]. (2.105)

The dc component in Equation 2.105 consists of all terms when p = q and can be
expressed as [39]

isp−sp(t)|dc =
N0eδν

hν0
(2M + 1) = nsp(G− 1)eBo. (2.106)

The ac components in Equation 2.105 have their frequencies spanning from −2Mδν to
2Mδν, i.e., beatings between two spontaneous emission can cover the frequency range
of [−Bo, Bo]. Note that there are more combinations of (p, q) to generate a low beating
frequency than to generate a high beating frequency. Consider the single-sided power
spectrum when p− q = ±1 [39]:

Nsp−sp(δν) = 2Nsp−sp(±δν)

= 2
(

N0eδν

hν0

)2

4M
1
2

1
2δν

= n2
sp(G− 1)2e2Bo. (2.107)



Chapter 2 Theoretical and Technological Background 35

Note that Nsp−sp(δν) is for one polarization state only. Nsp−sp(ν) decreases linearly
from Nsp−sp(δν) to 0 as the frequency ν increases from δν to Bo. The single-sided power
spectrum of isp−sp for one polarization is therefore [39]

Nsp−sp(ν) = Nsp−sp(δν)

(
1− ν

Bo

)
= n2

sp(G− 1)2e2Bo

(
1− ν

Bo

)
. (2.108)

Figure 2.8 summarizes our discussion about electrical power spectrum so far. As dis-
cussed above, the noise power spectrum of the beating between the amplified signal
and spontaneous emission is flat across the (0, Bo/2] band, whereas the power spec-
trum of the beating between spontaneous emissions linearly decreases in the (0, Bo]

band. Be in the graph denotes the bandwidth of an electrical filter that is after the de-
tector. By using electrical filtering, the amount of noise that passes the detector can be
significantly reduced.

Figure 2.8: Single-sided electrical noise power spectrum for one polarization
[39, 52]. Bo: optical bandwidth; Be: electrical bandwidth; δν: infinitesimal fre-
quency interval. The square shape represents the beating between the ampli-
fied signal and spontaneous emission. The triangle shape represents the beat-
ing between two spontaneous emissions.

We now compute the amount of noise power that passes the electrical filter. To start
with, we define some parameters which facilitate the discussion. Let Is denote the
photocurrent of the input signal before the amplifier [39]:

Is =
e

hν0
Pin. (2.109)

The photocurrent at the output of the amplifier would be GIs where G is the amplifier
gain. Let Isp denote the photocurrent of the spontaneous emission of both polarization
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states. Using Equation 2.97, we have [39]

Isp = 2
e

hν0
Psp = 2ensp(G− 1)Bo. (2.110)

The signal-spontaneous emission beating noise power in the (0, Be] band can be ob-
tained by integrating Equation 2.104 over frequency [39]:

Ps−sp =
∫ Be

0
Ns−sp(ν)dν =

4e2

hν0
PinnspG(G− 1)Be. (2.111)

Equation 2.111 can be further expressed using Is and Isp [39]:

Ps−sp = 2GIs Isp
Be

Bo
. (2.112)

Similarly, the noise power of the beating between spontaneous emissions in the (0, Be]

band can be obtained by integrating Equation 2.108 over frequency. Suppose there
is no polarizer in the system, then the noise power of spontaneous emission beating
with spontaneous emission doubles (note that there is no coupling between the two
polarization states). In this case, we have [39]

Psp−sp = 2
∫ Be

0
Nsp−sp(ν)dν = n2

sp(G− 1)2e2(2Bo − Be)Be. (2.113)

Psp−sp can be further expressed using Isp by considering Equation 2.110 [39]:

Psp−sp =
1
4

I2
sp

Be(2B0 − Be)

B2
o

. (2.114)

The detector can also generate shot noise, the power of which is given by [39]

Pshot = 2eBe(GIs + Isp). (2.115)

2.1.6.3 Noise figure

We now arrive at the definition of another important figure of merit for a telecom fiber
amplifier, namely the noise figure (NF). It is defined thourgh the input and output
signal-to-noise ratio (SNR) as [39]

NF =
SNRin

SNRout
. (2.116)

Suppose the input signal is shot noise limited. Then the input SNR is [39]

SNRin =
I2
s

2eIsBe
=

Is

2eBe
. (2.117)
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The output SNR is [39]

SNRout =
(GIs)2

Ps−sp + Psp−sp + Pshot
. (2.118)

Substituting Equation 2.117 and Equation 2.118 into Equation 2.116, and using Equa-
tion 2.112, Equation 2.114, Equation 2.115, and Equation 2.110, we can calculate the NF
[39]:

NF =
Is

2eBe

Ps−sp + Psp−sp + Pshot

(GIs)2

=
1

2eBe IsG2 (Ps−sp + Psp−sp + Pshot)

=
1

2eBe IsG2

[
2GIs Isp

Be

Bo
+

1
4

I2
sp

Be(2B0 − Be)

B2
o

+ 2eBe(GIs + Isp)

]
=

Isp

eGBo
+

I2
sp(2Bo − Be)

8eIsG2Bo
+

1
G

+
Isp

IsG2

= 2nsp
G− 1

G
+

en2
sp(G− 1)2(2Bo − Be)

2IsG2 +
1
G

+
2ensp(G− 1)Bo

IsG2 . (2.119)

Note that Is/e = Pin/(hν). Suppose the input signal is 0.01 mW (−20 dBm) at 1550 nm,
then Is/e =78 THz. Suppose Bo =1 nm at 1550 nm, which is ∼125 GHz. Therefore
Bo � Is/e. So in Equation 2.119, when the gain is high (G � 1), the first term dom-
inates and NF ≈ 2nsp [39]. Recall that nsp = N2/(N2 − N1) (Equation 2.92) and thus
its mininum value (when there is positive gain) is unity which is achieved at full in-
version. Hence the minimum noise figure is NFmin ≈ 2, or more often quoted as 3 dB
[39]. An interesting phenomenon is that if we consider the definition of nsp in the
form of Equation 2.94, then nsp is modified by the factor σa(λ)/σe(λ) and therefore NF
is wavelength dependant. From Equation 2.49, we know that as the wavelength in-
creases, σa(λ)/σe(λ) decreases, which results in a smaller nsp for the same amount of
inversion N2/N1. In other words, an amplifier operating at a longer wavelength of its
gain band tends to have lower NF than operating at a shorter wavelength [39].

It is customary to use the first and third terms in Equation 2.119 to approximate NF
and express it using the power of the amplified spontaneous emission (ASE) [39]:

NF ≈ 2nsp
G− 1

G
+

1
G

(2.120)

=
PASE

hν∆νG
+

1
G

, (2.121)

where ∆ν is the optical bandwidth, PASE is the measured ASE power in this band at
the output of the amplifier (contains two polarizations). The derivation from Equa-
tion 2.121 to Equation 2.121 can be obtained by considering the following relation [39]:

PASE = 2Psp = 2nsp(G− 1)hν∆ν. (2.122)
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In practice, NF of an amplifier is calculated by measuring the amplifier gain G at a
particular frequency ν and estimating the ASE power PASE in the bandwidth ∆ν. A
detailed procedure can be found in the literatures such as Ref [53].

2.2 Overview: rare earth doped fiber lasers

The history of rare earth (RE) doped fiber lasers is almost as long as that of the laser
itself. Following the first few most important milestones in the laser history, namely,
the first maser demonstration in 1955 [54], the principle of lasers ("optical masers") be-
ing proposed in 1958 [55], and the first demonstration of a working laser in 1960 [56],
Snitzer proposed the idea of using fiber cavities to construct lasers in 1961 [57]. In the
same year, he reported the first working fiber laser based on a barium crown glass fiber
doped with neodymium (Nd3+) as the lasing ion pumped by a flashtube [58]. In 1964,
Koester and Snitzer reported the demonstration of a fiber amplifier also based on Nd-
doped glass fiber [59]. It is very interesting to note that some of the key technologies
we are using today have their origins dated back to the 1960s. For example, in Snitzer’s
paper "Proposed Fiber Cavities for Optical Masers" [57], the ideas of double-clad fibers,
large core fibers (with ∼25 µm core diameter), and even that "a gas maser can be made
from a fiber with a hollow core" were conceived. It is worth mentioning that the com-
mon concept of "optical fibers" and dependent concepts like "fiber lasers" were not
heavily investigated at this time. Rather, rare earth ions were most often doped into
glasses in their rod form. Note that despite its excellent mechanical properties com-
pared with other glass hosts, silica glass was not proven to be a host able to achieve
laser action when doped with RE because of the poor solubility of the lasing ion in
pure silica host and the unsatisfying optical quality of the doped material that could be
obtained at that time [60]. The first reported laser operation of Nd3+, ytterbium (Yb3+),
holmium (Ho3+), erbium (Er3+), and thulium (Tm3+) in various glass composites can
be found in references [58, 61, 62], [63], [64], [65, 66], and [67], respectively. In the same
period, possibilities of achieving low loss optical fibers (∼20 dB km−1 predicted loss at
0.6 µm) and the use of such fibers for optical communications were discussed [68].

In the 1970s, the breakthrough in low-loss (∼ 7 dB km−1 measured loss at 633 nm) fiber
fabrication [69] paved the way for the demonstration of the first fiber laser based on
fused silica (Nd3+ doped) in 1973 [70]. It was in the late 1970s that the low-loss single
mode fiber as we know it today was developed, exhibiting loss as low as 0.2 dB km−1

at 1.55 µm [11].

The next decade saw arguably one of the most thrilling breakthroughs in laser history,
i.e., the invention the erbium-doped fiber amplifier (EDFA) [12, 13]. The EDFA pro-
vides excellent performance at∼1.55 µm which perfectly matches the low loss window
of the low-loss silica fiber [11]. Together, they have enabled today’s long-hual optical
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communications. Double-clad fibers were also demonstrated during this period [71],
which have now become one of the key enabling technologies for high power fiber
lasers. Besides Er-doped fibers, Nd-doped fibers at that time still attracted a consider-
able amount of research effort [71–74] while fibers doped with other rather earth ions,
e.g., terbium (Tb3+) and europium (Eu3+), started to be developed [75, 76]. An impor-
tant feature of some of these fiber laser systems is the use of semiconductor laser diodes
as the pump source. For example, experiments described in [72, 74] both used GaAlAs
laser diodes emitting at ∼0.8 µm to pump the Nd-doped gain fiber. Historically, pump
laser diodes at ∼0.8 µm were among the first developed and best established because
of the need for pumping Nd:YAG lasers (which have established themselves as one of
the most important members in the laser family by virtue of their superior high power
performance). Nd-doped fiber lasers exploited this pump availability and have become
the first to deliver kW cw (albeit multi-moded) performance [77, 78]. The diode pump-
ing scheme has later become essential for the realization of high power fiber lasers
thanks to laser diodes’ unrivaled efficiency and the perfect spectral overlap with some
of the most important absorption bands of rare earth dopants in fibers. The advent of
high brightness laser diodes, in particular those emitting at 9xx nm, has eventually led
to the rise of Yb-doped high power fiber lasers which have sidelined their Nd3+ coun-
terparts in the 1 µm region [77]. Yb3+, which works as a quasi-four level system, is the
current choice of laser ion for high power fiber laser operations thanks to its unique
spectroscopic advantages which will be discussed in Section 2.3.

Figure 2.9: Principle of cladding-pump scheme for fiber lasers [77]

Low-loss fiber (doped and undoped) fabrication, high efficiency semiconductor pump
sources, and advanced fiber design (e.g., double-clad large mode area (LMA) fiber)
have shaped today’s fiber laser technology, especially high power fiber lasers. Fig-
ure 2.9 depicts a schematic of a diode-pumped double-clad fiber which can be used in
either a laser or an amplifier setup.

Indeed, since the early 1990s, the output power of fiber lasers, in particular Yb-doped
fiber lasers, have increased dramatically. Figure 2.10 plots the power evolution of Yb-
doped fiber lasers over time. In 1999, the cw power of diode-pumped single-mode
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double-clad Yb-doped fiber laser reached over 100 W for the first time [79]. In 2004, a
double-clad large-core (43 µm core diameter, NA=0.09) Yb-doped fiber laser pumped
by diode-stacks achieved 1 kW multi-mode (M2 = 3.4) cw power. In the same year,
1.36 kW single mode operation was achieved using an improved fiber design featuring
a smaller NA (< 0.05) and core diameter (40 µm) [80].

Figure 2.10: Power evolution of high power cladding-pumped cw Yb-doped
fiber lasers [81]. MM: multi-mode. SM-DP: single-mode diode-pumped. SM-
TP: single-mode, tandem pumped. CBC: coherent beam combination.

Note that although achieving multi-kW is possible using direct diode-pumping [82],
to obtain 3 kW single-mode cw power and above, the tandem pumping technique is
generally exploited [77]. Tandem pumping uses fiber lasers to in-band pump the gain
fiber, taking advantage of the high brightness of fiber lasers as the pump which allows
a shorter gain fiber and a small quantum defect which helps minimize the heat load in
the final amplifier. It is also worth mentioning that although multi-kW level operation
is obtainable from a single oscillator [80, 82, 83], the master oscillator power amplifier
(MOPA) scheme is often employed in high power fiber lasers. A MOPA system is usu-
ally composed of a low power seed source and a few subsequent amplification stages
which amplify the seed input to the desired power level. An important advantage of
the MOPA structure is the high flexibility in terms of parameter control [77]. For in-
stance, it is much easier to amplify a low power single frequency seed to a specific high
power level rather than trying to build a high power oscillator which at the same time
has single frequency output [77].

Besides Yb3+, the other key rare earth dopants for fiber lasers are Er3+, Tm3+, and
Ho3+. Figure 2.11 shows the record high power of fiber lasers based on these laser ions
as a function of operating wavelength. It can be seen that towards the longer wave-
length the output power has an exponential decrease [33]. This is due to the increasing
quantum defect between the pump wavelength which mostly resides in the <1.0 µm



Chapter 2 Theoretical and Technological Background 41

region and the laser wavelength when moving towards mid-infrared [33]. At the mo-
ment, Tm-doped fiber lasers at ∼2 µm represent the only alternative to Yb-doped fiber
lasers for the generation of kW level single-mode cw output. This is due to the unique
spectroscopic features of Tm3+, which will be discussed in following sections.

Figure 2.11: Maximum demonstrated cw output power of popular rare earth
doped fiber lasers as a function of operating wavelength [33]. The references
labelled in the graph refer to those in [33].

The discussion so far is largely focused on cladding-pumped high power fiber lasers. It
is interesting to note that historically the cladding pump scheme was initially studied
for more moderate applications such as telecommunications [77, 84]. However, while
the cladding pump scheme has established itself as one of the enabling technologies
for high power fiber lasers, most EDFAs used in today’s telecommunication systems
remain core-pumped rather than cladding-pumped. At this point, it would be useful
to discuss the pros and cons of both pumping schemes.

Arguably the most attractive feature of the cladding pump scheme is its power scal-
ing capability. From an optical communication point of view, this can be useful for
increasing the optical signal-to-noise ratio (OSNR) and can therefore increase the spec-
tral efficiency (SE) which is given by SE = log2(1 + OSNR) [3]. However, this is not
quite practical for current telecommunication networks since high power transmission
through long-hual optical fiber can lead to severe nonlinear problems. In this regard,
multimode transmission replying on large core multimode fibers can bring out the ad-
vantage of cladding-pumped high power multimode amplifier [85, 86] as the large
mode area increases the nonlinear threshold. The electrical power consumption per
mode in this case might be comparable with current single-mode systems. HC-PBGF
is another promising medium where the nonlinearity is low and can thus support high
power transmission (for both telecommunication and power delivery applications).
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The most distinguishing feature of the core pump scheme is the large overlap between
the pump and the signal. This releases the requirement on dopant concentration and
makes active fibers with low-dopant concentrations usable. More importantly, the tight
confinement of the pump light brings down the pump threshold (see 2.1.5.1 for de-
tailed discussion) and makes highly reliable, highly compact single-mode semiconduc-
tor laser diodes a suitable pump source. The core pump scheme also tends to have
lower noise generated during amplification than the cladding pump scheme due to the
ability of the former to create higher population inversions. Therefore, the core pump
scheme is the preferred choice for amplifiers employed in current optical communica-
tion networks where robustness, compactness, efficiency, and ease of deployment are
of prime importance.

2.3 Rare earth spectroscopy

Rare earth ions have a few distinguishing spectroscopic features when compared with
other optically active ions [40]: their absorption and emission lines are relatively nar-
row with weak transition intensities, the absorption and emission wavelengths are rel-
atively insensitive to host materials, and the lifetimes of the metastable levels are long.
These properties have great influence on the applications of rare earth doped gain ma-
terials and are important concerns in the design of fiber lasers and amplifiers . In this
section, we will investigate the origins of these somehow peculiar spectroscopic prop-
erties by examining the electronic structures of rare earth ions and discussing their
4 f → 4 f transitions.

2.3.1 The lanthanides

Rare earth elements consist of two groups, namely the lanthanides (atomic number 57
– 71) and the actinides (atomic number 89 – 103) [39]. Most rare earth doped fiber lasers
and amplifiers are based on the lanthanide elements [39]. This is because many actinide
elements do not have an isotope stable enough to be used for such applications whereas
promethium (Pm) is the only lanthanide that has a short half-life time (<20 year) [40].
For this reason, sometimes the term "rare earth" refers exclusively to the lanthanides.
In this thesis, we use this terminology. The trivalent ionization state is the most stable
state for rare earths in condensed matter [40]. Therefore, I will focus my discussion on
trivalent lanthanide ions.

Figure 2.12 summarizes the electronic structures of lanthanide atoms and radii of their
trivalent ions. All the lanthanides have completely filled inner shells with the same
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electronic structure as a Xenon (Xe) atom, which is [87]

1s22s22p63s23p64s23d104p65s24d105p6.

Figure 2.12: Electronic configuration of rare earth atoms [87]. The numbers on
the right are the radii (in pm) of the corresponding trivalent ions [88].

During ionization, the 6s and 5d (if there is one) electrons are preferentially removed;
if there is no 5d electron, then one 4 f electron is lost [39, 40]. This results in a trivalent
ion with the structure of [87]

[Xe]4 f N , N = 1 : 13 from Ce3+ to Yb3+.

La has an empty 4 f shell whereas Lu has a fully filled 4 f shell. Therefore there is no 4 f
electronic transition for La and Lu [89].

In an imaginary process whereby electrons are gradually added to a system with a
certain rare earth nucleus to construct the corresponding atom, from lanthanum to
lutetium, after filling the [Xe] structured inner shells, the remaining electrons will first
completely fill the 6s shell, then gradually fill the 4 f shell according to the Aufbau prin-
ciple [90] (except for cerium, gadolinium, and lutetium which have one electron in the
5d shell). In such a process, an important phenomenon, namely the "lanthanide con-
traction" happens. This term describes the phenomenon that the decrease in radii of
rare earth ions with increasing atomic numbers is greater than expected, which results
from the imperfect screening of the nuclear charge from the 4 f electrons [40, 91] (the
strength of inner electrons’ shielding effect decreases in the order of s > p > d > f
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[91]). In fact, the contraction is so much that the 4 f wavefunctions lies within the 5s2

and 5p6 shells of the closed [Xe] inner shells [39, 40] (it is interesting to note that the
word lanthanum comes from Greek lanthanos meaning hidden [39, 92]). Therefore, the
4 f electrons are partly shielded by the 5s and 5p electrons from outer environments,
which is responsible for the various laser related spectroscopic properties of the lan-
thanides [39, 40]. The shielding effect from 5s and 5p electrons makes transitions that
happen within the 4 f shell less sensitive to the environment (e.g., the local static electric
field at the site where the ion is accommodated). This leads to sharp transition lines for
rare earth ions in contrast to the broadband absorption and emission spectra of transi-
tion metal ions. An important and representative example is titanium (Ti). Ti3+ has an
electronic structure of [38]

1s22s22p63s23p63d1.

The 3d shell where the laser transition happens is directly exposed to the outside en-
vironment. Therefore, there is a strong interaction between the electronic states and
the host lattice vibrations (i.e. phonons) [93]. Consequently, Ti3+ features a remark-
ably wide emission spectrum even in crystalline hosts. The tuning range of Ti:sapphire
lasers can cover ∼650 – 1100nm [94].

2.3.2 The 4 f → 4 f transition

The 4 f → 4 f transition is the origin of the absorption and emission of rare earth ions
in the visible and near-infrared region [39, 40, 89]. It has not been straightforward to
establish this from a historical point of view. The difficulty comes from that theoreti-
cally the 4 f → 4 f transition happens between two energy levels with the same parity,
which is not allowed according to the Laporte selection rule (that parity-conserving
electronic transitions for centro-symmetric molecules are forbidden [95]) [96]. There-
fore, the 4 f → 4 f transition is parity-forbidden in nature. In 1937, Van Vleck described
this situation as "the puzzle of rare-earth spectra in solids" [96]. In the following part,
I shall try to answer the question Van Vleck raised "why should the forbidden lines be
visible at all, faint though they may be?" [96].

The Hamiltonian operator for an individual rare earth ion can be written as [40]:

Ĥ = Ĥfree ion + Vion – static lattice + Vion – dynamic lattice + Vion – ion + VEM, (2.123)

where Ĥfree ion is the Hamiltonian of the ion in complete isolation, Vion – static lattice and
Vion – dynamic lattice describe respectively the static and dynamic interactions of the ion
with the host, Vion – ion describes the interaction of the ion with other rare earth ions,
and VEM contains the interaction between the ion and an electromagnetic field. The
first two terms in Equation 2.123 are static (i.e. time-independent) terms that give the
observed 4 f energy states, whereas the last three terms in Equation 2.123 are dynamic
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terms that induce electronic transitions [40]. In the following discussion, I will first
look at how the energy states of the 4 f configuration are established, after which I will
examine how electronic transitions happen within these states.

2.3.2.1 Static interactions — free-ion Hamiltonion

The first term Ĥfree ion in Equation 2.123 corresponds to the total energy of a free-ion
system and is usually treated by applying the central field approximation whereby
every electron is assumed to move independently in a combined spherically symmetric
electrical field formed by the nucleus and all other electrons [40, 89, 97]. Under such
approximation, the free-ion Hamiltonian can be further decomposed as [39]:

Ĥfree ion = − h̄2

2m

N

∑
i=1
∇2

i −
N

∑
i=1

Z∗e2

ri
+

N

∑
i<j

e2

rij
+

N

∑
i=1

ζ(ri)
−→si ·
−→
li + smaller terms, (2.124)

where N is the number of 4 f electrons, Z∗e is the effective nuclear charge (which takes
account of the shielding effect of the [Xe]-structured electrons between the nucleus and
the 4 f electrons), ζ(ri) is the spin-orbit coupling function, −→si is the spin angular mo-
mentum and

−→
li the orbital angular momentum. The first term in Equation 2.124 is the

kinetic energy of the electrons [39]. The second term in Equation 2.124 stands for the
Coulomb interaction between the nucleus (plus the [Xe]-structured electrons) and the
4 f electrons [39]. Both terms are spherically symmetric thus do not lift the 4 f degen-
eracy [39]. The third term in Equation 2.124 describes the mutual Coulomb repulsion
between the 4 f electrons [39]. This term is often seen referred to as the electrostatic
interaction. We denote this term as Ĥe. The fourth term represents the spin-orbit inter-
action, which describes the interaction between the spin-associated magnetic moment
of an electron and the magnetic field created by its own motion around the nucleus [89].
It is the strongest magnetic interaction [40]. We denote this term as Ĥso. We will see that
the third and fourth terms have the strongest effect in lifting the 4 f degeneracy. Insofar
as the 4 f → 4 f transition is concerned, the first two terms in Equation 2.124 are unim-
portant as they only shift the 4 f energy states by a constant energy [40]. I shall overlook
them in the following discussion and essentially consider that Ĥfree ion = Ĥe + Ĥso.

To describe the states of a multi-electron system (e.g., a rare earth ion), there are sev-
eral schemes. By convention, the Russell-Saunders (R-S) coupling (also called the LS
coupling) scheme is used for rare earth ions [39, 40, 89]. In this scheme, all electrons’ or-
bital angular momenta are vectorially added to form a total angular momentum L and
their spin angular momenta are also vectorially summed to form a total spin angular
momentum S. L and S are then vectorially coupled together to construct a total angu-
lar momentum J. A 4 f energy state can therefore be represented by a ket

∣∣4 f NSLJ Jz
〉

where Jz is the fourth quantum number needed to fully describe a quantum state. It
is customary to write the 4 f energy states in the form of 2S+1LJ [39]. As electrons are
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fermions, there is a finite number of possible states according to Pauli’s exclusion prin-
ciple (that two electrons in the same quantum state, i.e., with identical four quantum
numbers, cannot co-exist in a poly-electron system) [98].

The electronic repulsion Ĥe splits the 4 f configuration to terms 2S+1L, but the J de-
generacy still persists [39, 40]. The spin-orbit interaction Ĥso lifts the degeneracy with
respect to the total angular momentum J and splits the 2S+1L state into several 2S+1LJ

multiplets with different energies [39, 40, 89], where J = |L− S|, |L− S + 1|, ..., |L + S|
[89]. However, the Jz degeneracy, which is (2J + 1) fold, has not been lifted because
the spherical symmetry is not broken [39]. We will see in the following discussion that
the Jz degeneracy will be lifted by the local crystal field at the site where the ion re-
sides. Figure 2.13 takes the example of Pr3+ and illustrates how Ĥe and Ĥso split the
degenerated 4 f state into 2S+1LJ levels.

Figure 2.13: Energy structure diagram of Pr3+ illustrating energy level split-
tings due to different interactions [40]

At this point, it is worth mentioning that the electrostatic and spin-orbit interactions
are of similar order for rare earth ions (i.e., Ĥe ≈ Ĥso), which is not the case for light
atoms [39, 40, 89]. For light atoms (e.g., atomic number Z < 40 [99]), the electrostatic
interaction is much stronger than the spin-orbit interaction (i.e., Ĥe � Ĥso). There-
fore, L and S are "good" quantum numbers which are the exact eigenvalues of Ĥfree ion

[39, 40, 89]. Correspondingly, the eigenfunctions are pure LS-coupled states [39, 40, 89].
As the atomic number increases, both electrostatic and spin-orbit interactions become
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stronger [39, 40, 89]. However, the latter grows much faster than the former [39, 40, 89].
In fact, the magnitude of the spin-orbit interaction increases with the atomic number
as Z4 [89], whereas from Equation 2.124 it can be seen that the electrostatic interaction
(third term) has C2

N = N!
2!(N−2)! terms (N = Z− 57) which has a much lesser dependance

on Z. For elements as heavy as the rare earths, the two interactions reach a similar mag-
nitude, a situation termed as the "intermediate coupling" in contrast to LS coupling and
jj coupling (which applies when Ĥe � Ĥso) [89]. Because of the strong spin-orbit inter-
action, L and S cease to be "good" quantum numbers. Ĥso is not diagonal in the base
set of

∣∣4 f NSLJ Jz
〉

and introduces off-diagonal elements to Ĥfree ion [89]. Specifically, it
mixes states with the same J [89]. Therefore, the R-S coupling scheme is not rigidly
accurate for describing the 4 f electrons’ energy states, although it is still the customary
choice for this purpose.

So far, I have discussed the first term in Equation 2.123 and established that the elec-
trostatic and spin-orbit interactions lead to the 2S+1LJ states of the 4 f electrons. The
combined amplitudes of Ĥe and Ĥso can be responsible for as much as 80–90% of all
interactions [89]. Other interactions only modify the fine structure of the 4 f states.

2.3.2.2 Static interactions — crystal field

It is aforementioned that the crystal field lifts the Jz degeneracy of 2S+1LJ multiplets.
Indeed, the crystal field splits each 2S+1LJ state into a number of fine energy levels
— the so called "Stark levels". What is more important is that the crystal field is the
key factor that gives the 4 f → 4 f transition intensities. We now discuss in detail the
influence of the crystal field. Note that the term "crystal field" does not necessarily
involve a crystalline host. It refers to the static local electrical field produced by the
ligands surrounding the rare earth ion.

The static effect of the host lattice on the rare earth ion is conventionally treated by
using an effective crystal-field potential at the ion site to represent the host influence
[40]. The crystal-field potential is customarily expanded as a power series of tensor
operator components C(k)

−q that are proportional to the spherical harmonics [39, 40]. In
such a scheme, the second term in Equation 2.123 can be expressed as [40, 100]:

Vion – static lattice =
6

∑
k=0

k

∑
q=−k

N

∑
i=1

Bk
q[C

(k)
−q ]i, (2.125)

where N is the number of 4 f electrons and Bk
q are the crystal-field components satis-

fying Bk
−q = (−1)q(Bk

q)
∗ [100]. Vion – static lattice is roughly a hundred times smaller in

magnitude compared with Ĥe and Ĥso [39].

The even k terms in Equation 2.125 lift some or all of the Jz degeneracy and split each
2S+1LJ multiplet to a Stark manifold containing a number of Stark levels [40]. The
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Kramers theorem states that an energy level remains at least doubly degenerate if it has
half-integer spin [101]. Therefore, for ions with even numbers of electrons (e.g., Ho3+

and Tm3+), all degeneracy can be lifted as the crystal field in glass has a low enough
symmetry [40]. However, independent of the symmetry of the crystal field, for ions
with odd numbers of electrons (e.g., Er3+ and Yb3+), the Kramers degeneracy remains
and can only be lifted by a magnetic field [89]. Figure 2.13 shows the hierarchy of
Vion – static lattice in comparison to Ĥe and Ĥso) and the find-structured Stark components
resulted.

The odd k terms in Equation 2.125 introduce opposite parity into the 4 f states by ad-
mixing higher lying states, e.g., 4 f N−15d [40]. This does not affect the structure of the
4 f energy states [40]. However, it makes the otherwise parity-forbidden 4 f → 4 f tran-
sitions weakly allowed. It is worth noting that the odd k terms are non-zero only if the
ion site does not exhibit inversion symmetry as is usually the case for glasses [40].

Up to now, I have discussed how the energy states of 4 f electrons are formed. I have
also discussed that the parity-forbidden 4 f → 4 f transitions are weakly allowed due
to parity mixing from higher energy states by the crystal field.

It is worth mentioning that the crystal field varies in different hosts and can influence
the absorption and emission spectra [40]. Firstly, the change in even k terms can shift
the positions of Stark components [40]. This effect results from the fact that the rare
earth ion and its ligands can share electrons, which reduces the effective nuclear charge
[40]. The 4 f energy levels are therefore rescaled. This is called the nephelauxetic (Greek
for "cloud expanding" [102]) effect. For glasses, the separations between energy levels
can vary up to a few percent in different hosts [40]. The nephelauxetic effect is more
pronounced for covalent glasses such as silica and can lead to red-shifted absorption
and emission bands when compared to more ionic glasses such as fluorides [33, 40].
Secondly, the varied odd k terms can affect the intensities of transitions between in-
dividual Stark components [40]. Experiment shows that the Stark components in the
4 I15/2 Stark manifold of Er3+ do not exhibit significant variation in different glass hosts
[103] and thus suggests that the variation of the odd k terms in different hosts has more
influence on the transition spectra than that of the even k terms [40].

In figure Figure 2.14, the upper and lower laser levels of the last four optically active
lanthanide ions, namely Ho3+, Er3+, Tm3+, and Yb3+, are plotted. In order to directly
compare the energy structures of different ions and minimize the influence of the host,
energy level data are all taken from measurements for RE3+:YAG [104–107]. Several
phenomena can be observed from the graph. Firstly, as the atomic number increases,
the energy gap increases except for Tm3+. The general increase of the energy gap comes
from the stronger electrostatic interaction. The smaller energy gap of Tm3+ (compared
with Er3+) may suggest a very strong spin-orbit interaction for Tm3+, which forces
the 3F4 level, rather than the 3H5 level, to be the upper laser level. Secondly, Ho3+
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and Tm3+ have more Stark components in each Stark manifold than Er3+ and Yb3+

have. This comes from the Kramers degeneracy as discussed previously. Thirdly, both
upper and lower laser levels of Tm3+ are more widely split than those of Er3+. There
are two possible reasons. One is that Tm3+ has a stronger interaction between the ion
and the crystal field due to its larger effective nuclear charge, therefore the separations
between Stark components are larger. The other is that the separations between Stark
components do not vary much as the crystal field strength may be quite similar for YAG
crystals containing different dopants, however, as Tm3+ has more Stark components,
the overall Stark manifold is wider. The two reasons are not incompatible and can take
effect simultaneously. An important indication of wider Stark manifolds is that the
achievable gain bandwidth of an amplifier or a laser is potentially larger. This point is
the underlying physics for the wider bandwidth of the thulium-doped fiber amplifier
(TDFA) relative to the EDFA.

Figure 2.14: Upper and lower laser levels of the last four optically active lan-
thanide ions. All Stark components are scaled properly to represent their po-
sitions in the RE3+:YAG crystal. The spectroscopic data are taken from [104–
107]. Note that some of the Stark components are too closely spaced to be
distinguished on the graph.

Note that Yb3+ has only two 4 f energy levels because there are 11 electrons in its 4 f
shell. This is the exact spectroscopic property which underpins the impressive high
power performance of Yb-doped fiber lasers. The simple energy structure of Yb3+ ef-
fectively avoids ion–ion interactions and detrimental effect such as excited state ab-
sorption. Also, the quantum defect for Yb3+ is very small as ground state electrons are
pumped directly to the upper laser level Stark manifold.
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2.3.2.3 Dynamic interactions — lattice vibration

Vion – dynamic lattice corresponds to the interaction of the rare earth ion with the vibra-
tion of the host lattice. They can exchange energy via the absorption and emission of
phonons (quanta of lattice vibration). An electron at a certain excited state can transit
to a lower energy state nonradiatively by transferring energy to the lattice through the
generation of one or multiple phonons. Similarly, an electron at a certain low energy
state can absorb energy via phonon(s) and transit to a higher energy level, although this
process is not favored by the second law of thermodynamics. It is found that glass hosts
generally induce higher nonradiative rates than crystalline hosts with similar compo-
sition because glasses support higher phonon energies and stronger electron-phonon
interaction [40]. A high nonradiative transition rate is generally not preferred as it
leads to shorter excited state life times, higher thresholds, and lower efficiencies for
lasers and amplifiers. Some laser transitions cannot even happen in certain hosts with
large phonon energies.

There are two crucial factors that decide the nonradiative rate. One is the energy struc-
ture of the ion. As far as the nonradiative rate of a certain energy state is concerned,
what matters in the energy structure is the energy gap between this state and the first
energy state below it. Obviously more phonons are required to bridge a larger energy
gap so that the total energy is conserved. This process has a lower possibility than a
process where less phonons are involved. The other factor is the host material, which
decides the phonon energy and interaction strength between the electron and lattice
vibration. The influence of the two factors on the nonradiative rate can mathematically
be expressed as [40]

wnr = C · [n(T) + 1]p · exp(−α∆E), (2.126)

where wnr is the non-radiative decay rate, C and α are host-dependent parameters, ∆E
is the energy gap of the two states between which the nonradiative decay happens, p is
the number of phonons required. n(T) in Equation 2.126 is the Bose-Einstein occupa-
tion number for the phonon mode with angular frequency ω [40],

n(T) = [exp(h̄ω/kT)− 1]−1, (2.127)

where k is the Boltzmann constant, T is the temperature, h̄ is the reduced Planck con-
stant, and h̄ω is the phonon energy. From Equation 2.126 and Equation 2.127 it can be
easily seen that the nonradiative decay rate decreases exponentially with increasing p
(more phonons) and ∆E (bigger energy gap). Besides, a higher temperature leads to
higher nonradiative decay rate. Table 2.1 gives an example of these nonradiative decay
related parameters in some commonly used hosts.
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Host C [s−1] α [10−3 cm] h̄ω [cm−1] n(T = 300K) [10−3]

Borate 2.9× 1012 3.8 1400 1.22
Phosphate 5.4× 1012 4.7 1200 3.18

Silicate 1.4× 1012 4.7 1100 5.14
Germanate 3.4× 1010 4.9 900 13.5

Tellurite 6.3× 1010 4.7 700 36.1
Fluorozirconate 1.59× 1010 5.19 500 100

Sulfide 106 2.9 350 229
LaF3 (crystal) 6.6× 108 5.6 350 229

Table 2.1: Exemplary nonradiative decay parameters for glass hosts [39, 40].
For comparison, the parameters in crystal LaF3 are included.

Using the parameters in Table 2.1, non-radiative decay rates in different glass hosts
can be calculated. Figure 2.15 shows the non-radiative decay rate as a function of the
corresponding radiative transition wavelength and associated energy gap expressed in
wavenumbers in various glass hosts at 300 K temperature.

Figure 2.15: Calculated non-radiative decay rates at 300 K temperature in
different glass hosts as a function of the emission wavelength (bottom) and
wavenumber (top) corresponding to the energy gap of the two energy levels
between which the non-radiative transition happens. The non-radiative decay
rates are calculated using the parameters in Table 2.1. LaF3 (crystal) is included
for comparison.

It can be seen that as the energy gap decreases (wavelength increases), the non-radiative
decay rate grows exponentially (as described by Equation 2.126). Therefore, lasers op-
erating at longer wavelengths are more prone to be affected by non-radiative decay.
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Different hosts shows substantially different non-radiative decay rates. Borate, phos-
phate, and silicate glasses exhibit high non-radiative decay rates, whereas tellurite, ger-
manate, and fluoride glasses show non-radiative decay rates 1 – 3 orders of magnitude
lower across the whole 1500 – 3000 nm region. Sulfide and LaF3 are two special hosts.
The former has a weaker dependance of the non-radiative decay rate on the energy gap,
whereas the latter (representing crystalline host materials) has a very low non-radiative
decay rate compared with glass hosts. This discussion highlights the importance of
host material choice. Among all the glass hosts above, silicate glass has by far the most
superior mechanical property. However, the large phonon energy (1100 cm−1) in sil-
icate glass makes it increasingly difficult for silicate fiber host to be used as the laser
operating wavelength becomes longer.

2.3.2.4 Dynamic interactions — ion–ion interaction

Vion – ion describes the interaction between two rare earth ions. This effect can be either
advantageous or harmful for rare earth doped fiber amplifier and laser systems. For
example, when Tm3+ is pumped at 790 nm, an excited electron at the 3H4 state can
transfer part of its energy to an electron at the ground state (3H6), resulting in both
electrons transiting to the 3F4 state. This process is called the cross relaxation (CR)
and can be the dominant decay process from the 3H4 state for heavily Tm-doped fibers
[34, 108–110]. This effect is extremely important for the power scaling of Tm-doped
fiber systems because it compensates for the otherwise large quantum defect between
the pump and the signal (∼2 µm). The vast majority of high power Tm-doped fiber
laser systems rely on the CR process and employ heavily doped Tm-fibers as CR is
most efficient for high Tm concentration [110]. This is an example of taking advantage
of the ion–ion interaction. An important example showing that ion–ion interaction
can be deleterious is the pair induced quenching (PIQ) effect in Er-doped fibers [111].
The effect describes that an electron at the excited 4 I13/2 state can transfer its energy to
a neighbouring ion which also has an electron at the same energy level. The former
electron thus returns to the ground state 4 I15/2, whereas the latter goes up to a higher
energy level 4 I9/2. PIQ essentially depopulates the upper laser level and can decrease
the efficiency of an amplifier or a laser system. It is particularly pronounced for heavily
doped Er-fibers and places an upper limit for Er3+ concentration.

Figure 2.16 depicts four main energy transfer processes that can happen in rare earth
doped materials [14]. Ion i and Ion j are two neighbouring ions. The ion that releases
energy is referred to as the sensitizer and the other ion which accepts the energy is
called the activator.

Figure 2.16(a) is the generalized CR process [14]. The sensitizer (Ion i) was initially in
one of its excited states |3〉 and the activator (Ion j) was in its ground state |0〉. The
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Figure 2.16: Ion–Ion energy transfer processes in rare earth doped fibers
[14]. (a) generalized cross relaxation (CR); (b) generalized energy transfer up-
conversion (ETU); (c) generalized fluorescence sensitization (FS); (d) general-
ized energy migration (EM).

former goes through the transition |3〉 → |2〉 and transfers energy to the latter. Con-
sequently, the activator is excited to its |1〉 state. It is worth noting that both ions are
still excited. The difference between the energy gaps ∆E|3〉→|2〉‖Ion i and ∆E|0〉→|1〉‖Ion j

is compensated for by phonons. An example of CR is Tm3+ pumped by 790 nm as
discussed above.

Figure 2.16(b) shows the generalized energy transfer up-conversion (ETU) [14]. It can
be seen that the electronic transition direction is "opposite" to that of the CR process.
The sensitizer (Ion j) and the activator (Ion i) were initially both at their respective
excited state |1〉 and |2〉. During ETU, the sensitizer transits to its ground state |0〉. The
energy that the sensitizer loses is transferred to the activator and excites it to a higher
excited level |3〉. The PIQ of Er3+ is an example for ETU whereby the two ions involved
have the same energy structure.

Figure 2.16(c) illustrates the generalized fluorescence sensitization (FS) [14]. In this
process, the sensitizer (Ion i) transits from its excited state |3〉 to its ground state |0〉.
Meanwhile, the activator (Ion j) absorbs the energy released from the transition of the
sensitizer and gets excited from its ground state |0〉 to an excited state |2〉. The Er-Yb
co-doped fiber laser system is an example for FS. The process is as follows [112]. Yb3+

first absorbs the pump (e.g., 980 nm) and gets excited to its 2F5/2 state. The excited
Yb3+ ion can then transfer energy to a neighbouring ground-state Er3+ ion and excite
it to its 4 I11/2 state. Meanwhile, the Yb3+ ion goes back to its ground state. Before the
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energy can transfer back to Yb3+, the Er3+ ion quickly goes to its 4 I13/2 state through
non-radiative transition.

Figure 2.16(d) shows the generalized energy migration (EM) [14]. The difference be-
tween EM and FS is that EM is a resonant process and therefore features very fast en-
ergy exchange [14]. An example for EM is that in a Tm-Ho co-doped system in which
the concentration of Tm3+ is an order of magnitude higher than that of Ho3+, energy
can keep being transferred among Tm3+ ions until a Ho3+ ion is reached [14].

We have so far discussed the first four terms in Equation 2.123, which are all important
concerns in fiber laser and amplifier design. The choice of laser ion, host, and dop-
ing concentration is crucial for fiber laser and amplifier systems to operate efficiently.
Sometimes, certain parameters and properties have to be compromised for the targeted
performance. For instance, in order to obtain 1.47 µm emission, Tm3+ is proposed as a
potential laser ion of choice as the required wavelength corresponds to the energy gap
between the ion’s 3H4 and 3F4 levels. However, there are two major difficulties with
realizing such a Tm-based system. One is that the 3H4 level, which is the upper laser
level, has a shorter life time than the 3F4 level [20]. The other is that there is an inter-
mediate state (3H5) between these two levels, which makes the system very sensitive to
non-radiative decay [20]. To tackle the first problem, various pumping schemes have
been introduced so that the 3F4 level can be quickly depleted [20]. In order to minimize
the influence of non-radiative decay, fluoride fiber is usually chosen as the host [20],
which however compromises the mechanical property of the fiber.

2.3.2.5 Dynamic interactions — electromagnetic field

VEM in Equation 2.123 describes the interaction between the rare earth ion and the elec-
tromagnetic field at the ion site. The electron charge can interact with the electrical field
whereas the electron spin can interact with the magnetic field [40].

The line strength Sa,b for the transition from Stark multiplet a to another multiplet b is
given as [40]

Sa,b = ∑
i,j
| 〈bj|D |ai〉 |2, (2.128)

where the summation is over all the Stark components in a and b, D is the interaction
operator. D can be decomposed into the electrical dipole operator and the magnetic
dipole operator as [40]

Ded = ∑
i

eri (2.129)

Dmd = ∑
i

e
2m

(li + 2si), (2.130)
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where e is the electron charge, m is the electron mass, ri, li, and si are the position,
orbital, and spin operators of electron i, respectively. The summation is over all the 4 f
electrons in the ion. The spontaneous transition rate between states a and b is [40]

Aa,b =
1

4πε0

64π4nν̄3

3hc3 χ
1
ga

Sa,b, (2.131)

where ε0 is the permittivity of vacuum, n is the index of refraction of the host, ν̄ is the
mean photon frequency, h is Planck constant, c is the light speed, χ is termed as the local
field correction parameter, and ga is the degeneracy of the initial state a. The following
forms of χ are often used, although they are only strictly true for high local symmetry
[40]:

χed =
n + 2

3

2
(2.132)

χmd = n2. (2.133)

Using the nomenclature defined above, a dimensionless quantity called the oscillator
strength, which is often used to represent the transition strength, can be defined based
on the spontaneous transition rate [40]:

fa,b = 4πε0
mc3

8π2ne2ν̄2
1
χ

Aa,b. (2.134)

For allowed electric dipole transitions, fa,b can be close to unity, whereas oscillator
strengths for magnetic dipole transitions are roughly seven orders of magnitude weaker
[40]. Electric quadruple transitions have oscillator strengths which are another order
of magnitude weaker still [40]. In rare earths, since the electric dipole transition is
only weakly allowed, oscillator strengths of the electric dipole transition and the mag-
netic dipole transition can be of similar order. For example, the 4 I13/2 ↔4 I15/2 tran-
sitions in Er3+ have comparable electric dipole and magnetic dipole contributions. To
give an idea of numbers, the calculated values of oscillator strengths felectric-dipole and
fmagnetic-dipole corresponding to electric dipole transition and magnetic dipole transition
are 1.039× 10−6 and 0.5757× 10−6, respectively, in LaCl3:1%Er3+ [89]. In most cases
though, as far as the visible and near-IR transitions of rare earths are concerned, the
transitions are dominated by the weakly allowed electric dipole contribution [40]. This
is because there are fewer magnetic dipole transitions since they have to obey relatively
strict selection rules (∆J = 0,±1, ∆L = 0, ∆S = 0, J = 0 = J = 0) although magnetic
transitions are not restricted by parity [39].

In this Section, we have looked at the spectroscopic properties of rare earth ions and in-
vestigated the origins for these properties. In particular, the unique electronic structure
of rare earth ions is discussed and the 4 f → 4 f transition is studied by decomposing
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the Hamiltonian of a rare earth ion into static and dynamic components and examin-
ing the effect of each contribution. Although the treatment is only phenomenological,
it suffices well to help understand the origins of the 4 f energy states and 4 f → 4 f
transitions of rare earths. Following this general discussion, in the next Section, the
spectroscopic property of a particular rare earth ion, namely thulium (Tm3+), will be
discussed in detail.

2.4 Spectroscopy of thulium-doped silica fibers

In this Section, I will take a closer look at the spectroscopic properties of thulium ions
doped in silica glass hosts. Firstly, the energy diagram of Tm3+ is compared with that
of Er3+, and the influence of the different energy level structure on laser/amplifier per-
formance is discussed. Secondly, we examine the pumping schemes of Tm-doped fiber
sources. Thirdly, modelling of Tm-doped fiber sources is discussed. Rate equations
and power propagation equations are given for both∼790 nm pumping and∼1550 nm
pumping.

2.4.1 Energy levels of thulium in silica hosts

Fig. 2.17(a) shows the energy levels of a Tm3+ ion in a silica glass host, whilst that an of
Er3+ ion is shown in Fig. 2.17(b). The 2 µm laser transition occurs between the 3F4 level
and the 3H6 level. Note that (i) naming of energy levels in Fig. 2.17(a) is modified by
using a recently more popular nomenclature instead of the original one adopted in [16]
where the notations of the upper laser level and the pump level were exchanged; (ii)
energy levels in Fig. 2.17(a) and Fig. 2.17(b) are aligned using 790 nm as a reference, thus
it is the energy gap that has been aligned rather than absolute energy level positions.

Concomitant with the energy structure of Tm3+ come two ramifications, which can
profoundly benefit laser and amplifier systems in certain respects.

The first is a longer operating wavelength, which renders the scalability of mode area
while maintaining single mode operation [77, 113]. This opens up the possiblity of
achieving better performances for high power cw and pulsed operation over ytterbium-
doped fiber lasers and amplifies. The potentially much improved performance is due to
the increase in the threshold of nonlinear processes which often manifest themselves as
one of the major limiting factors for power scaling [77, 113, 114]. Nonlinear effects like
stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS) have an in-
creasing threshold with larger mode area [114]. In the weakly guiding approximation,
the mode area of the lowest order mode is proportional to λ2 where λ is the wavelength
[33]. A 2 µm fiber system therefore has a ∼4 times higher nonlinear threshold than a
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Figure 2.17: Comparison between Tm3+ and Er3+ energy levels. (a) [16] is for
Tm3+, the numbers in parenthesis show the calculated lifetime in µs. (b) [19] is
for Er3+ with the lifetime associated with each level labeled.

1 µm system, assuming that all other conditions are the same. It is worth mentioning
that power scaling of fiber laser systems will ultimately be limited by the self focus-
ing effect [114]. The self focusing threshold depends on the peak power (rather than
the peak intensity) and increases quadratically with wavelength [114, 115]. For 2 µm
opeartion, the self focusing limit is expected to be ∼16 MW and ∼24 MW for linearly
and circular polarized light respectively, as compared to ∼4 MW and ∼6 MW respec-
tively at 1 µm [114].

The second is a broad and seamless emission band (see Figure 2.18), which results from
the very wide 3F4 and 3H6 Stark manifolds, as well as the inhomogeneous broaden-
ing effect in glass. This can potentially offer a remarkably wide gain bandwidth for
amplifiers and lasers and abundant spectral resource for ultrashort pulses.

A potential concern for Tm3+ as compared to Er3+ is a higher nonradiative decay rate
of the upper laser level. In Er3+, the 4 I13/2 level and the 4 I15/2 level, between which
the laser transition occurs, are well separated such that radiative decay dominates for
most glass hosts [40] (see Figure 2.15). In contrast, the smaller energy gap in Tm3+ can
make multiphonon assisted non-radiative decay easier and thus reduce the quantum
efficiency, especially in glasses with high phonon energies. This explains the relatively
short upper state lifetime of Tm3+ and why efficiencies of Tm-doped fiber sources are
more sensitive to the compositions of glass hosts [40]. The nonradiative decay of the 3F4

level depopulates the upper laser level, resulting in less inversion. For lasers, this can
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Figure 2.18: Measured emission spectrum of the 3F4 → 3H6 transition in Tm-
doped silica [16].

lead to a higher threshold (not necessarily a lower slope efficiency) [40]. For amplifiers,
this can negatively affect the gain and noise performance [40], especially in the case
of short wavelength operation due to the quasi-four level nature of Tm3+, and in the
case of a small seed signal [40] where the nonradiative decay can dominate. The short
upper state life time, however, may be useful for fast power modulation [116]. It is
worth pointing out that, it is possible to improve the quantum efficiency of Tm3+ by
modifying the local glass network hosting Tm3+ and reducing the local phonon energy
[117]. For example, in a study of co-doping using Al2O3 as the network modifier, it
is found that 9 mol% of Al2O3 helps increase the 3H4 state life time from ∼12.4 µs to
∼32.5 µs and the 3F4 state life time increases from ∼327 µs to ∼575 µs compared with
Tm-doped pure silica [117].

2.4.2 Pumping schemes of thulium-doped fiber sources

Possible pumping regimes for thulium-doped fiber sources can be found by examining
the absorption spectrum of Tm3+ (see Figure 2.19). Without co-doping with sensitizers
[40] such as Yb3+ [118] or Er3+/Yb3+ [67], the TDFA has four pump bands, namely
660− 685 nm [40], 780− 800 nm [77], ∼ 1200 nm, and 1550− 1750 nm [77]. The latter
three pump bands and related transitions are shown in Fig. 2.17(a), whereas the 660−
685 nm band corresponds to the 3H6 → 3F2,3 transition. Note that 660− 685 nm pump
and ∼ 1200 nm pump schemes are prone to suffer from excited state absorption (ESA).
In particular, ESA can happen due to the 3F4 → 3F2,3 transition by feeding the 3F4 level
1050− 1120 nm pump photons [40], and the ∼ 1200 nm pump band may thereby be
involved [40]; while the 660− 685 nm band can trigger 3F4 → 1G4 ESA [40]. Hence, the
other two pump bands have become the most commonly used ones.
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Figure 2.19: Ground state absorption cross section measured from a Tm-doped
silica preform [16]. The insets show measured excited state absorption cross
sections of the 3F4 → 3F2,3 transition and 3H4 → 1G4 transition [16].

The 780 − 800 nm pump band has the distinguishing attraction of allowing ≥ 100%
quantum efficiency. This is realized with the help of the CR process illustrated in Fig-
ure 2.20(a). I have briefly discussed the CR process in Section 2.3. Here it is revisited
with more detailed discussion.

Figure 2.20: Cross relaxation process in Tm-doped silica [110]. (a) Schematic of
Stark levels in the lowest four manifolds and related CR process; (b) measured
CR-related fluorescence and absorption spectra of Tm-doped silica.

When an electron at the ground state absorbs a 780− 800 nm pump light, it goes up
to the 3H4 level. Depending on the concentration of Tm3+ and codopants (e.g., Al2O3),
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this electron can preferably choose one of two possible pathways to go down to a lower
energy level [34]. One is 3H4 → 3H5 → 3F4 via multiphonon nonradiative decay. The
other one is 3H4 → 3F4 or 3H4 → 3H5 via CR, which involves another electron in the
ground state. The nonradiative decay process is very fast in silica, with the decay rates
calculated to be 7.1× 10−4 s for 3H4 and 7.1× 10−8 s for 3H5, in contrast to a sponta-
neous emission rate of 1.5× 10−3 s for 3H4 [34]. When Tm3+ is highly doped (> 2 wt%)
and the Al:Tm ratio is high (> 10 %), CR can contend with the nonradiative decay
process [34, 109, 110]. In the CR regime, the electron acts as an energy donor and trans-
fers some energy to an electron (energy acceptor) on the 3H6 level. Depending on the
amount of energy transferred, there are two destinations for the donor-acceptor pair
[110]. One (denoted as CR1 in Fig. 2.20(a)) is that both of them go to the upper laser
level 3F4, the other option (denoted as CR2) is that the acceptor transits to 3F4 whilst
the donor falls to 3H5 and eventually nonradiatively decays to 3F4. Although both pro-
cesses are possible, CR1 dominates the CR process in Tm3+ doped silica [110]. The
reason can be found in Fig. 2.20(b), which shows the 3H4 → 3F4 emission spectrum
overlaps well with the 3H6 → 3F4 absorption spectrum, thus the energy transfer pro-
cess of CR1 is resonant and can be very efficient [110]. Conversely, CR2 is non-resonant
as can be seen from Figure 2.20(b) and thus is less likely to happen. In addition, CR1
is a natural exothermic process, whereas the CR2 process is endothermic [110], mean-
ing that it decreases the entropy of the system, which in the long run is not favored.
Note that the energy donor-acceptor model does not explicitly specify how the energy
transfer happens, in particular, what the energy transporter is. It seems that photons
are playing the role of energy carrier, i.e. the emission of 3H4 → 3F4 fuels the 3H6 → 3F4

transition. Besides the energy donor-acceptor model, the energy migration process
caused by quadrupole-quadrupole (dominant) and dipole-quadrupole interactions is
suggested as another influential factor contributing to the efficient CR in Tm-doped sil-
ica [109, 110]. The energy migration process features high speed [109, 110] and has been
experimentally supported to have an important effect on the CR process in Tm-doped
silica [119]. CR can potentially offer the fiber source a fairly high efficiency, for exam-
ple, 74 % slope efficiency (with respect to absorbed pump power) has been reported
in [110]. Therefore, using the 780− 800 nm pump band has been the recent trend to
achieve high power operation for Tm-doped fiber sources [77], especially since high
power 79x nm pump diodes are becoming more available. A 1 kW "all-glass" MOPA
configuration working at 2045 nm with 53 % slope efficiency based on a 50 W seed and
two amplification stages has been demonstrated in [120]. The result is very exciting
and clearly shows the promise of power scaling of 2 µm Tm-doped fiber sources [77].

1550 − 1750 nm pumping (also called tandem pumping or in-band pumping) is po-
tentially a more promising route than 780− 800 nm pumping to achieving the highest
power levels [77]. It is underpinned by high power Eb/Yb-doped fiber sources, which
can offer high power high brightness pump beams for the Tm-doped fiber system. This
offers the prospect of core pumping or cladding pumping with a much smaller inner
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cladding [15]. Therefore a shorter device and consequently short wavelength opera-
tions are possible due to less reabsorption of the short wavelength signal [15]. Mean-
while, it has very high Stokes efficiency (0.75− 0.87) and low quantum defect [15], and
thus can achieve high efficiency operation and produce less thermal load [15] (see be-
low). Slope efficiencies as high as 72 % (with respect to absorbed pump power) have
been reported [15].

When co-doped with Yb3+, Tm3+ can also be pumped by high power laser diodes at
915 nm, 940 nm and 975 nm [118, 121]. In this case, Yb3+ works as a sensitizer by virtue
of its broad absorption spectrum and transfers energy non-radiatively from its 2F5/2

level to the quasi-resonant 3H5 level of Tm3+ [118, 121]. The high absorption can lead
to a lower laser threshold and allow a shorter fiber length [118, 121], which is beneficial
for short wavelength operation. However, the high absorption induced high thermal
load must be considered in order to avoid fiber damage [118, 121]. Due to the large
quantum defect, power scaling to kW cw power levels for Tm-doped fiber lasers based
on this pumping scheme may be quite challenging.

It is worth noting that thermal management remains crucial for Tm-doped fiber sources
[77], even though the fiber geometry is good at dissipating heat. We estimate the ther-
mal load of a Tm-doped fiber laser and that of a Yb-doped fiber laser by using [77]

ηtherm =
hνp − ηqhνl

hνq
,

where ηtherm represents how much percentage of a pump photon’s power is converted
into heat, h is Planck’s constant, ηq is the quantum efficiency of the laser system, νp is
the pump photon frequency, and νl is the laser photon frequency. For 795 nm pumping
and 2040 nm lasing, ηq is estimated to be 1.8 for a heavily doped Tm:silica fiber with∼3
wt% Tm2O3 [119]. Thus ηtherm for 780 – 800 nm pumped Tm-doped fiber laser operat-
ing at 2000 nm is estimated to be 28 – 30 %. For 1550 – 1750 nm pumping, assuming a
95% quantum efficiency, ηtherm is calculated to be 17 – 26%. In comparison, for 910 nm
and 975 nm pump, ηtherm of a Yb-doped fiber laser working at 1030 nm is 16% and 10%
respectively, assuming a 95% quantum efficiency. Therefore, Tm-doped fiber sources
inherently require more thermal management than Yb-doped systems. In the regard of
heat generated per unit length, the current state-of-the-art fiber fabrication techniques
can fabricate Tm-doped fibers and Yb-doped fibers with similar pump absorption coef-
ficients (see Table 2.2). Tm-doped fiber lasers can potentially afford longer active fiber
length to distribute the heat generation due to their higher nonlinear threshold thanks
to the longer operating wavelength. This can somehow offset the disadvantage of the
larger ηtherm of Tm3+ than that of Yb3+.

Note that the quantum efficiency ηq of the 3H5 level of Tm3+ has relatively strong de-
pendence on the concentrations of Tm3+ and co-dopants in particular Al3+ [109, 109,
122]. Given the large quantum defect associated with 790 nm pumping for Tm3+, it is
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essential to achieve a decent quantum efficiency through careful fiber design for high
power Tm-doped fiber lasers.

Part Number
Core/Clad.
Diameter
[µm]

Core/Clad.
NA

-

Pump
Absorption[

dB m−1]
Pump

Wavelength
[nm]

LMA-TDF-25P/250-HE 25/250 0.09/0.46 9.50 793
LMA-TDF-25P/250-LC 25/250 0.09/0.46 3.00 793
LMA-TDF-25P/400-HE 25/400 0.09/0.46 1.80 793
LMA-YDF-25/250-VIII 25/250 0.06/0.46 4.80 975
LMA-YDF-25/400-VIII 25/400 0.06/0.46 1.80 975
LMA-YDF-30/250-HI-8 30/250 0.06/0.46 6.30 975
LMA-YDF-30/400-VIII 30/400 0.06/0.46 2.00 975

Table 2.2: Examples of commercially available Tm-doped fibers and Yb-doped
fibers for high power applications [123]. LMA: large mode area. TDF: thulium-
doped fiber. YDF: ytterbium-doped fiber. Fiber manufacturer: Nufern.

2.4.3 Modelling of thulium-doped fiber sources

In this subsection, we discuss the numerical model for the simulation of thulium-doped
fiber lasers and amplifiers. Two sets of equations are involved in the simulation process,
namely the rate equations and the power propagation equations. The former describe
the dynamics of the population at each laser-related Stark level manifold driven by
various mechanisms. The latter calculate how pump power and signal power evolve
at a certain population level. These equations together with boundary conditions can
fully predict the power behaviour of a fiber laser or amplifier. We will look at the rate
equations and power propagation equations under the pumping of ∼790 nm light and
∼1550 nm light, respectively. For the ease of discussion, we will look at the case where
both pump and signal are cw.

2.4.3.1 790 nm pumping scheme

Firstly, we discuss the rate equations, power propagation equations, as well as the
boundary conditions for the 790 nm pumping scheme. Ignoring any up-conversion
process while taking account of the cross relaxation process, rate equations for the low-
est four energy levels of Tm3+ (see Figure 2.17) under 790 nm pumping can be written
as [16]
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dN0

dt
=

3

∑
i=1

Ai0Ni + Γ1N1 −W03 − CR1

+c[S f (z) + Sr(z)][σe(λs)N1 − σa(λs)N0] (2.135)

dN1

dt
=

3

∑
i=2

Ai1Ni + Γ2N2 − [A10 + Γ1]N1 + 2CR1

−c[S f (z) + Sr(z)][σe(λs)N1 − σa(λs)N0] (2.136)

dN2

dt
= A32N3 + Γ3N3 −

[
1

∑
j=0

A2j + Γ2

]
N2 (2.137)

dN3

dt
= W03 −

[
2

∑
j=0

A3j + Γ3

]
N3 − CR1, (2.138)

where N0, N1, N2, and N3 are the electron populations at 3H6, 3F4, 3H5, and 3H4 levels
respectively, Aij represents the spontaneous emission rate from level i to level j, Γi is the
nonradiative transition rate from level i, c is the light speed, S f (z) and Sr(z) represent
the signal photon densities at position z travelling in the forward and reverse direction
respectively, σe(λs) and σa(λs) are the emission and absorption cross sections for the
signal wavelength λs respectively. W03 is the pump absorption rate at position z and
can be expressed as [16]

W03 = σa(λp)
[
Pf (z) + Pr(z)

]
N0, (2.139)

where σa(λp) is the absorption cross section at the pump wavelength λp, Pf (z) and
Pr(z) represent the pump photon densities at position z travelling in the forward and
reverse direction respectively. CR1 is the coefficient representing cross relaxation in-
duced population change rate, which can be written as [16]

CR1 = k3101N3N0 − k1310N2
1 , (2.140)

(cross relaxation: 3F4 , 3H6 → 3H4 , 3H4)

where kpjqj and k jpjq are the cross relaxation rate of a pair of electrons at energy levels
p and q going to energy level j via cross relaxation and that of the reverse process,
respectively. In this case, p = 3, q = 0, j = 1 for CR1.

Rate equations (Equation 2.135 – Equation 2.138) describe the population evolution
driven by various mechanisms including spontaneous emission, nonradiative decay,
absorption, cross relaxation, and very importantly, stimulated emission. Consider a
simple case where signal and pump are co-propagating. For a given fiber and given in-
put pump and signal power, the steady state of populations can be obtained by solving
the steady state rate equations at the position where the pump power and signal power
are quoted.
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In order to know the power evolution through the fiber length L, power propagation
equations are needed [16]:

dPf ,r(z)
dz

= ∓Pf ,r(z)[σa(λp)N0(z) + δp] (2.141)

dS f ,r(z)
dz

= ±S f ,r(z)[σe(λs)N1(z)− σa(λs)N0(z)− δs], (2.142)

where Pf ,r(z) / S f ,r(z) denotes the pump / signal photon densities at position z with
subscripts f and r indicating the pump / signal travelling in the forward (+z) and re-
verse (−z) direction respectively, δp and δs represent the intrinsic absorption of the host
material for the pump and signal wavelength respectively. Note that the negative sign
in Equation 2.141 corresponds to the forward travelling pump, whereas the positive
sign in Equation 2.142 corresponds to the forward travelling signal. Power propagation
equations can predict the power evolution along fiber length dz, if N0(z), N1(z), Pf ,r(z),
and S f ,r(z) are known. By solving Equation 2.141 and Equation 2.142, Pf ,r(z + dz) and
S f ,r(z + dz) can be obtained. Subsequently, at the position z + dz, steady state rate
equations can again be solved. The iteration goes on until z = L where the fiber end is
reached.

For an amplifier, the boundary conditions to be satisfied (in the case of forward pump-
ing and single pass amplifier) are [16]

Pf (0) = Plaunched (2.143)

Pr(L) = 0 (2.144)

S f (0) = Slaunched (2.145)

Sr(L) = 0, (2.146)

where Plaunched and Slaunched are the pump and signal photon densities coupled into the
fiber core, respectively.

For a laser, the boundary conditions are different because a laser is a self-start oscillator
meaning that (i) no input signal is needed and (ii) signal and pump can travel multi-
pass in the cavity. Suppose the pump is launched at z = 0, boundary conditions for a
laser can be written as [16]

Pf (0) = Plaunched + R1(λp)Pr(0) (2.147)

Pr(L) = R2(λp)Pf (L) (2.148)

S f (0) = R1(λs)Sr(0) (2.149)

Sr(L) = R2(λs)S f (L), (2.150)

where Ri(λp) and Ri(λs) are the reflectivities at z = 0 (i = 1) or z = L (i = 2) for pump
and signal respectively.
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2.4.3.2 1550 nm pumping scheme

The 1550 nm pumping scheme is in-band pumping, whereby electrons in the ground
state are directly pumped to the upper Stark level manifold. Therefore, fewer energy
states are involved physically and numerically, and processes regarding higher energy
states (e.g., the CR process) omitted. The rate equations in the case of in-band pumping
are [16]

dN0

dt
= A10N1 + Γ1N1 −W01 + W10

+c[S f (z) + Sr(z)][σe(λs)N1 − σa(λs)N0] (2.151)
dN1

dt
= −[A10 + Γ1]N1 + W01 −W10

−c[S f (z) + Sr(z)][σe(λs)N1 − σa(λs)N0]. (2.152)

In Equation 2.151 and Equation 2.152, W01 is the pump absorption rate given by

W01 = σa(λp)
[
Pf (z) + Pr(z)

]
N0, (2.153)

whereas W10 is the upper level depletion rate due to stimulated emission at the pump
wavelength:

W10 = σe(λp)
[
Pf (z) + Pr(z)

]
N1. (2.154)

Power propagation equations are the same as in the 790 nm pumping case, except
that there is now stimulated emission also at the pump wavelength. Therefore, Equa-
tion 2.141 is modified to [16]

dPf ,r(z)
dz

= ∓Pf ,r(z){[σa(λp)N0(z)− σe(λp)N1(z)] + δp}. (2.155)

Due to the time limit of my PhD study, detailed numerical modelling work has not been
carried out as a part of my project. But there has been research effort in my group de-
voted to measuring the spectroscopic data of the thulium doped fiber (TDF) and mod-
elling the thulium-doped fiber amplifier (TDFA) accordingly. However, a good agree-
ment between the numerical modelling and the experimental data has not yet been
achieved due to the uncertainties in the spectroscopic measurement. Further study on
more carefully characterizing the TDF is planned and numerical modelling work will
be conducted in due course.

2.5 Thulium-doped fiber sources

The first thulium-doped glass laser was reported as early as 1967 by Gandy and cowork-
ers [67]. This made Tm3+ the fifth rare earth ion (after Nd3+, Yb3+, Er3+, and Ho3+)
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to show laser action in glasses [60, 67]. Thulium-doped glass lasers, however, did not
get as much research attention as their crystal counterparts for years until fiber lasers
gradually established their position in the laser family [40]. By the time of the demon-
stration of a 793 nm cladding pumped thulium-doped silica fiber laser with a record
slope efficiency of 46 % enhanced by exploiting the cross relaxation (CR) process [124],
this technique had already been commonly used in thulium-doped crystal lasers for
a decade [77]. Anyhow, this generated significant research interest in thulium-doped
fiber technology with many groups now active in the area.

Recently short and ultrashort pulsed fiber lasers operating at 2 µm wavelength have ex-
perienced rapid development. The slowing progress in the power scaling of Yb-based
fiber systems at 1 µm is somehow shifting the interest of the high power fiber laser com-
munity towards thulium-doped fiber sources. Working at 2 µm has profoundly benefi-
cial effects for the power scaling potential of fiber lasers, because the mode area of the
fundamental guided mode in a fiber increases with the square of the wavelength [33].
This promises up to a 4-fold increase of nonlinear thresholds [114], which is favourable
particularly for high peak power and pulse energy extraction. Consequently, in both
nano- and femtosecond regimes, 1 MW peak power level has now been reached and
further power scaling can be expected to occur [125–127]. Meanwhile, in the cw regime,
1 kW all-fiber single-mode operation [120] and 600 W single-mode single-frequency
opeartion [128] have been achieved.

High power thulium-doped fiber sources at 2 µm wavelength combined with the char-
acteristic advantages of fiber lasers, such as high beam quality, compactness and the
potential for maintenance-free operation, are particularly beneficial from an applica-
tions point of view and enable, for example, coherent nonlinear frequency conversion
further into the mid-infrared waveband, material or medical tissue ablation, and high-
intensity physics [33, 37]. Also, this wavelength range matches the water absorption
peak centered around 1950 nm [129], therefore is nominally "eye-safe". Compared with
the Er/Yb co-doped fiber laser (EYDFL), which is the other so called eye-safe fiber
laser, the thulium-doped fiber laser (TDFL) does not suffer as much from concentration
quenching even with relatively high doping levels [109] and does not suffer the prob-
lem of parasitic emission at 1 µm [77]. Especially when operating in the CR regime, the
TDFL can achieve a higher efficiency than the YEDFL [119] , the efficiency of which is
often 30% – 45% in practice [77, 119].

Table 2.3 gives an overview of the current maximum peak power levels reported for the
different pulse regimes of thulium-doped fiber lasers. Q-switched nanosecond oscilla-
tors based on a large-pitch thulium-doped photonic crystal fiber (PCF) rod with 80 µm
core diameter have been scaled up to 2.4 mJ pulse energy and 150 kW peak power [130].
Further power scaling is possible in master oscillator power amplifier (MOPA) configu-
rations, and the amplification of 6.5 ns Q-switched pulses to∼1 MW peak power (6.4 mJ
pulse energy) has been demonstrated using a three-stage MOPA system and a similar
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PCF-rod design in the power amplifier [125]. Femtosecond systems based on chirped
pulse amplification in step-index large-mode-area (LMA) fiber with 25 µm core diam-
eter have achieved 35 MW peak power with a pulse energy of 37 µJ and 910 fs pulse
duration after external compression [126]. Further scaling to 156 µJ pulse energy was
demonstrated, although the pulses were not completely compressed in this instance
[131].

Nanosecond Picosecond Femtosecond

Peak Power
1 MW

(6.4 mJ, 6.6 ns)

Prior: ∼10 kW
Here: 100 kW
(33 ps, 3.5 µJ)

35 MW
(37 µJ, 910 fs)

Fiber Core
Diameter

80 µm 25 µm 25 µm

Fiber Type PCF rod
Step-index

LMA
Step-index

LMA

Seed Source
Q-switched
fiber laser

Gain-switched
laser diode

Mode-locked
fiber laser

Reference [125] [131, 132] [126]

Table 2.3: Current (as of 2013) record peak power levels of thulium-doped fiber
lasers in different pulse regimes

Note that in the quest for scaling the power of pulsed fiber laser systems at 2 µm, the pi-
cosecond regime seems to have been somewhat overlooked. Prior to our work reported
in [133], peak powers of the order of only 10 kW were reported [132, 134], falling sig-
nificantly short of the performance levels achieved in other pulse regimes. This can
be attributed mainly to the lack of an attractive seed source, as the (spectrally filtered)
mode-locked oscillators used in these early reports are not the most convenient choice.
In the 1 µm wavelength region, gain-switched semiconductor diode lasers have proven
highly successful and versatile sources of picosecond pulses, and when amplified in
MOPA systems based on Yb-doped fibers have delivered average power levels of sev-
eral hundred Watts and peak powers up to 270 kW [135–138]. Additionally, such diode-
seeded laser systems have enabled pulse-shaping in the nanosecond regime for the
compensation of gain saturation effects or the generation of user-defined pulse shapes
in material processing [139, 140]. In the 2 µm wavelength region, however, these con-
cepts have yet to be properly exploited.

2.6 Conclusion

In this Chapter, we have discussed the background knowledge which underpins the
work presented in this thesis. Linear optical amplification theories have been reviewed,
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which provides indispensable guidance for amplifier design. We have briefly reviewed
the history of rare earth doped fiber sources, and seen that there have been significant
improvements in their performance over the past few decades. We have also examined
the spectroscopic feature of rare earth ions, in particular how their 4 f energy states
are formed and why parity-forbidden 4 f → 4 f transitions can happen at all. Spectro-
scopic properties of Tm-doped fibers have been investigated in detail. Various aspects
including Tm3+ energy levels, pumping schemes, as well as modelling of Tm-doped
fiber lasers and amplifiers have been discussed. A brief survey of thulium-doped fiber
sources has shown rapid recent progress in the performance of such systems. kW level
cw operation and MW level peak power at 2 µm have been achieved. The discussions
in this Chapter form the basis for the following Chapters.
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Chapter 3

First Demonstration of
Thulium-Doped Fiber Amplifiers
for Optical Communications at 2 µm

3.1 Introduction

In this Chapter, I present the first experimental realization of thulium doped fiber am-
plifiers (TDFAs) specifically designed for optical communications at 2 µm.

I first discuss in Section 3.2 general design concerns for developing fiber amplifiers for
optical communications. Next, a series of preliminary experiments are presented in
Section 3.3. These experiments include building 1.56 µm single-mode (SM) fiber lasers
as pump sources for the thulium doped fiber (TDF), measuring the absorption and laser
efficiency of a TDF, as well as optimizing the amplifier structure for operating at 2 µm.
These experiments provide useful devices and information for the subsequent work;
they also help me familiarise myself with working with the TDF in the 2 µm region.
Based on the work discussed in the previous Section, I present in Section 3.4 TDFAs
(pumped by a fiber laser) designed for optical communications at 2 µm and examine
their performance over the wavelength region of 1910 – 2020 nm. Low noise, high
gain operation of TDFAs over the entire band is demonstrated, indicating that TDFAs
are well placed as an amplification medium for 2 µm communication systems. I also
discuss the small signal performance in the saturation regime as well as the gain dy-
namics in the event of the add/drop of WDM channels. To the best of our knowledge,
this is the first time that TDFAs have been studied in the context of 2 µm optical fiber
communications.

71
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3.2 General design concerns

At this point it would be useful to briefly discuss what makes a good telecom ampli-
fier. As its name suggests, the most important figure of merit for an amplifier is the
gain. Fiber amplifiers used in today’s optical communication systems most often have
to deal with relatively small signals. For instance, a preamplifier placed between the
transmission link and the photo detector usually sees an input signal power of the or-
der of −20 dBm due to the signal loss accumulated along the transmission link. 20 – 30
dB gain is usually required for such input signal power levels. Another crucial figure of
merit for a telecom amplifier is its noise figure, which characterizes the signal-to-noise
ratio (SNR) degradation caused by the amplifier (see Subsection 2.1.6 for detailed ex-
planations of noise theory and noise figure). For rare-earth doped fiber amplifiers, the
minimum achievable noise figure is 3 dB. High gain and low noise are the paramount
requirements for telecom fiber amplifiers. It is worth mentioning that for wavelength
division multiplexing (WDM) applications, the amplifier also has to support wideband
operation so that more WDM channels can be accommodated. In other words, the
amplifier has to have a large enough gain bandwidth.

Successful laboratory demonstrations of fiber amplifiers have to show that the above
mentioned requirements can be met. However, for a certain fiber amplifier to be con-
sidered for implementation in real communication systems, these are not enough. The
practicality of the fiber amplifier also has to be evaluated. For example, in-line fiber
amplifiers used in transoceanic transmission links must be maintainence-free as the
harsh environment makes any maintainence work impossible. For such applications,
specifications such as volume, weight, robustness, and electrical power consumption
can sometimes outweigh the optical specifications of an amplifier.

At the beginning of my project, there had been little research on the TDFA in the context
of 2 µm optical communications. Therefore, the major aim of my PhD study was to
develop TDFAs and investigate if the TDFA is qualified for 2 µm telecom applications.

3.3 Preliminary Experiments

3.3.1 Construction of 1.56 µm fiber lasers as pump sources for thulium

For the TDFA development and related work, pump sources will be needed. During
my PhD study, I have built several single-mode (SM) 1.56 µm fiber lasers as pump
sources for pumping thulium-doped fibers (TDFs).

Figure 3.1 shows an example of a 1564 nm fiber laser that I built. The gain medium
is a 10-m long GTWave erbium/ytterbium co-doped fiber (EYDF). The relatively long
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fiber length ensures full absorption of the pump power. The EYDF was bi-directionally
pumped by two multi-mode (MM) laser diodes (LDs) emitting at∼915 nm. The diodes
have output coupling fibers with 105/125 µm core/cladding diameter and 0.22 nume-
rial aperture (NA). The two output coupling fibers of the pump diodes were directly
spliced to the ends of the pump fiber of the GTWave EYDF. The laser has a linear cav-
ity with two fiber Bragg gratings (FBGs) acting as the end mirrors. The high reflector
(HR) has a peak reflectivity of over 99 % with a 10 dB bandwidth of 1.9 nm. The output
coupler (OC) has a peak reflectivity of 6 % with a 10 dB bandwidth of 1.2 nm. A 70/30
tap coupler was placed after the OC to split the output power, which can be convenient
for pumping two amplifiers simultaneously or for monitoring purposes. The output
power was coupled out through SMF-28 fiber. The layout of the pump source is 44 cm
× 34 cm in dimension.

Figure 3.1: An in-house built 1564 nm fiber laser for pumping the TDF. (a)
Schematic of the fiber laser. (b) Photo of the fiber laser. EYDF: erbium/ytter-
bium co-doped fiber; LD: laser diode; HR: high reflector; OC: output coupler;
FBG: fiber Bragg grating.

Figure 3.2 shows the power and spectral characteristics of the 915 nm laser diodes used
to pump the EYDF. Figure 3.2(a) plots the output power of the diodes as a function of
drive current. The threshold current is ∼0.5 A. The output power grows linearly with
the drive current and reaches ∼7.5 W at 9.5 A for each diode. The output spectra of
both diodes are shown in Figure 3.2(b). It can be seen that the output spectra of the
diodes are dependent on the drive current. At low drive current (0.6 A), both diodes
emit at ∼905 nm with relatively narrow linewidths. At high drive current (9.5 A), the
peaks of the output spectra redshift to between 915 – 920 nm and the linewidths are
considerably broadened.
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Figure 3.2: Power and spectral characteristics of the 915 nm laser diodes used
to pump the EYDF. (a) Output power as a function of drive current. (b) Output
spectra at different drive currents. The OSA resolution was set to 1.0 nm.

Figure 3.3 summarizes the output power and spectral characteristics of this in-house
built fiber laser. Figure 3.3(a) plots the output power as a function of total launched
power power, which is the summed output power of the two 915 nm pump diodes.
The fiber laser has a pump power threshold of 1 W and a maximum output power
of 5.5 W, limited by the available pump power. The output power increases linearly
with the pump power with a slope efficiency of 39 %. Figure 3.3(b) depicts the output
spectra of the fiber laser at different drive current levels. It can be seen that the output
wavelength is locked at ∼1564 nm by the FBGs with only slight broadening at high
power levels.

This in-house built 1564 nm fiber laser shows good power performance and spectral
quality, and thus can well serve the purpose of pumping TDFAs developed for opti-
cal communications at 2 µm. It has also been used to pump the pre-amplifiers in our
high power 2 µm fiber master oscillator power amplifier (MOPA) systems, which are
presented in Chapter 6 and Chapter 7.
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Figure 3.3: Power and spectral characteristics of the in-house built 1564 nm
fiber laser. (a) Output power as a function of total launched pump power. (b)
Output spectra at different drive current levels. OSA resolution was 0.1 nm

Apart from this pump source, I have built several other 1.56 µm fiber lasers which have
been used in various systems and experiments related to this thesis. Figure 3.4 shows
another example of a 1.56 µm fiber laser that I built. The gain fiber in this case is a
double-clad EYDF with a core/cladding diameter of 12/130 µm, a core NA of 0.2, and
a first cladding NA of 0.46. The fiber length was 5 m. Six MM 915 nm LDs similar to
the ones shown in Figure 3.2 were used to pump the EYDF. The power of the LDs were
combined and launched into the EYDF through a (6 + 1)× 1 combiner. This laser also
has a linear cavity terminated by a pair of FBGs similar to the ones used in the fiber
laser presented above. The output of the laser was coupled out through SMF28 fiber.

Figure 3.5 plots the output power and spectra of this 1563 nm fiber laser. A maximum
output power of 6.8 W was achieved with 27 % slope efficiency. More structures were
resolved in the spectra than in Figure 3.3(b) as the OSA was set at a higher resolution
of 0.02 nm. Note that this is unimportant for the application of pumping the TDF. Both
the output power and spectrum are stable over time. Further power scaling to the 10 W
level is possible by increasing the drive current of the diodes.
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Figure 3.4: An in-house built 1563 nm fiber laser for pumping the TDF. (a)
Schematic of the fiber laser. (b) Photo of the fiber laser. EYDF: erbium/ytter-
bium co-doped fiber; LD: laser diode; HR: high reflector; OC: output coupler;
FBG: fiber Bragg grating.

Figure 3.5: Power and spectral characteristics of the in-house built 1563 nm
fiber laser. (a) Output power as a function of total launched pump power. (b)
Output spectra at different drive current levels. OSA resolution was 0.02 nm
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A couple of lower power 1.56 µm fiber lasers have also been built and integrated with
TDFAs. These lasers have similar configurations as the 1563 nm laser shown in Fig-
ure 3.4 except that for each laser there are only two pump diodes combined by a
(2 + 1) × 1 pump combiner and that the FBGs employed have a lower power rating.
These lasers can offer up to 2 W of single mode power to pump the TDFAs. Such pump
+ TDFA modules have been used extensively by my colleagues and project partners
for various characterization works and transmission experiments. Note that in later
phases of work, I adopted direct diode pumping of the TDFAs using commercial single
mode (SM) diodes operating at 1.55 µm (see Chapter 4).

Figure 3.6: An in-house built 1.56 µm fiber laser pump plus TDFA module

3.3.2 Thulium doped fiber characterization

The main thulium-doped fiber (TDF) that is used throughout the thesis is commercially
available from OFS (part number: TmDF200). According to the datasheet provided by
the manufacturer, it has a peak absorption of 200 dB m−1 at 790 nm, 5 µm mode field
diameter (MFD) at 1700 nm, 125 µm cladding, NA=0.26.

In this subsection, this TDF is characterized as a gain medium. In particular, its pump
absorption and laser efficiency have been measured. I undertook these experiments
early in my study which allows me to assess suitable lengths of fiber for use in different
forms of TDFA.

3.3.2.1 Pump absorption measurement

The pump wavelength for the TDF was chosen to be at around 1.55 µm due to avail-
abilities of high brightness fiber lasers as presented above and ∼100 mW level single-
mode laser diodes (LDs) in this wavelength region. Figure 3.7 shows the experimental
setup for the absorption measurement. In order to examine the absorption value as
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a function of wavelength, a commercial C+L band amplified spontaneous emission
(ASE) source was used as a wideband pump source. A total pump power of 3.6 mW
was used. The pump was launched into the TDF under test through a commercially
available wavelength division multiplexer (WDM). Another WDM coupler was placed
at the other end of the TDF to separate the residual pump and the 2 µm ASE gener-
ated from the TDF. The residual pump spectrum was measured by an optical spectrum
analyser (OSA, YOKOGAWA AQ6375). The forward and backward ASE spectra were
measured by another OSA (AQ6370). The cutback method was used to measure the
pump absorption. Three lengths of TDF were used, namely 200.75 cm, 147.50 cm, and
98.70 cm.

Figure 3.7: Experimental setup of the absorption measurement for the TDF.
ASE: amplified spontaneous emission; WDM: wavelength division multi-
plexer; TDF: thulium-doped fiber; OSA: optical spectrum analyser. P and S
indicate the pump port and signal port of the WDM couplers. The inset on the
left shows the ASE source used.

Figure 3.8 shows the measured residual pump spectra after transmission through dif-
ferent lengths of TDF and the calculated pump absorption spectra (normalized with
respect to the 0 m TDF baseline). The general trend of the pump absorption spectra
is consistent with the absorption cross section of the 3H6 → 3F4 transition (see Fig-
ure 2.19). It can be seen that the pump absorption increases significantly as the wave-
length becomes longer in the 1500 –1600 nm band. The TDF exhibits 30 dB absorption
at 1560 nm and 65 dB absorption at 1600 nm. Note that the absorption spectrum mea-
sured is based on this particular pump power, which represents the pump absorption
at ∼mW level pump power levels. The TDF cannot maintain this high level of pump
absorption at high pump powers due to the appreciable depletion of the ground level
population in that case.

Figure 3.9 plots the forward ASE spectra generated by different lengths of TDF. The
backward ASE spectrum of the 2 m TDF is also shown for comparison. It can be clearly
seen that as the TDF length increases, the peak of the forward ASE redshifts. Mean-
while, the power of short wavelength (<1900 nm) spectral components decreases, with
a power drop of 5 dB m−1 at 1900 nm and ∼15 dB m−1 at 1850 nm. In contrast, the
power of long wavelength (>2000 nm) spectral components roughly stays the same.
These are typical features of quasi-four-level systems. The backward ASE has much
stronger short wavelength spectral components, which indicates that its total inte-
grated power can be considerably higher than those of its forward counterparts. It
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Figure 3.8: Pump absorption of the TDF. (a) Residual pump spectra for differ-
ent active fiber lengths (measured with 1.0 nm OSA resolution). (b) Calculated
pump absorption spectra. Note that in (b) the discrepancy of the absorption
spectra at >1560 nm is an artifact caused by the low dynamic range of the mea-
surement in (a).

can thus be inferred that in the front part of the TDF where the pump is launched, there
is strong ASE generated and travelling in both forward and backward directions. The
forward ASE gets reabsorbed particularly in the short wavelength region as it travels
along the TDF due to the quasi-four-level nature of Tm3+.

Another information that can be inferred from the well-aligned spectra in Figure 3.8(b)
and Figure 3.9 is that the background loss of the TDF under test is negligible (at least at
a few meters’ scale which is most relevant to TDFAs). The splice loss between the TDF
and SMF-28 fiber has also been tested. Less than 0.2 dB splice loss can be consistently
achieved through optimized splice recipes.

3.3.2.2 Laser efficiency test

Next, a free running laser was built to test the efficiency of the single mode TDF. Fig-
ure 3.10 shows the free running laser setup. One end of the TDF was perpendicularly
cleaved to provide ∼4 % wide band reflection, the other end of the laser cavity was
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Figure 3.9: Measured forward ASE spectra for different TDF lengths. The back-
ward ASE spectrum generated by the 2 m TDF is included for comparison.

terminated at an FC/PC patch cord end, which also provided ∼4 % wide band feed-
back. The in-house built 1564 nm fiber laser shown in Figure 3.1 was used as the pump
source. A fused type WDM coupler was used to couple the pump into the cavity. Three
different lengths (8 m, 10 m, 15 m) of TDF were tested using the same configuration.

Figure 3.10: Experimental setup for the laser efficiency test. TDF: thulium-
doped fiber; WDM: wavelength division multiplexer.

Figure 3.11 shows the power and spectral characteristics of the TDFL. Note that the
power values listed in Figure 3.11(a) are the total signal power from both ends of the
laser with the WDM loss of ∼1 dB at ∼2 µm taken into account. Slope efficiencies for
8 m, 10 m, and 15 m of TDFs are 75 %, 71 %, and 68 % , respectively. Note that the Stokes
efficiency is 80 %, which is fairly close to the slope efficiency of the laser incorporating
8 m of TDF, implying high quantum efficiency operation. This proves that the TDF
under test is of high quality. The 10 m fiber and 15 m fiber exhibit slightly lower slope
efficiencies, suggesting that the cavity loss is getting higher with such lengths of fibers.
This is consistent with what we have observed in Figure 3.9. The corresponding output
spectra are shown in Figure 3.11(b). As expected, the laser shifted to longer wavelength
as the fiber length increased due to the quasi-four level nature of Tm3+. The laser
efficiency test proves that this TDF has very good efficiency. Therefore, it was used
extensively in my subsequent work.
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Figure 3.11: Power and spectral characteristics of a free running laser with
different TDF lengths. (a) Total output power versus launched pump power.
(b) Output spectra (measured with 0.5 nm OSA resolution).

3.3.3 Optimization of the TDFA structure for operating at 2 µm

From Figure 3.11, we can see that the TDF has a wide emission spectrum covering more
than 200 nm (1800 – 2000 nm). In this subsection, I will look at the optimization of the
TDFA structure for the amplifier to operate at 2 µm. Several amplifier configurations
are tested and their gain and spectra compared at 2002 nm. This particular wavelength
was chosen as the reference wavelength because (1) it is close to the commonly quoted
emission wavelength (2 µm) of Tm3+; (2) it is the wavelength that I could most con-
veniently access in the beginning of my project (our project partner Eblana Photonics
provided us with a piece of their first prototype 2 µm semiconductor LD which hap-
pens to lase at this wavelength).

Figure 3.12 depicts schematics of different TDFA structures that have been built and
tested. The aforementioned prototype LD (part number YE1638) emitting at 2002 nm
was used as the seed source. An isolator was placed after the LD to protect the seed
from any backward propagating ASE or reflection. The pump was the 1564 nm fiber
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laser shown in Figure 3.1. The pump power was 25 dBm in all cases. A fused typed
WDM coupler was used to combine the input signal and the pump, which co-propagate
in the fiber after the WDM. The TDF characterized above was used as the gain fiber. Fig-
ure 3.11 suggests that the "natural" lasing wavelength for a 8 – 15 m long TDF is ∼1970
– 1990 nm. Thus a fiber length in this range would be good for the targeted wave-
length. In my experiment a total fiber length of 11.8 m was chosen. This fiber length
was divided into two sections, which are 4.3 m and 7.5 m long, respectively. Five config-
urations in total have been characterized as shown in Figure 3.12. The first three setups
have a forward pumping configuration with different lengths of TDF in each ampli-
fier. 4.3 m, 7.5 m, and 11.8 m fiber lengths were used. The other two configurations
redistribute the TDF in the cavity by placing either the 4.3 m or 7.5 m session of TDF in
front of the WDM coupler while the other strand of TDF is still forward pumped. We
shall see that although the total fiber length is the same, the alter in structure can cause
considerable difference in the performance of the amplifier.

Figure 3.12: Experimental setups for TDFA structure optimization for 2 µm op-
eration. YE1638: a semiconductor LD emitting at 2002 nm provided by Eblana
Photonics; WDM: wavelength division multiplexer; TDF: thulium-doped fiber.

Figure 3.13 compares the gain and amplified spectra of the setups shown in Figure 3.12.
Figure 3.13(a) shows the gain for the 2002 nm signal as a function of input signal power.
The input signal power was varied between −12 dBm and 3 dBm. The three forward
pumping configurations exhibit similar gain behaviour and have similar gain values.
The 4.3 m fiber has slightly better gain than the 7.5 m fiber at most input signal power
levels tested. However, it is interesting to note that the trend of the gain curves seems to
suggest the 7.5 m fiber would offer higher gain than the 4.3 m fiber at lower input signal
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powers (<−12 dBm) as the former has a steeper gain curve. This can be explained by
examining the output spectra of both configurations as shown in Figure 3.13(b). It can
be seen that the output spectra of the 7.5 m fiber has much less short wavelength com-
ponent due to reabsorption. The reabsorbed short wavelength ASE did not get wasted,
rather, it can pump the TDF. Therefore, for a small signal (<−12 dBm), after propagat-
ing through the first 4.3 m of TDF, it can still extract gain during further propagation
towards the end of the 7.5 m fiber. Nonetheless, note that the signal itself also suffers
from small but nonnegligible background absorption, meaning that a too long active
fiber would induce a high accumulated loss outweighing the gain. Hence there is an
optimal fiber length (in terms of gain) for a certain input signal power and launched
power power. In the case of a large input signal, the reabsorbed ASE power is not
enough to maintain a decent population inversion level, thus cannot provide enough
gain for the signal. Therefore, after the signal passes the first 4.3 m section of the TDF,
loss dominates in the back section of the TDF, which explains why the gain curves of
the 4.3 m and the 7.5 m TDFs are parallel when the input signal power is higher than
−6 dBm. For even longer fiber length, the reabsorption for the signal is even stronger
as evidenced by the gain curve of the 11.8 m long fiber. This can be better understood
from Figure 3.13(b): the amplified spectra of the 11.8 m TDF has less ASE component
on the short wavelength side due to the reabsorption. However, this amount of ASE is
not enough to generate enough gain to counterbalance the loss for the signal. Thus the
signal experiences net loss when propagating from 7.5 m to the end of the 11.8 m fiber.

After discussing the forward pumping configurations, we look at the other two con-
figurations which both have a section of indirectly pumped TDF between the isolator
and the WDM coupler. The two structures have very similar gain behaviour for the
input singal power levels tested as can be seen from Figure 3.13(a). The gain for the
"7.5 m/4.3 m" setup (Figure 3.12e) is slightly better than the "4.3 m/7.5 m" setup (Fig-
ure 3.12d) due to the weaker signal reabsorption in the latter case. It is interesting
to notice that both configurations present a considerable gain enhancement compared
with the forward pumping configurations. Up to 4 dB gain increase was observed for
−12 dBm input signal power. The gain enhancement is contributed by the backward
travelling ASE, which pumps the TDF placed before the WDM coupler. Note that the
gain curves become steeper. This is because the gain curves have to converge to the
saturated gain of this wavelength as the amount of backward ASE is not able to influ-
ence the saturated gain significantly. Despite this, there is still 1 dB improvement in
the saturated gain for 3 dBm input signal power compared with the forward pumped
11.2 m TDF result.

In the spectral domain, the two configurations incorporating indirectly pumped TDFs
also show interesting features. The most noticeable one is that the two configurations
have higher ASE floor than all three forward pumping configurations in the 1930 – 2020
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Figure 3.13: Gain and output spectra of the TDFA setups in Figure 3.12. (a)
Gain for 2002 nm signal as a function of input signal power. (b) Amplified
spectra for−12 dBm input signal power measured with 0.5 nm OSA resolution.
The inset on the right shows the zoom-in spectra near the signal wavelength.
The pump power was 25 dBm in all cases.

nm region, indicating that the gain in this region can be enhanced. Among all config-
urations, the "7.5 m/4.3 m" setup (Figure 3.12(e)) has the largest amount of ASE com-
ponent. The reason is that the first 7.5 m TDF section pumped by backward travelling
ASE acts as an amplification stage, which generates ASE while amplifying the signal;
the ASE generated can feed the second 4.3 m TDF section and extract a considerable
amount of gain for itself without reducing the signal gain in the case of small-signal
input. This phenomenon is most pronounced for wavelengths longer than 1870 nm as
evidenced by the comparison between the "7.5 m/4.3 m" setup (Figure 3.12(e)) and the
"4.3 m" setup (Figure 3.12(a)). Exactly the same trend can be found by comparing the
"4.3 m/7.5 m" setup (Figure 3.12(d)) and the "7.5 m" setup (Figure 3.12(b)).

What can be learnt from this experiment is that the amplifier structure has significant
influence on the amplifier performance. Adding an indirectly pumped TDF can be
viewed as creating a backward pumped pre-amplification stage before the main ampli-
fication stage. As for the optimized design for operating at ∼2000 nm, I choose to use
the forward pumping configuration incorporating 12 m of TDF. This structure is chosen
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because (1) this long active fiber length exhibits a low ASE floor due to the reabsorption
of the shorter wavelength ASE; (2) the low ASE floor and long fiber length allow more
pump power to be launched into the active fiber due to the lower risk of parasitic lasing
and obviously heavier pump absorption; (3) the signal reabsorption is not significant
for such fiber length as can be inferred from Figure 3.13(a). In the next section, I will
present a detailed characterization of this configuration. Besides, I will also investigate
the influence of adding a piece of indirectly pumped TDF on the wideband gain spec-
trum. The length of this TDF is chosen to be 4 m. This length is chosen because in terms
of the gain enhancement in the vicinity of 2000 nm, a longer TDF length (e.g. 7.5 m)
does not make much difference as can be inferred from Figure 3.13(b).

3.4 TDFA design and detailed characterization

In this Section, I will realize the amplifier design proposed above and carry out detailed
characterization.

3.4.1 Experimental setup

Figure 3.14: Experimental setup of fiber laser pumped TDFAs. TLS: tunable
laser source. NDF: neutral density filter. L: lens. ISO: isolator. TDF: Tm-doped
fiber. WDM: wavelength division multiplexer.

Figure 3.14 illustrates the experimental setup of the core pumped Tm-doped fiber am-
plifier. The TDFA was built with the TDF characterized above (OFS TmDF200). Two
TDFA configurations were developed to provide maximum gain at short and long
wavelength bands, respectively. The first design, entitled TDFA-C, consisted of a 12 m
long TDF, which was forward pumped by the in-house built 1564 nm fiber laser as
shown in Figure 3.1. Pump and signal wavelengths were combined using a 1570/2000nm
WDM coupler. Isolators were placed both at the input and output ends to prevent par-
asitic lasing. The second design, named as TDFA-L, included an additional 4 m TDF
(dotted line in Fig.1) inserted between the input isolator and the WDM coupler. This
additional piece of fiber was indirectly pumped by the backward-travelling ASE gen-
erated from the directly pumped 12 m TDF section and provided additional signal gain
at longer wavelengths. This pumping scheme is similar to what has been used in L-
band EDFA designs [141]. The TDFAs were seeded using an in-house built tunable
laser source (TLS) as shown in Figure 3.15 [142]. The laser wavelength was tuned by an
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external cavity acousto-optic tunable filter (AOTF), providing narrow linewidth wave-
length coverage from 1910 nm to 2020 nm. A tunable neutral density filter was used to
adjust the input signal power. The free space laser beam from the TLS was coupled to
the input end of the TFDAs through an 8 mm focal length lens.

Figure 3.15: Experimental setup of the tunable laser source incorporating an
acousto-optic tunable filter as the tuning element [142]. TDF: Tm-doped fiber;
AOTF: acousto-optic tunable filter; HR: high reflector.

Figure 3.16 shows a photo of TDFA-L. The layout of the amplifier is 28 cm × 18 cm in
dimension. TDFA-C has a similar appearance and layout.

Figure 3.16: Photo of TDFA-L

3.4.2 Results and discussion

3.4.2.1 Noise figure, gain, tunability, and efficiency characteristics

Figure 3.17(a) compares the (external) noise figure (NF) and gain performances of TDFA-
C and TDFA-L respectively at a pump power of 31 dBm. Small (−20 dBm) and sat-
urated (0 dBm) signal gain characteristics for both amplifier configurations are pre-
sented. TDFA-C provided a maximum small signal gain of ≥38 dB at a peak wave-
length of 1930 nm. Whereas the maximum small signal gain of TDFA-L was measured
to be 41 dB, ∼3 dB higher than TDFA-C due to the added length of gain fiber incor-
porated in between the input isolator and the WDM coupler, however the gain peak
was red-shifted to 1950 nm in this instance. Except for the short wavelength edge of
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the amplification band, TDFA-L in fact exhibited a small signal gain enhancement ap-
proaching ∼3 – 4 dB for wavelengths beyond 1950 nm. Additionally, TDFA-L effec-
tively improved the flatness of the saturated gain curve and consistently provided 23 –
26 dB saturated gain over the entire amplification bandwidth. In contrast, the saturated
gain of TDFA-C dropped significantly for wavelengths above 1960 nm. Note that the
gain enhancement offered by TDFA-L on the long wavelength side of the amplification
band was achieved without paying any significant penalty in terms of NF. Both am-
plifier configurations exhibited NFs between 5 – 7 dB for wavelengths above 1980 nm.
However, moving towards the shorter wavelength side, the NF of TDFA-L increased
considerably and reached a value of 12 – 14 dB at 1910 nm, while TDFA-C consistently
exhibited 5 – 6 dB NF over the entire amplification band. Note that even higher gain
was available at higher pump power (e.g. 45 dB small signal gain was recorded for
TDFA-L at 1950 nm for 32 dBm of pump power), but the system became sensitive to
parasitic lasing especially when operating at the edge of the gain band where isolator
performance was compromised.

Figure 3.17: Performances of TDFA-C and TDFA-L at 31 dBm pump power. (a)
Noise figure and gain; the solid lines represent TDFA-L, the dotted lines show
TDFA-C performance. (b) Output spectra and noise figure when amplifiers
were seeded by −10 dBm signal.

The introduction of the additional indirectly pumped section of gain fiber in TDFA-L
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therefore had two distinct effects. Firstly, the amplifier gain was notably enhanced, par-
ticularly for longer wavelengths, and the saturated gain flatness was improved. This
can be attributed to the reabsorption of the otherwise lost backward travelling ASE,
which enhanced the amplifier efficiency, and the overall longer length of gain fiber,
which shifted the gain peak towards longer wavelengths. Secondly, the NF increased
for short wavelengths due to the increased initial absorption of the input signal in the
indirectly pumped section before the amplification takes place in the directly pumped
gain fiber.

The above discussion suggests that high gain, low noise amplification over the full
110 nm band investigated at 2 µm can be achieved by combining TDFA-C and TDFA-L
in a transmission system, where shorter wavelength signals up to 1960 nm are ampli-
fied by TDFA-C, while TDFA-L provides amplification for the longer wavelengths. The
resulting amplified spectra are shown in Figure 3.17(b). More than 30 dB small signal
gain, NF below 6.3 dB and more than 30 dB optical signal-to-noise ratio (OSNR) were
achieved over the entire wavelength range investigated in this work. Note that the
amplifier performance could not be investigated below 1910 nm due to the limited tun-
ability of the TLS. Neither the gain curve nor the noise figure in Figure 3.17(a) showed
any tendency of rapid degradation, which leads us to expect that the true operating
window of the TDFAs will ultimately prove to be much broader than that physically
demonstrated here: particularly with further customization of the amplifier design and
the availability of the sorts of filtering and gain flattening components now routinely
available for erbium based systems.

Seeding at 2000 nm was chosen as an example to demonstrate the performance of
TDFA-L in terms of gain and NF at different pump and input signal levels. Figure 3.18
shows that >35 dB small signal gain was achieved for 33 dBm pump power. As ex-
pected, the gain increases for increasing pump power (see Figure 3.18(a)) or decreasing
input signal power (see Figure 3.18(b)). The NF did not exhibit a strong dependence on
pump or input signal power, and remained around 6 dB.

Figure 3.17(a) illustrates that both the highest small signal gain and the maximum satu-
rated gain were achieved by TDFA-L at 1950 nm. Therefore, we chose this wavelength
to test the power scaling capability of the TDFA. Figure 3.19(a) shows the output power
with respect to absorbed pump power for different input signals. Up to 1.2 W of sat-
urated output power was obtained for 1 mW input signal at 2.7 W of pump power,
corresponding to a power conversion efficiency of 44% and slope efficiency of 50%.
An optical signal-to-noise ratio (OSNR) of more than 40 dB was obtained, as shown in
Figure 3.17(b). Note that each of the isolators used in the setup had an insertion loss
of ∼1 dB at 2 µm, whereas the WDM had an insertion loss of ∼0.5 dB at 2 µm. The
amplifier noise figure, gain, and efficiency are therefore limited by the relatively high
insertion losses of the first generation of passive optical components at 2 µm.



Chapter 3 First Demonstration of Thulium-Doped Fiber Amplifiers for Optical
Communications at 2 µm 89

Figure 3.18: Gain and NF of TDFA-L at 2000 nm at different (a) pump and (b)
input signal power levels.

3.4.2.2 Small signal performance in the saturation regime

Next, we examined the behavior of TDFA-L in the presence of two wavelength chan-
nels. The small signal gain and NF in the saturation regime were tested by injecting
one saturating wavelength channel with high input power and probing with a small
tunable signal channel across the gain bandwidth. The saturating signal was provided
by a laser diode at 2008 nm, which was coupled into the amplifier through a fiber tap
coupler together with the small signal from the TLS. The input powers of the saturating
2008 nm channel and the probe channel were kept at 0 dBm and−20 dBm, respectively.
The pump power was 31 dBm.

Figure 3.20 shows the influence of the saturating channel on the gain and NF perfor-
mance as well as the spectra of the probe channel. In the presence of the saturating
channel, the gain of the probe channel dropped by about 10 dB in the intended op-
erating window of TDFA-L between 1970 – 2020 nm, and up to 20 dB at the short
wavelength edge of the gain bandwidth (see Figure 3.20(a)). However, the gain curve
roughly preserved its shape, especially in the ≥1970 nm region. Note that the presence
of the saturating channel did not affect the NF significantly. Figure 3.20(b) compares
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Figure 3.19: Efficiency and spectrum of TDFA-L at 1950 nm.

the spectra of the probe channel located at 1970 nm when the saturating channel was
turned on and off. Clearly the power of the probe channel decreased by ∼10 dB when
the 2008 nm channel was switched on, but the OSNR at the probe wavelength remained
almost unchanged.

3.4.2.3 Gain dynamics

Here we investigate the gain dynamics of the TDFA in the presence of two wavelength
channels in order to examine both power excursions due to cross gain modulation and
transient settling times.

TDFA-L was seeded with two input channels combined by a 10 dB fiber tap coupler. A
directly modulated discrete mode laser diode at 2008 nm, which we refer to as Ch1, was
used to generate square wave with 50% duty cycle to simulate the impact of adding/-
dropping one (or multiple) channels. A pulse generator (8131A, HP) was used to mod-
ulate the laser diode at different frequencies and various power levels. The other chan-
nel (Ch2), which we refer to as the surviving channel, was another discrete mode laser
diode at 2000 nm with a constant power of −15 dBm. Two fiber Bragg grating (FBG)
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Figure 3.20: Small signal performance in the saturation regime. (a) Influence
of the saturating channel on the gain and noise figure of the probe channel. (b)
Spectra of 1970 nm probe channel with 2008 nm channel on/off.

based filters with 2 nm bandwidths were used to separate the individual channels at
the output of the amplifier. The temporal response of each channel was recorded using
10 GHz InGaAs PIN detectors (ET-5010-F, EOT) and a digital oscilloscope (TDS5032B,
Tektronix). The results are summarized in Figure 3.21.

Figure 3.21(a) shows the normalized transient response of the channels. Ch1 input was
modulated at 10 Hz with an ’on’ level of −4 dBm (equivalent in power terms to ∼12
data streams each of −15 dBm power) and an ’off’ level of null. Ch2 input was kept at
−15 dBm. The pump power used was 27.5 dBm. When Ch1 was switched on, Ch2 ex-
perienced gain competition due to the depletion of population inversion by Ch1. The
output power of Ch2 therefore dropped and was subsequently restored to the origi-
nal level when Ch1 was switched off. In the following paragraphs the characteristic
parameters of this transient response, power excursion and rise time, are discussed.

Figure 3.21(b) shows the power excursion, defined as the ratio of the highest power to
the lowest power of the surviving channel, as a function of modulation frequency. All
other parameters were the same as in Figure 3.21(a). For modulation frequencies lower
than 1 kHz, the power excursion remained approximately constant at around 4 dB. For



92
Chapter 3 First Demonstration of Thulium-Doped Fiber Amplifiers for Optical

Communications at 2 µm

Figure 3.21: Gain dynamics of TDFA-L. (a) Normalized input and output signal
in the event of signal channel power modulation. Top: modulation channel
input; Middle: modulation channel output; Bottom: surviving channel output.
(b) Power excursion at different modulation frequencies. (c) Power excursion
with respect to pump power (red) and modulation channel power (blue) at 10
Hz modulation frequency. (d) Rise time with respect to pump power (red) and
modulated channel power (blue) at 10 Hz modulation frequency.

higher frequencies, the power excursion dropped to 1 dB at 100 kHz, because the sur-
viving channel (Ch2) cannot follow the fast modulation of Ch1 and only a steady-state
gain compression appears due to the slow response of the fiber amplifier’s population
inversion, which has an excited state lifetime (radiative) of ∼4 ms [49]. Higher power
excursion suggests a bigger influence of cross gain modulation effects on the surviving
channel.

To simulate the effect of adding/dropping multiple data streams, the power of Ch1 was
varied from −15 dBm (1 data stream) to −4 dBm ( representative of 12 data streams)
with −15 dBm power in Ch2 and 27.5 dBm of pump power. The modulation frequency
of Ch1 was set at 10 Hz. The results are shown in Figure 3.21(c) (blue curve). As more
data streams were added/dropped, the power excursion increased accordingly. The
power excursion for the addition of one data stream was ∼0.5 dB, compared with
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∼3 dB when 8 data streams (−6 dBm Ch1 power) were added/dropped. More data
streams therefore introduce larger cross gain modulation effects because the system op-
erates in the large signal (saturated) regime and are in line with the observation made
in Figure 3.20(b).

We also studied the dependence of the power excursion on pump power, which varied
from ∼26 dBm to ∼31 dBm while Ch2 was kept at −15 dBm and the ’on’ level of Ch1
was kept at −4 dBm. The results are summarized in Figure 3.21(c) (red curve). The
power excursion increased with pump power and remained stable for pump powers
exceeding 28.5 dBm. This indicates that the cross gain modulation in the TDFA is pro-
portional to the overall gain experienced by the input signals, which is likely to increase
with pump power until gain saturation occurs.

Finally, the rise time (defined as the time to transit from 10% to 90% of the maximum
steady state power level) of the surviving channel was investigated. Figure 3.21(d)
shows the results, with each data point taken under the same condition where its coun-
terpart in Figure 3.21(c) was recorded. The rise time exhibited a strong dependence on
pump power and decreased from∼0.9 ms to∼0.2 ms as the pump power was increased
from ∼26 dBm to ∼31 dBm. However, the rise time is largely unaffected by the change
in power of the modulated channel and only a small increase (∼0.1 ms) was observed
when the power of Ch1 was increased from −15 dBm to −4 dBm. This confirms that
the transient time of the surviving channel is directly linked to the gain it experiences,
the higher the gain, the faster the response of the surviving channel and vice versa.

3.5 Conclusion

In this Chapter, I have demonstrated and extensively tested the performance of two
TDFA designs for the application as high performance amplifiers in potential future
telecommunication networks operating around 2 µm. General design considerations
for telecom optical fiber amplifiers have been discussed first. Then I have presented
a few preliminary experiments including constructing 1.56 µm single-mode fiber laser
sources for pumping thulium, measuring the pump absorption and laser efficiency of
a TDF, as well as optimizing the TDFA configuration for 2 µm operation. Next, I have
realized the amplifier design and carried out detailed characterization. The TDFAs are
found to be analogous in implementation and function to the current EDFA, but capa-
ble of operating over a far more extended bandwidth in this new waveband of interest.
By choosing two different designs, namely TDFA-C and TDFA-L, optimized for short
and long wavelength operation respectively, we were able to demonstrate small signal
gains of more than 30 dB and NFs lower than 6.3 dB over a 110 nm bandwidth, and
>35 dB gain over 90 nm (1910 – 2000 nm). The peak gain was measured to be 45 dB
at 1950 nm for −20 dBm input signal power at 32 dBm pump power. We have also
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demonstrated high power operation of the TDFA with 1.2 W output power at 50% slope
efficiency with respect to the absorbed pump power. The small signal performance in
the presence of a saturating signal has also been studied. It was found that the gain
curve of the probe signal preserved its shape whilst the NF values remained roughly
unchanged. Furthermore, we have investigated cross gain and associated transient ef-
fects in a TDFA for the first time. Our measurements show that, just like the EDFA
[143, 144], the power excursion increases whilst the transient response time decreases
with increases in amplifier gain.

To the best of our knowledge, this is the first time the TDFA has been systematically
evaluated for 2 µm optical fiber communications, which from the amplifier perspective
confirms the practicality of such a radical solution should future potential solutions to
the "capacity crunch" problem currently under investigation require it. With the trans-
mission loss of HC-PBGF getting lower and 2 µm active and passive devices becom-
ing more and more available, 2 µm optical communications certainly offers interesting
prospects. Note that such high performance amplifiers are also likely to find appli-
cations in a host of other application areas in the shorter term including within: high
power fiber lasers systems, optical sensing and medicine amongst others.



Chapter 4

Investigation of Diode-Pumping
Scheme for Silica-Based
Thulium-Doped Fiber Amplifiers
Working in the 1700 – 2050 nm
Window

4.1 Introduction

In Chapter 3, TDFAs have been characterized extensively in an optical communications
context, demonstrating high gain, low noise amplification over a more than 100 nm
bandwidth around 2 µm (1910 – 2020 nm). These implementations were in-band fiber
laser pumped, which would limit their applicability in real-life transmission systems.
Ultimately, TDFAs will have to reach the same level of compactness, reliability and ef-
ficiency as current erbium-based systems in order to be considered as a true alternative
solution, i.e., laser diode pumping is indispensable.

Diode-pumped TDFAs have been developed for operation in the first communication
window around 800 nm [145] and in the S-band at 1480 – 1510 nm [146, 147]. The
former investigation used a 780 nm laser diode to pump a thulium-doped ZBLAN fiber
based amplifier and demonstrated up to 26 dB small signal gain at 806 nm [145]. The
latter studies developed a dual wavelength (1.4/1.56 µm) diode-pumping scheme for
thulium-doped fluoride fiber based amplifiers and achieved over 25 dB small signal
gain in the 1480 – 1490 nm window [146, 147]. Note that in Ref [146, 147], 1.4 µm is
the main pump wavelength whereas the 1.56 µm pump, whose power is an order of
magnitude lower than that of the 1.4 µm pump, is the auxiliary pump which is used to
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deplete the lower laser level. Another study which is more relevant to my work showed
that laser oscillation at 1.9 µm could be obtained from a thulium-doped fluoride fiber
pumped by either a 1.63 µm or a 1.57 µm semiconductor laser diode [148].

The above studies provide interesting prospects for the topic of diode-pumping schemes
for the TDFA. However, to date there has been little research on investigating the diode-
pumping scheme for silica-based small-signal TDFAs suitable for optical communica-
tions in the new waveband of interest at 2 µm. The suitability of the diode-pumping
scheme for such amplifiers cannot be established straightforwardly even though it was
found to work for soft-glass fiber based thulium laser/amplifier systems. The biggest
problem comes from the fiber host. Silicate hosts offers by far the most attractive me-
chanical features compared with other host materials such as fluoride. However, the
excellent mechanical properties come at the cost of high phonon energies and strong
electron-phonon coupling, which can result in a high non-radiative transition rate and
largely reduce the upper laser level lifetime (see 2.3.2.3 in Chapter 2 for a detailed dis-
cussion). The impact of the fiber host on the upper state lifetime is more pronounced
for thulium compared with erbium because thulium has a much closer energy gap be-
tween the upper and lower laser levels. Figure 2.15 illustrates this point. An important
consequence is that a relatively high pump intensity is required to keep bleaching the
lower laser level so that population inversion can be achieved (see 2.1.5.1 in Chapter 2
for a detailed discussion). In other words, due to a relatively short upper state lifetime
τ, the pump threshold Pth tends to be relatively high because of the small σ− τ prod-
uct (recall Equation 2.63: Pth ∝ (στ)−1). Therefore the question as to whether pumping
with state-of-the-art laser diodes can provide enough gain for silica-based small-signal
TDFAs is valid and needs careful study.

In this Chapter, I present studies on evaluating the diode-pumping scheme for silica-
based small-signal TDFAs in the context of optical communications at 2 µm. In Sec-
tion 4.2, I demonstrate first implementations of TDFAs operating in the 2 µm wave-
band, in-band core-pumped by laser diodes at 1.55 µm. Amplification is achieved over
a 240 nm wide window with up to 36 dB small-signal gain and a noise figure (NF) as
low as 4.5 dB by combining three TDFA designs optimized for short, central and long
wavelength operation, respectively. In Section 4.3, the diode-pumping scheme is tested
in a thulium-doped fiber laser (TDFL) configuration. The diode-pumped monolithic
TDFL features an ultra-wide tuning range of more than 250 nm, which is to date the
widest tuning range demonstrated by any diode-pumped fiber laser. I present my work
on the gain extension of diode-pumped TDFAs towards 1.7 µm in Section 4.4. Com-
pared with the work presented in Section 4.2, 90 nm gain extension has been achieved
by exploiting novel amplifier designs and new passive devices. These results confirms
the suitability of the 1.5 µm laser diode core-pumping scheme for silica-based TDFAs,
which represents a major stepping stone in the assessment of TDFAs for possible future
transmission systems at 2 µm.
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4.2 Demonstration of TDFAs in-band pumped by 1.55 µm laser
diodes

In this Section, I present my work on investigating a diode pumping scheme for small-
signal silica-based TDFAs. The pump wavelength is chosen to be around 1.55 µm,
which is at the absorption wing of the 3H6 → 3F4 absorption band of Tm3+ (see Fig-
ure 3.8 for the measured absorption spectrum). The work presented in Chapter 3 shows
good amplifier performance under the pumping of a 1564 nm fiber laser. This provides
realistic hope for the diode pumping scheme being proposed, especially when 1.55 µm
single mode laser diodes with decent power levels (∼200 mW) are becoming commer-
cially available. These laser diodes can potentially serve as a good pump source for the
TDFA and truly bring out its full potential as a qualified contender for the amplifier of
choice in possible future 2 µm optical communication systems. The best way to evalu-
ate the practicality of the diode-pumping scheme is to construct diode-pumped TDFAs
and to examine the amplifier performance, which is what the following section will be
discussing.

4.2.1 Pump diode characterization

The pump laser diodes that I used were two Fabry-Perot (FP) laser diodes from Prince-
ton Lightwave (part number: PSL-450). I first characterized the performance of these
two pump diodes. Figure 4.1 shows the power and spectral characteristics of both
pump diodes. Figure 4.1(a) plots the output power as a function of drive current. At
1 A drive current, both diodes delivered∼210 mW (23.2 dBm) of output power through
SMF28 fiber, which is readily compatible with other passive components employed in
the TDFA setup. Also plotted is the pump power measured after the WDM couplers
(see Figure 4.2 for the experimental setup), suggesting ∼0.2 dB insertion losses of the
WDM couplers. The spectra of the diodes at full power are shown in Figure 4.1(b). The
TEC was set at 25 ◦C with 1 A TEC current consumed at full output power. Both spectra
have 7 – 8 nm wide flat tops centred at 1540 nm and 1545 nm, respectively. The 10 dB
bandwidth is about 10 nm. No wavelength stabilizing FBG was ordered to be inte-
grated in either diode due to the extra cost involved. However, the exact pump wave-
length in this region is not critical since the pump absorption spectrum is relatively
flat in this spectral range. For instance, as can be seen from Figure 3.8, there is only
∼6 dB m−1 difference in the pump absorption (at mW pump power levels) for 1540 nm
and 1550 nm. At even higher pump powers, this difference will be even smaller.

The above characterization shows that both diodes can deliver decent single-mode
output power with suitable wavelengths for Tm3+ absorption. Therefore, I use these
diodes to examine the diode-pumping scheme for TDFAs. Note that Tm3+ has a very
small but finite emission cross section at the pump wavelength, which can potentially
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Figure 4.1: Characterization of the pump laser diodes. (a) Output power as
a function of drive current, measured directly after each diode and a WDM
coupler which couples the pump light into the TDF. (b) Output spectra at full
output power (measured with 0.1 nm OSA resolution). The TEC was set to
25 ◦C for all measurements.

cause instability or even damage to the pump diodes if strong amplified spontaneous
emission (ASE) at the pump wavelength gets coupled into the diodes. Thus 1.5 µm iso-
lators are needed to protect the pump diodes in the presence of strong ASE at the pump
wavelength. However, for the pump power and fiber lengths I use (detailed later), the
forward ASE will be purely at long wavelengths (∼2 µm) whereas the backward ASE
will have minimal power at the pump wavelength due to the relatively low popula-
tion inversion level that can be achieved through diode-pumping at 1.55 µm. Hence no
1.5 µm isolator was necessary for the experiment discussed in this Section. This also
brings down the system cost without compromising the reliability.

4.2.2 Experimental setup

The experimental setup of the diode-pumped TDFA is shown in Figure 4.2. Figure 4.2(a)
depicts the schematic of the setup. The same TDF as the one employed in the fiber laser
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Figure 4.2: Experimental setup of the diode-pumped TDFA. (a) Schematic. (b)
Photo of the TDAF together with the pump diodes. TLS: tunable laser source;
ISO: isolator; LD: laser diode; WDM: wavelength division multiplexer; TDF:
thulium-doped fiber.

pumped TDFAs presented in Chapter 3 was used. Three TDFA implementations were
investigated using 2 m, 4 m, and 8 m of gain fiber, denoted TDFA-S/C/L, which opti-
mize the amplifier performance at short, central, and long wavelength bands, respec-
tively. The TDF was core pumped in a bidirectional configuration by the two pump
laser diodes described above. The launched pump power into the TDF is ∼210 mW on
each side. Pump and signal wavelengths were combined using two 1570/2000 nm fil-
ter based WDM couplers. 2 µm isolators were placed both at the input and output ends
to prevent parasitic lasing. Figure 4.2(b) shows a photo of the TDFA plus pump mod-
ule. It can be clearly seen that the pump diodes are very compact and consequently
the whole setup takes much less space than the fiber laser pumped configurations
presented in Chapter 3 (e.g., the one shown in Figure 3.6). With careful design and
engineering, the setup can be further integrated and its size reduced to a hand-held
level, which will facilitate many applications. For characterization, the TDFAs were
seeded by an in-house built tunable laser source (TLS) providing narrow linewidth op-
eration in the range 1790 − 1990nm. Additionally, I used three discrete-mode (DM)
laser diodes (Eblana Photonics) emitting at 2008 nm, 2025 nm, and 2045 nm to evaluate
the TDFA performance at the long wavelength edge of the amplification band. An at-
tenuator was placed after the seed source to control the input signal power. A power
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meter (Ophir 3A-FS) and an optical spectrum analyzer (AQ6375) were used to measure
the gain and noise figure (NF) of the amplifiers.

Figure 4.3 shows the schematic of the in-house built TLS. The TLS has a Littrow con-
figuration whereby a grating forms an end mirror by feeding the first order diffraction
back to the gain region. The reflected beam was dumped into a beam block. The gain
fiber is an in-house fabricated TDF, which is pumped by a 1.5 µm fiber laser. Various
1.5 µm fiber lasers have been used to pump the TLS depending on the availability, the
most often used one being the in-house built fiber laser shown in Figure 3.4. For this
particular experiment, a commercial 1.5 µm fiber laser was used. The pump was cou-
pled into the cavity through a fused type WDM coupler. The other end of the cavity
is terminated by an FC/PC patch cord which provides broadband 4 % Fresnel reflec-
tion. An angle polished patch cord collects the output power. For narrow linewidth
operation, an etalon was inserted between the grating and the gain region. Wavelength
tuning is achieved by tuning the angle of the grating (for coarse tuning) and the etalon
(for fine tuning). Compared with the TLS in Figure 3.15, this TLS features core pump-
ing (which allows shorter wavelength operation) and a smaller footprint (which makes
it easily portable).

Figure 4.3: A core-pumped in-house built 2 µm tunable laser source (TLS).
(a) Schematic of the TLS. (b) Photo of the TLS (this is a slightly different ver-
sion with a filter based WDM). WDM: wavelength division multiplexer; TDF:
thulium-doped fiber laser; L: lens; M: mirror; E: etalon; G: grating. The pump
source was a 1.5 µm fiber laser such as the one shown in Figure 3.4.
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4.2.3 Results and discussion

Figure 4.4(a) shows the detailed characterization of the TDFA-C implementation, which
uses 4 m of gain fiber. The figure presents the wavelength dependence of the small-
signal gain (measured with an input signal power of −20 dBm), the saturated gain
(measured with an input signal power of 0 dBm), as well as the external NF for both
gain curves. The total pump power delivered by both pump diodes was 26.2 dBm in all
cases. The amplifier achieves a small-signal peak gain of 36 dB at 1900 nm and provides
gain over a more than 215 nm wide window in the range 1830− 2045nm. Note that we
could not perform measurements at longer wavelengths at that time due to the lack of
a suitable seed source. The saturated gain curve is flat and only varies between 18 –
20 dB in the 1840 – 2010 nm waveband. The relatively low output powers of the DM
diodes (<0 dBm) at 2025 nm and 2045 nm do not allow us to perform saturated gain
measurements beyond 2010 nm. There is no significant difference in NF between small
and saturating input signal powers, varying between 5 dB and 7 dB over the entire
spectral range tested.

A single, compact and diode-pumped TDFA is therefore able to deliver more than 20 dB
small-signal gain and less than 7 dB NF over a nearly 200 nm wide transmission win-
dow in the 2 µm wavelength region. The saturated amplified spectra have more than
30 dB out-of-band optical signal-to-noise ratio (OSNR) and over 45 dB in-band OSNR,
as shown in Figure 4.4(b).

The amplifier performance at the short and long wavelength edge of the amplification
band can be improved by varying the length of employed gain fiber. Figure 4.5(a) com-
pares the external small-signal gain and NF performance of all three different amplifier
configurations. As the gain fiber length is increased, the gain maximum shifts from
1880 nm for TDFA-S (2 m of TDF) to 1950 nm for TDFA-L (8 m of TDF). This behavior is
due to the fact that short wavelength ASE components suffers from reabsorption losses
with an increase in fiber length.

In comparison to the performance of TDFA-C discussed above, TDFA-S provides up
to 10 dB gain enhancement and up to 3 dB improvement in NF for wavelengths below
1860 nm. Similarly, TDFA-L provides up to 4 dB higher gain and up to 1 dB lower NF
than TDFA-C for wavelengths beyond 1970 nm. TDFA-L also exhibits the lowest over-
all measured NF of 4.5 dB at 2025 nm. However, in this amplifier configuration the NF
rises sharply for wavelengths below 1900 nm. It is found that increasing the length of
gain fiber above 8 m does not provide any further advantage in terms of gain at long
wavelengths. Rather, signal reabsorption starts to become pronounced due to the in-
sufficient pump power for a longer fiber length.
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Figure 4.4: Detailed wideband performance of TDFA-C using 4 m of gain fiber.
(a) Wavelength dependence of small signal gain (seed power: −20 dBm), satu-
rated gain (seed power: 0 dBm), and noise figure (NF) for both gain curves. (b)
Output spectra over the tested wavelength band for 0 dBm seed power, mea-
sured with 0.5 nm OSA resolution.

The above discussion highlights the possibility that high gain, low noise amplification
over the entire 240 nm band investigated can be achieved by combining all three ampli-
fier configurations in a transmission system, where short wavelengths up to 1860 nm
are amplified by TDFA-S, the central waveband 1860 – 1960 nm by TDFA-C, and TDFA-
L provides amplification for longer wavelengths. The combined amplifier system pro-
vides more than 20 dB small-signal gain in the waveband 1810 – 2025 nm, and more
than 16 dB at up to 2050 nm. These gain figures can be improved in the future using
higher pump powers. Figure 4.5(b) shows the combined amplified spectra and the cor-
responding NF for−20 dBm input signal power. The in-band OSNR is more than 25 dB
across almost the whole band under test, with a slight degradation below 1820 nm.
Over 30 dB in-band OSNR is observed from 1840 – 2045 nm. The NF for the combined
system is flat at ∼5 dB over almost the entire waveband tested, but rises rapidly below
1840 nm. It is worth noting that the isolator and the WDM coupler used at the input
end of the TDFAs have a total insertion loss of ∼1.5 dB in the 1840 – 2050 nm region.
Taking this into account, we estimate the internal NF values of the TDFAs to be of order
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Figure 4.5: (a) Small-signal gain and noise figure (NF) of the TDFA incorporat-
ing different lengths of fibers. (b) Combined amplified spectra (measured with
0.5 nm OSA resolution) and corresponding NF of TDFA-S/C/L with−20 dBm
input signal power. We expect the working region of TDFA-S to extend further
towards the shorter wavelength (shown by the patterned shaded area) with
low-loss passive components becoming available.

of 1 dB lower than the external NF values shown in Figure 4.5(a).

At this point, it would be worth discussing the passive components that have been
used to construct the TDFAs. In particular, the 1.5/2 µm WDM coupler and 2 µm iso-
lator are examined. Figure 4.6 plots the measured insertion loss of a sample WDM
(Figure 4.6(a)) and the measured insertion loss as well as isolation of a sample isolator
(Figure 4.6(b)). For the WDM, it can be clearly seen that the insertion loss is 0.5 – 1.0 dB
in the 1850 – 2050 nm region with a slow increase towards the longer wavelength but
rises exponentially from 1840 nm onwards towards the short wavelength. In contrast,
the isolator has a wider transmission window with 1 – 3 dB insertion loss in the entire
1700 – 2200 nm band. However, note that the isolation of the isolator becomes insuffi-
cient in the 1700 – 1800 nm region for applications such as building high gain amplifiers
as the system would be susceptible to parasitic lasing. Therefore, it can be concluded
that the amplifier performance presented above is mainly limited by the insertion loss
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and operating bandwidth of the first generation fiber components at 2 µm. The degra-
dation of gain and NF below 1840 nm in both TDFA-S and TDFA-C is caused by the
exponentially increasing insertion loss of the WDM couplers, as shown in Figure 4.6(a).
Thus the true operating window of TDFAs is expected to be even broader than phys-
ically demonstrated here, especially on the short wavelength side as indicated by the
patterned shaded area in Figure 4.5(b).

Figure 4.6: Characterization of passive components employed in the TDFA. (a)
Measured insertion loss of a sample 1.5/2 µm WDM. (b) Measured insertion
loss and isolation of a sample 2 µm isolator.

Note that in Chapter 3, it was demonstrated that the TDFA gain at long wavelength
could be enhanced by introducing a strand of TDF pumped by the backward travelling
ASE. However, this method could not be adopted here due to the ASE power being
low, limited by the available pump power. A more powerful pump would allow a
considerable amount of ASE to be recycled and enhance the TDFA gain above 1960 nm.

Seeding of TDFA-C at 1900 nm was chosen to demonstrate the power scaling capability
of the amplifier. Figure 4.7 shows the variation of output power with increasing pump
power of the backward-pumping LD-2, while the forward-pumping LD-1 was operat-
ing at maximum power of 210 mW. More than 100 mW saturated output power was
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obtained at a total pump power of 420 mW with a slope efficiency of 40%. If the inser-
tion losses of the employed passive components (WDM couplers, isolators) are taken
into account then the estimated (internal) slope efficiency of TDFA-C is ∼55%. For
telecom grade amplifiers, another important factor for consideration is the wall-plug
efficiency, which in our case is limited by the electrical-to-optical (E-O) efficiency of the
1550 nm pump diodes used in the experiments. The E-O efficiency of our pump diodes
is ∼10% (ignoring the TEC power consumption), which is slightly lower than that of
1480 nm pump diodes (∼15%) commonly used for EDFAs. It is believe that it will ul-
timately be possible to increase the efficiency of 1550 nm pump modules for TDFAs by
exploiting the continuing technological advances in material science, chip design, and
diode packaging and that the wall-plug efficiency of the TDFA will ultimately match
that of the EDFA.

Figure 4.7: TDFA-C output power at 1900 nm. The amplifier was seeded by
0 dBm input signal. The launched pump power of each diode was measured
at the common port of the corresponding WDM coupler.

The results presented in this Section demonstrate that the diode-pumping scheme is
suitable for silica-based small-signal TDFAs. High gain, low noise, and wide-band
operation of TDFAs can be achieved using commercially available laser diodes as the
pump source. This is a very encouraging message and presents an important step for-
ward for TDFAs to be considered for applications in possible future communication
systems at 2 µm. Indeed, the diode-pumped TDFAs that I developed have been deliv-
ered to my colleagues and project partners and employed in various high capacity 2 µm
transmission experiments. They have shown reliable performance and underpinned
various system experiments that have been conducted in our project as an indispens-
able enabling device.

In the next Section, I will discuss the diode-pumping scheme from the perspective of
lasers instead of small-signal amplifiers. The high gain and large bandwidth achieved
by the diode-pumped TDFAs suggest that a compact widely-tunable diode-pumped
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thulium-doped fiber laser (TDFL) is possible. This kind of laser can be very useful for
characterization purposes and many other applications.

4.3 Diode-pumped wideband tunable thulium-doped fiber laser

As aforementioned, the excellent performance that diode-pumped TDFAs demonstrated
indicates that the diode-pumping scheme can also be adopted in a laser configuration.
Combining the features of diode pumping, high gain, and large operational bandwidth,
a compact wideband tunable laser source is certainly envisageable. In this Section,
I present a diode-pumped widely-tunable all-fiber TDFL, which further confirms the
viability of the diode pumping scheme from a laser perspective.

4.3.1 Introduction

Lasers in the eye-safe 2 µm spectral region are attracting significant interest in both re-
search and industry as enabling technology for numerous sensing, spectroscopy, and
materials processing applications, as well as for nonlinear frequency conversion [14,
33, 34, 149]. The 2 µm waveband hosts rich absorption lines of various molecules (e.g.,
H2O, CO2, and NO2 [35]) and can therefore find wide utilization in many areas. For
instance, as the first overtone vibration of OH at 1.9 µm falls in this region [36], a laser
source matching this absorption wavelength would be very useful for atmospheric li-
dar sensing as well as medical and surgical applications [14, 33, 34]. The 2 µm wave-
length region also overlaps with the atmospheric transparency window [33], enabling
the delivery of energy and/or information over a long distance, e.g. in free-space op-
tical communications. In order to realize the full potential of these emerging applica-
tions, widely tunable laser sources are required for avoiding, scanning over or locking
onto the numerous molecular absorption lines in this wavelength range.

As discussed previously, the 2 µm waveband is also stimulating interest in fiber optical
telecommunications where there is the prospect of developing low-loss, low-latency
transmission systems based on hollow core photonic band gap fibers (HC-PBGFs) [22],
which have a predicted low-loss window around 2 µm [26]. For long haul transmission
in a HC-PBGF a suitable optical amplifier is required and the TDFA is emerging as a
very well suited contender. To realize such a system, a practical, widely-tunable 2 µm
light source will be needed to test and characterize wavelength division multiplexing
(WDM) components working in this waveband.

Widely tunable fiber lasers at 2 µm with tuning ranges exceeding 100 nm have been
reported recently [15, 142, 150–152]. However these lasers have either used an Er/Yb
doped fiber laser as a pump source for a thulium doped fiber, or have relied upon
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complex external cavities incorporating free space components: neither of which are
ideal from a reliability point of view.

In this Section, a direct diode-pumped monolithic thulium doped fiber laser (TDFL) is
presented, which offers over 250 nm continuous total tuning range and a 3 dB power
flatness of 200 nm. To the best of my knowledge, this is the broadest tuning range
that has been reported for a diode-pumped all-fiber laser to date. The direct use of
semiconductor laser diodes as a pump source (rather than a fiber laser) is an important
feature of the system since it allows for a very compact device configuration which
serves to improve the overall efficiency, stability and robustness of operation. The laser
is therefore easily portable, which greatly facilitates field deployment in the application
areas previously mentioned.

4.3.2 Experimental setup

A schematic diagram of the tunable TDFL is shown in Figure 4.8. The laser was built
in a ring configuration and was bi-directionally pumped through two 1570/2000 nm
WDMs to core-pump the TDF from both ends. The TDF (OFS TmDF200) was the same
one used previously for the TDFAs. The pump sources were the 1.5 µm laser diodes
shown in Figure 4.2. Two isolators were used on either side of the gain medium to
suppress parasitic lasing as well as to ensure unidirectional propagation of the signal
light. A fiberized grating-based tunable filter determines the operating wavelength of
the laser. A 3 dB tap coupler was introduced after the tunable filter to cycle 50% of
the optical power back into the resonator while the remaining 50% of the power was
taken as the laser output. Placing the tunable filter before the tap coupler suppresses
the out-of-band ASE, resulting in a high OSNR of the output signal. A polarization
controller (PC) was included to take account of the polarization sensitivity of the cavity
elements. The PC was applied directly to the TDF, which has no significant bend loss at
2 µm at the required radius of curvature. An OSA (AQ6375) and a power meter (Ophir
3A-FS) were used to measure the spectrum and power of the laser. The experiment was
conducted at room temperature.

Figure 4.8: Schematic diagram of the tunable TDFL. ISO: isolator. LD: laser
diode. WDM: wavelength division multiplexer. TDF: thulium-doped fiber.
PC: polarization controller.
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Figure 4.9 shows the characterization of the grating based tunable filter. An ASE source

Figure 4.9: Characterization of the grating-based fiberized tunable filter. (a)
Transmitted spectra at different central wavelengths. Together shown for com-
parison is the input signal which is a wideband ASE spectrum. (b) Insertion
loss of the tunable filter at different central wavelengths. The inset shows an
image of a sample tunable filter.

based on an unseeded TDFA was used as the input of the filter. Figure 4.9(a) plots the
transmitted spectra of the tunable filter at different central wavelengths. The ASE base-
line is also shown for comparison. It can be seen that the filter is tunable in the range
(but not limited to) 1860 – 2030 nm. Further tuning was not characterized as the charac-
terization was initially performed with the focus on evaluating the filter performance
in the vicinity of 2000 nm where its specifications are quoted by the manufacturer. The
3 dB bandwidth of the filter is 3 nm, with two side peaks appearing 15 – 20 dB below
the main peak. The transmitted spectrum shows over 35 dB OSNR at 1950 nm and sim-
ilar performance is expected when the filter is tuned to other wavelengths (note that
the measurement was limited by the dynamic range of the OSA and the low power of
the ASE source). Figure 4.9(b) shows the calculated loss at different wavelengths. The
filter loss is 3 – 5 dB at near 2 µm and increases to over 10 dB at below 1900 nm. The
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fluctuation in the transmission loss results from the hysteresis of the tuning mechanics.
The first-generation tunable filter shows good OSNR and reasonable insertion loss in
the 1900 – 2050 nm waveband. Therefore, it was used as the wavelength tuning element
for the diode-pumped tunable laser.

4.3.3 Results and discussion

Figure 4.10 illustrates the tunability of the TDFL. Figure 4.10(a) plots output power
versus operating wavelength of the laser. Three different cavity configurations were
investigated using 2 m, 4 m and 8 m long pieces of gain fiber in order to examine the
influence of the fiber length on the tuning range and output power. All three configu-
rations provide wavelength tuning over more than 200 nm: the overall tuning ranges
were 240 nm, 255 nm and 220 nm nm for the lasers with 2 m, 4 m and 8 m of TDF, respec-
tively. The tuning curves are exceptionally flat with a 3 dB power flatness of 210 nm,
200 nm and 160 nm for 2 m, 4 m and 8 m lengths of TDF, respectively.

The tuning curve is red-shifted as the TDF length was increased. The laser incorporat-
ing 2 m of TDF exhibited the shortest lasing wavelength of 1810 nm, whereas the 8 m
long TDF pushes the longest operating wavelength to 2080 nm. This behavior is due to
the reabsorption of short wavelength components of Tm3+ emission with the increase
in fiber length. This illustrates that the location of the tuning curve can be adjusted
by varying the fiber length, thereby optimizing the laser for operation in the desired
wavelength region.

All three configurations deliver output power levels that are well suited for the tar-
geted applications. The highest powers achieved for 2 m, 4 m and 8 m of TDF in the
cavity were about 21 mW, 30 mW and 23 mW, respectively. These values suggest that
the optical feedback into the resonator was sufficient to drive the gain medium into
the saturation regime, which is highly desirable in terms of achieving better spectral
uniformity [19].

Overall the laser with 4 m of TDF gave the best performance amongst the three in terms
of output power and tunability. It could be tuned from 1820 nm to 2075 nm, with a
3 dB power flatness of 200 nm. Figure 4.10(b) presents the typical TDFL output spectra
(measured with 0.5 nm OSA resolution) with 4 m of gain fiber. Over 40 dB OSNR was
measured across the full operation band.

The power performance and tunability of the TDFL at the short wavelength edge is
limited by the exponentially increasing insertion losses of the WDM coupler (see Fig-
ure 4.6) and the tunable filter (see Figure 4.9). It is therefore expected that signifi-
cantly extend the tuning range of the diode-pumped TDFL towards ∼1700 nm can be
achieved once a new generation of low-loss fiber components for operation in the 2 µm
waveband becomes available. On the long wavelength edge we are close to reaching
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Figure 4.10: Tunability of the TDFL. (a) Output power versus operating wave-
length of the laser. The three tuning curves correspond to TDFLs with 2 m, 4 m
and 8 m of gain fiber, respectively. (b) Output optical spectra of the laser (with
4 m of TDF) operating at different wavelengths. From left to right these are
1820 nm, 1850 nm, 1900 nm, 1950 nm, 2000 nm, 2050 nm and 2077 nm, respec-
tively. The OSA resolution was set at 0.5 nm.

the full tuning limit of thulium-doped silica fibers, whose emission band terminates at
∼2100 nm. However, by considering different dopants (e.g. holmium), there is a scope
of extending the long emission from silica fiber lasers further towards the mid-IR.

The efficiency of the TDFL with 4 m of gain fiber was measured at 1930 nm, which is
located at the center of the operation band. Figure 4.11 plots the output power versus
total available pump power. To study how the relative position of the tunable filter
and the tap coupler affects the laser performance, we switched the positions of the
two components and compare the difference in outputs. The red and black curves
correspond to the tunable filter being placed before (as shown in Figure 4.8) and after
the tap coupler, respectively. The power of LD−1 was increased to 210 mW and kept at
this level thereafter. LD−2 was then switched on and gradually powered up. A pump
threshold of ∼125 mW was observed for both laser configurations. When the tunable
filter was placed before the tap coupler, a slope efficiency of 11% was achieved, which
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is comparable to previously reported values [152]. In contrast, when the tunable filter
was placed after the tap coupler, the laser exhibited a higher efficiency of 26% with a
maximum output power of 72 mW, which can be explained by the ∼3 dB insertion loss
of the tunable filter.

Figure 4.11: Output power of the TDFL (with 4 m of gain fiber) at 1930 nm as
a function of total pump power. Circle: filter placed before the tap coupler (as
shown in Figure 4.8). Triangle: filter placed after the tap coupler.

Substantially increased efficiencies should be possible by reducing the insertion losses
of the passive components used in the cavity. The total cavity loss contributed by the
passive components was estimated to be ∼6 dB at this wavelength. Note that no effort
was made to maximize the efficiency of the laser cavity, e.g. by optimizing the coupling
ratio of the tap coupler, which will be the focus of future work.

It is worth noticing that the increase in laser efficiency by putting the tunable filter af-
ter the tap coupler was achieved at the cost of OSNR degradation of the laser output.
This is illustrated in Figure 4.12. Figure 4.12(a) shows how the position of the tunable
filter affects the power and OSNR of the TDFL output. When the tunable filter was
placed after the tap coupler, due to the laser still working in the saturated regime, the
tuning curve maintained its shape, but with ∼3 dB increase in output power level as
explained above. However, the OSNR curves behaved very differently. Putting the
filter before the tap coupler helped in achieving constant OSNR values of 38 − 40 dB
across the whole tuning range with a slightly lower OSNR of ∼36 dB at the long wave-
length edge. When moving the tunable filter after the tap coupler, both the flatness and
the values of the OSNR curve were compromised. In the central tuning region (1900 −
2000 nm), the OSNR dropped by 3∼5 dB. At the short and long wavelength edge, the
OSNR degraded by 34 dB and 45 dB, respectively. Figure 4.11(b) compares the spectra
of both configurations. It can be seen that the filter has a biased loss spectrum against
the out-of-band wavelengths, therefore it can greatly improve the OSNR of the laser.
Note that the OSNR values given in Figure 4.12(a) were calculated by integrating the
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Figure 4.12: Influence of the relative position of the tunable filter and the tap
coupler. (a) Output power and OSNR of the TDFL (with 4 m of gain fiber) as
a function of wavelength. (b) Output spectra (measured with 0.5 nm OSA res-
olution) of the TDFL at 1820 nm, 1930 nm and 2070 nm. The solid/dotted lines
correspond to the tunable filter being placed before/after the tap coupler. The
pump lasers were fully powered up for all measurements, delivering 26.2 dBm
pump power in total.

measured output spectrum (OSA resolution was set at 0.5 nm for the measurement)
and comparing the signal power and total ASE power. Although it is quite common
and easy practice to quote the power difference of the signal peak and the ASE peak
as a quick estimation of the OSNR, the integrated values are given here as they are
more accurate. For instance, at 2070 nm, the signal peak in the spectrum of the filter-
after-tap configuration was still ∼20 dB higher than the corresponding ASE peak (see
Figure 4.12(b)), but the integrated ASE power was almost equal to the signal power.
However, the in-band OSNR is still larger than 40 dB over the entire tuning range.

The laser linewidth showed slight polarization dependence and lay in the range 0.05 −
0.20 nm (measured with 0.05 nm OSA resolution) across the full operation band for all
configurations. No significant dependence of power or tunability on polarization was
observed.
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Pulsed operation of the laser could be easily achieved through gain switching by modu-
lating the semiconductor pump laser diodes [153, 154]. The laser is also power-scalable
in a master oscillator power amplifier (MOPA) configuration. The versatility of the
laser certainly offers even more interesting prospects for many of the aforementioned
application areas.

4.4 Gain extension towards 1.7 µm for diode-pumped silica-
based TDFAs

4.4.1 Introduction

In Section 4.2, diode-pumped TDFAs were demonstrated, showing high gain, low noise
amplification in the 1810 – 2050 nm region. To realize the full potential of 2 µm optical
communications, it is essential to expand the TDFA gain to the 1700 – 1800 nm band,
where currently only Raman amplifiers [155] and fluoride glass based TDFA [156] exist.
Extending the gain region towards 1700 nm for TDFAs becomes increasingly difficult
as the wavelength blueshifts. This is because the emission of Tm3+ starts to decrease
whereas the absorption at the signal wavelength increases significantly. Figure 4.13
illustrates this point by plotting the emission and absorption cross sections of a sam-
ple TDF from OFS [49], which provides a rough estimation of the cross sections of the
TDF used in this thesis. The reason for the change in the contrast of emission ver-
sus absorption is because of the Boltzmann thermal distribution of the population in
the upper and lower Stark level manifolds. Recall our discussion on the McCumber
theory in 2.1.3.4 in Chapter 2, the transition cross sections between any two sublevels
(which collectively form the observed cross sections) are weighed by the thermal pop-
ulation distribution. A shorter wavelength corresponds to a higher frequency thus a
larger energy gap, meaning that the transition involving the shorter wavelength hap-
pens between a higher lying sublevel of the upper Stark level manifold and a lower
lying sublevel of the ground Stark level manifold. As the former is not good at storing
population (due to the quick thermal transition) and the latter naturally tends to host
more population, it is more difficult to achieve population inversion between these two
sublevels than in the case of two more closely spaced sublevels (which correspond to
transitions of a longer wavelength). The situation is even worse for silica-based TDFAs
where the upper state lifetime of Tm3+ is much shorter than those in soft-glass hosts.
A relatively high pump power is thus needed to achieve a high level of population in-
version required for short wavelength operation, which makes diode pumping more
challenging.

In this Section, I present the first demonstration of silica-based diode-pumped TDFAs
operating below 1800 nm with gain extended to as short as 1710 nm, which corresponds
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Figure 4.13: Absorption and emission cross sections of a thulium-doped silica
fiber [49].

to a bandwidth enhancement of∼8 THz compared with previous results shown in Sec-
tion 4.2. The key to achieving this result relies on the effective ASE management in the
amplifier. As can be inferred from Figure 4.13, ASE in the 1800 – 2000 nm spectral region
can present a significant challenge to the amplification of signals in the 1700 – 1800 nm
waveband. If not managed properly, the long wavelength ASE can consume a consid-
erable amount of population inversion and greatly suppress the gain for short wave-
length signals. Also, the long wavelength ASE suffers less from reabsorption, which
makes the amplification of short wavelength signals even more challenging. There-
fore, it is of crucial importance to control the long wavelength ASE components for the
gain extension of diode-pumped TDFAs towards 1.7 µm. A simple but effective ASE
management method is presented in the following part of this Section. Specifically, a
holmium-doped fiber (HDF) is used as a long wavelength ASE absorber in the TDFA,
which takes advantage of the strong absorption of Ho3+ in the >1.8 µm spectral region.
The HDF employed in the TDFA proves highly effective and successfully suppresses
the long wavelength ASE, which enables the gain extension of diode-pumped TDFAs
towards 1.7 µm.

4.4.2 Experimental setup

Figure 4.14(a) illustrates the schematic of the experimental setup. Three TDFA designs
denoted as TDFA-A/B/C are presented, each designated with a different line style as
shown in the schematic. TDFA-A/B both have a single-pass configuration, with TDFA-
A having two strands of 0.5 m long TDF directly spliced together and TDFA-B having
1.0 m of heavily-doped, in-house drawn HDF spliced in-between. The HDF acts as an
absorber of >1.8 µm ASE (see Figure 4.14(b)) generated from the TDF during amplifica-
tion. For instance, the HDF exhibits∼10 dB m−1 and∼30 dB m−1 absorption at 1800 nm
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Figure 4.14: (a) Schematic of the experimental setup. Three TDFA designs are
presented, namely TDFA-A/B/C, each designated with a different line style
to highlight the difference in their structures. TDFA-A/B are single-pass con-
figurations, whereas TDFA-C employs a double-pass arrangement. TLS: tun-
able laser source. Atten.: attenuator. Iso.: isolator. Cir.: circulator. LD: laser
diode. WDM: wavelength division multiplexer. TDF: thulium-doped fiber.
HDF: holmium-doped fiber. (b) Right axis: Absorption of the HDF. Left axis:
Measured insertion losses of passive components, including a custom-made
WDM coupler, an isolator, and a circulator. For comparison, the insertion loss
of a first-generation WDM coupler is also shown.

and 1850 nm, respectively. TDFA-C employs a double-pass cavity with an additional
2.0 m of HDF and a fiber retro-reflector to enhance short wavelength gain through ad-
ditional filtering of the long wavelength ASE. For TDFA-A/B, isolators were placed
both at the input and output ends to prevent parasitic lasing. In TDFA-C, an isola-
tor was placed at the output end (port 3 of the circulator) whereas the circulator itself
provides ∼15 dB isolation at the input of the amplifier. The single-mode TDF used is
the same as the ones employed in previous TDFA setups (OFS TmDF200). A relatively
short total length of TDF (1.0 m) was used to reduce reabsorption of the short wave-
length signal. The fiber was core-pumped in a bidirectional configuration by two FP
laser diodes (Princeton Lightwave) similar to the ones shown in Figure 4.2. Pump and
signal wavelengths were combined using two custom-made filter based 1550/2000 nm
WDM couplers, each having ∼1 dB insertion loss below 1800 nm (see Figure 4.14(b)).
Compared with the high loss first generation WDM couplers (see Figure 4.6(a)), this
custom-made prototype allows us to access the 1.7 – 1.8 µm region for the first time.
Note that the isolators and circulators employed in our experiment have relatively high
insertion loss of 1.5 – 3.5 dB below 1800 nm (Figure 4.14(b)). For characterization, the
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TDFAs were seeded by an in-house built tunable laser source (TLS) (the one shown in
Figure 4.3) providing narrow linewidth operation in 1700 – 1960 nm. A power meter
(Ophir 3A-FS) and an OSA (AQ6375) were used to measure the gain and noise figure
(NF) of the amplifiers.

Note that since the diode-pumped TDFA shown in Figure 4.2 was delivered to our
project partners for transmission experiments, two new diodes were ordered and em-
ployed in this experiment. Chips with slightly longer wavelengths (∼1560 nm) were
chosen for the new pump diodes. The longer pump wavelengths see heavier absorp-
tion and can thus create higher population inversion which is beneficial for shorter
wavelength operation. This also allows the use of shorter gain fibers to reduce the sig-
nal reabsorption. Also note that I was able to operate these new pump diodes at higher
current this time since more powerful diode drivers which were previously unavail-
able could now be accessed. Figure 4.15 shows the characterization of the new pump
diodes. Figure 4.15(a) plots the pump power as a function of drive current. In order
to know the pump power launched into the TDF, the power evolution was traced by
measuring the pump power directly after the diode, after the isolator, and after the
WDM coupler. Both diodes deliver ∼270 mW of pump power at 1.6 A drive current.
The 1.5 µm isolators exhibited insertion losses of ∼0.3 dB, whereas the WDM couplers
have∼0.6 dB insertion loss for the pump. Thus in total the pump power suffers∼0.9 dB
insertion loss before launching into the TDF, corresponding to a launched pump power
of ∼230 mW on each side of the amplifier, slightly higher than the pump power used
for the previous diode-pumped TDFA shown in Figure 4.2. Figure 4.15(b) shows the
output spectra of the diodes. Both diodes operate at ∼1560 nm as requested. Again, no
wavelength stabilizing FBG was integrated in the diode package due to the extra cost
and unimportance for the experiment. It is necessary to protect these laser diodes in
this experiment by using 1.5 µm isolators due to the short TDF employed, which can
possibly result in incomplete pump absorption.

Figure 4.16 shows a photo of the TDFA-C setup (the output isolator not included in this
photo) together with the pump diodes.

4.4.3 Results and discussion

Figure 4.17 shows the detailed characterization of the TDFA-A implementation. Fig-
ure 4.17(a) presents the wavelength dependence of the external small-signal gain (mea-
sured with an input signal power of −20 dBm), the external saturated gain (measured
with an input signal power of 0 dBm), as well as the external NFs for both the gain
curves. The total pump power delivered by both pump diodes was 27 dBm in all cases.
The amplifier achieves a maximum small-signal gain of 35 dB at 1840 nm and provides
gain over a more than 225 nm wide window in the range 1730− 1955 nm. Note that we
could not perform measurements at longer wavelengths due to the lack of a suitable
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Figure 4.15: Characterization of the new pump laser diodes. (a) Output power
as a function of drive current, measured after the diode, the isolator, and the
WDM coupler, respectively. (b) Output spectra at full output power (measured
with 0.5 nm OSA resolution). The TEC was set to 25 ◦C for all measurements.

Figure 4.16: Photo of the TDFA-C setup with the pump diodes. Note that the
output isolator was not included in this particular picture.
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seed source. The saturated gain curve is flat and only varies between 18 – 20 dB in the
1780 – 1955 nm waveband. There is no significant difference in NFs between small and
saturating input signal powers, varying between 5 and 10 dB over the entire spectral
range tested. It is worth noting that the isolator and the WDM coupler used at the input
end of the TDFA have a total insertion loss of >3 dB below 1800 nm. Taking this into
account, we estimate the internal NF values of TDFA-A to be of the order of 2 dB lower
in this region than the external NF values shown in Figure 4.17(a).

Figure 4.17: Detailed wideband performance of TDFA-A. (a) Wavelength de-
pendence of small signal gain (−20 dBm seed power), saturated gain (0 dBm
seed power), and noise figure (NF) for both gain curves. Note that both gain
and NF shown are external values. (b) Output spectra over the tested wave-
length region for 0 dBm seed power, measured with 0.5 nm OSA resolution.

A single, compact and diode-pumped TDFA is therefore able to deliver more than 20 dB
small-signal gain and less than 8 dB NF over a 200 nm wide transmission window (1750
– 1950 nm) in the 2 µm wavelength region. The saturated amplified spectra show more
than 30 dB out-of-band OSNR for >1750 nm and∼25 dB out-of-band OSNR at the short
wavelength edge, as indicated by Figure 4.17(b).

In order to enhance the gain for signals at short wavelengths (<1.76 µm) where the
Tm3+ emission is low and signal reabsorption is high, the >1.8 µm long wavelength
ASE needs to be effectively suppressed. To this end, 1.0 m of the in-house drawn
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heavily-doped HDF was introduced in-between the two 0.5 m pieces of TDF (TDFA-
B). As can be seen from Figure 4.18, the gain peak is shifted to 1790 nm and the small
signal gain for <1760 nm signal is clearly increased, with up to 6 dB gain improvement
at 1730 nm compared with TDFA-A. Interestingly, this is achieved without any notice-
able NF penalty. The amplifier gain curve can now reach 1710 nm with 10 dB small
signal gain. These clearly show the effectiveness of the HDF filtering.

Figure 4.18: Gain and NF of TDFA-A/B/C in the 1710 − 1850 nm region in
comparison with those of the TDFA implementation incorporating 2 m of TDF
previously demonstrated in Section 4.2 (star symbol). The circle symbol with
dashed line corresponds to TDFA-C forward pumped by the in-house built
1564 nm fiber laser (Figure 3.1) providing 660 mW of pump power. A seed
power of −20 dBm was used for characterization in all cases. Note that both
gain and NF shown are external values.

Further gain enhancement for <1.76 µm short wavelength signal is possible by exploit-
ing a double-pass cavity (TDFA-C). It can be seen from Figure 4.18 that the TDFA-C
setup has its gain peak located at 1760 nm with 29 dB small signal gain. 23.5 dB gain is
achieved at 1730 nm with TDFA-C, which is 6 dB higher than TDFA-B and 12 dB over
TDFA-A. The NF penalty is 0.5 – 1 dB compared to a single-pass configuration. To com-
pare with earlier results, the gain and NF performance of a previously demonstrated
TDFA (see Figure 4) is also plotted in Figure 4.18. This particular TDFA has the same
structure as TDFA-A except that it has 2.0 m of TDF. Its performance was limited by the
first generation WDM coupler and degraded rapidly below 1810 nm. Using the 20 dB
gain point as a benchmark, it is found that TDFA-C successfully extends the working
window of diode-pumped silica-based TDFAs by∼90 nm (∼8 THz) with the 20 dB gain
point shifting from 1810 nm to ∼1720 nm. It is worth noting that the passive compo-
nents used in the setups still exhibit high insertion losses when operating at <1750 nm
(Figure 4.2(b)). For both single-pass and double-pass cavities, the insertion loss of pas-
sive components can add up to 8 – 10 dB, which is clearly a limiting factor for amplifier
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performance. It is therefore expected that TDFA performances can be further improved
with better passive components becoming available.

In order to explore the maximum gain achievable with the current TDFA-C setup, the
pump diodes were replaced by a forward pumping in-house built fiber laser emitting
at 1564 nm (Figure 3.1). The small signal (−20 dBm input) gain and NF performances
of the fiber laser pumped TDFA-C setup are also plotted in Figure 4.18, denoted by
the circle symbol with dashed curve. At a launched pump power of 660 mW, a ∼4 dB
gain enhancement compared with the gain obtained under diode-pumping is observed
across nearly the full operation window (except at the long wavelength edge), with the
peak gain increased to as high as 33 dB and the gain at 1710 nm increased to 16 dB.
Due to the forward pumping scheme and higher pump power, the NF is improved by
∼0.5 dB. The unabsorbed pump power for all measurements varied in the range of 78
– 85 mW. Further gain enhancement was limited by parasitic lasing at higher pump
powers. This experiment highlights the fact that the performance of diode-pumped
TDFAs in the 1.7 – 1.8 µm region is largely limited by the passive components em-
ployed. Had the isolation been higher and insertion losses been lower, better TDFA
performance would surely have been achievable.

Using the fiber laser as the pump, we can further examine the efficiency and power scal-
ing capability of TDFA-C. 0 dBm seed power at 1750 nm was used throughout the test.
The result is summarized in Figure 4.19. Figure 4.19(a) plots three output power versus
absorbed pump power curves. The square and circle symbols represent the measured
output power of TDFA-C with and without the output isolator, whereas the triangle
symbol indicates the estimated intra cavity power before coupling out the circulator.
For TDFA-C with the output isolator, 100 mW saturated output power was obtained
at 1.05 W absorbed pump power with 13% slope efficiency. The isolator at the output
of TDFA-C was then removed in order to evaluate the influence of the isolator inser-
tion loss on the efficiency and to power scale the amplifier without causing damage or
degradation to the isolator. As high as 500 mW of output power was achieved in this
case with 21% efficiency at 2.7 W absorbed pump power. The power increase compared
with the power measured with the isolator in the cavity corresponds to ∼2 dB isolator
insertion loss. This is consistent with the ∼2.5 dB insertion loss at 1750 nm we mea-
sured for a sample isolator (see Figure 4.14(b)). If the circulator insertion loss is taken
into account, then the intra cavity power before coupling out of the circulator was esti-
mated to be 800 mW with a slope efficiency of 33%. 85% – 90% launched pump power
was absorbed for all measurements. Despite the relatively high insertion losses of pas-
sive components, the output power and slope efficiency that have been achieved are
remarkable at such an exotic wavelength with very compact experimental setup. Even
higher efficiency and output power are possible with better passive components and
advanced fiber design. For instance, instead of the lumped ASE filtering (i.e. the HDF)
I am using, it would be much more advantageous for short wavelength operation to
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Figure 4.19: Power characteristics of TDFA-C (forward fiber laser pumped). (a)
Output power of TDFA-C versus absorbed pump power. The input signal was
0 dBm at 1750 nm. Square and circle symbols represent the measured output
power of TDFA-C with and without the output isolator, respectively. The tri-
angle symbol represents the estimated intra cavity power before coupling out
the circulator. Numbers beside the curves indicate the corresponding slope ef-
ficiency of each curve. (b) Amplified spectrum of TDFA-C (without the output
isolator) at 500 mW output power at 1750 nm.

have distributed long wavelength ASE filtering by, e.g., doping holmium or terbium
into the cladding of the TDF [156], or by using W-type active fibers and applying bend
loss [157].

Before ending this Section, it is worth mentioning that the optimization of amplifier
structure is based on trial-and-error. More specifically, I used 1730 nm as a reference
wavelength and varied the amplifier configuration (e.g., change the fiber length) for
maximum gain at 1730 nm. Besides, parasitic lasing has to be managed. Due to the
time limit on thesis writing, what has been presented in this Section is the optimized
structure without going through the whole optimization process. However, for the
sake of completeness of the thesis, I provide a few figures below illustrating some of
the choices of amplifier configurations that I made.
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Figure 4.20 compares the output spectra of the TDFA-B setup shown in Figure 4.14
with different lengths (0 m, 1 m, and 2 m) of HDF inserted in-between the two strands
of 0.5 m TDFs. The input signal was chosen to be −20 dBm at 1730 nm. It can be clearly
seen that 1 m of HDF successfully suppressed the ASE at >1.8 µm; meanwhile, it helps
increase the small signal gain at 1730 nm by ∼4 dB, which is consistent with what was
shown in Figure 4.18. Increasing the HDF length to 2 m did help further suppress the
ASE at >1.75 µm. However, a ∼1 dB gain drop was observed for the signal. This may
be caused by the background loss of the HDF or the absorption of the HDF at the signal
wavelength. Therefore, 1 m of HDF was chosen instead of a longer length of HDF.

Figure 4.20: Output spectra of the TDFA-B setup in Figure 4.14 with different
lengths (0 m, 1 m, and 2 m) of HDF inserted in-between the two strands of 0.5 m
TDFs. The input signal was −20 dBm at 1730 nm. Both pump diodes were at
full power.

Figure 4.21 examines the output spectra of the TDFA-C setup shown in Figure 4.14
with different lengths (1 m, 2 m, 3 m, and 4 m) of HDF placed before the retroreflector.
Again, −20 dBm input signal at 1730 nm was chosen to seed the amplifier. There are
two noticeable effects when the HDF length was increased from 1 m to 2 m. One is that
the ASE peak is shifted from ∼1770 nm to ∼1750 nm, and the gain for the input signal
is enhanced by ∼3 dB. The other is that the parasitic lasing, which happened in the
1 m HDF case, is now suppressed. Further increasing the length of the HDF does not
enhance the gain at the signal wavelength. Therefore, 2 m was chosen as an optimized
length of the HDF placed before the retroreflector.

Figure 4.22 compares the output spectra of the TDFA-C setup (shown in Figure 4.14)
with and without the output isolator placed after the circulator. The input signal was
chosen to be −20 dBm at 1710 nm. The function of the output isolator can be easily
found in Figure 4.22 by noticing that parasitic lasing appeared when the isolator was
removed. This is due to the poor isolation of the circulator which was made for 1.55 µm
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Figure 4.21: Output spectra of the TDFA-C setup in Figure 4.14 with different
lengths (1 m, 2 m, 3 m, and 4 m) of HDF before the retroreflector. There was
an isolator placed at the output of the circulator for all cases. −20 dBm input
signal at 1730 nm was used as the seed. The pump diodes were at full power.

applications. It is therefore necessary to include an output isolator for the double-pass
cavity for small-signal amplification.

Figure 4.22: Output spectra of the TDFA-C setup in Figure 4.14 with and with-
out the isolator placed at the output of the circulator. −20 dBm input signal at
1710 nm was used as the seed. The pump diodes were at full power.

4.5 Conclusion

In this Chapter, I have studied the diode-pumping scheme for silica-based TDFAs. I
have presented the first in-band diode-pumped TDFAs operating in the 2 µm region
and assessed the suitability of the 1.5 µm laser diode core-pumping scheme for TDFAs
as high performance amplifiers in potential future telecommunication networks. By
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combining three different designs optimized for short, central and long wavelength
operation, respectively, amplification over a 240 nm wide window in the range 1810
− 2050 nm with up to 36 dB gain, NF as low as 4.5 dB, and up to 100 mW saturated
output power has been demonstrated. Bandwidth and performance were limited by
the insertion loss of the employed components.

I have also demonstrated an all-fiber wideband tunable laser source working in the
2 µm spectral region. The laser is widely tunable from 1820 nm to 2075 nm, with a 3 dB
power flatness of 200 nm. This is, to the best of my knowledge, the broadest tuning
range that has been reported for a diode-pupmed all-fiber laser to date. Over 40 dB
OSNR was observed across the whole operation band, and an output power of 30 mW
has been achieved at the center of the operating window. With better quality passive
components for 2 µm continuously emerging the TDFL is expected to provide even
broader tuning ranges and higher output power. This laser will find useful applications
in 2 µm device test and characterization. Also, such a compact high performance laser
should find many applications in the shorter term such as medicine, spectroscopy and
optical sensing.

Moreover, I have presented the first demonstration of diode-pumped silica-based TD-
FAs operating in the 1.7 – 1.8 µm waveband. A single TDFA shows over 20 dB gain, NF
as low as 5 dB over a bandwidth of 200 nm (1750 – 1950 nm). By additionally exploiting
holmium as a long wavelength ASE absorber, I have extended the previously demon-
strated TDFA bandwidth by ∼90 nm (∼8 THz). Up to 500 mW saturated output power
was achieved at 1750 nm with 21% slope efficiency under fiber laser pumping. When
combined with the designs optimized for long wavelength operation, high gain low
noise amplification over a 300 nm wide window (1750 – 2050 nm) have been success-
fully achieved using compact diode-pumped TDFAs. The current TDFA performance
at <1.75 µm is largely limited by the high insertion losses of current passive compo-
nents. Amplification at even shorter wavelengths should ultimately be possible by ex-
ploiting new thulium-doped fibers as well as both improved components and amplifier
designs

In summary, it has been established in this Chapter that the 1.5 µm laser diode core-
pumping scheme is suitable for silica-based thulium-doped fiber amplifiers working in
the 1700 – 2050 nm window. The results presented confirm the practicality of diode-
pumped TDFAs for 2 µm optical fiber communications and represent a significant ad-
vancement in terms of compactness, robustness, controllability and power consump-
tion of high performance TDFAs compared to earlier fiber-laser-pumped systems dis-
cussed in Chapter 3.



Chapter 5

Wavelength Division Multiplexing
(WDM) Data Transmission
Experiments at 2 µm Waveband

5.1 Introduction

In this Chapter, two examples of wavelength division multiplexing (WDM) data trans-
mission experiments at 2 µm are presented. One of them employs four wavelength
channels (spanning 7.6 nm in the vicinity of 2000 nm) and uses a 50 m long solid-core
fiber as a transmission medium, achieving a total capacity in excess of 20 Gbit/s. This
represents the first WDM transmission that has ever been carried out in the 2 µm wave-
band. The other experiment has eight wavelength channels (spanning 36.3 nm) and
utilizes a 1.15 km long hollow-core photonic bandgap fiber (HC-PBGF) as the transmis-
sion line. A total capacity of 81 Gbit/s is achieved. This is the first time that 2 µm data
transmission is demonstrated over a ∼km long HC-PBGF. Although representing only
the very early stage of the technology, these experiments show promising results and
certainly prove that the 2 µm optical communications concept worthy of further inves-
tigation. A transmission system is also an ideal testbed for the thulium-doped fiber
amplifiers (TDFAs) developed. TDFAs presented in Chapter 3 and Chapter 4 are used
in these experiments and form a key element for the transmission link. Their perfor-
mance is evaluated in a system context and is found to well meet the data transmission
requirements.

I have designed and made all the TDFAs employed in the experiments below. I have
also conducted these experiments as the main assistant together with their respective
leaders, namely Dr. Naoise MacSuibhne (Tyndall National Institute & University Col-
lege Cork) for the experiment in Section 5.2 and Dr. Hongyu Zhang (Tyndall National
Institute & University College Cork) for the experiment in Section 5.3.
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5.2 WDM transmission at 2 µm through a solid-core fiber

This Section shows the first implementation of a WDM subsystem at 2 µm. The com-
plete functionality of the system is demonstrated through a mixed format transmis-
sion experiment, combining directly modulated BPSK (binary phase-shift keying) Fast-
OFDM (orthogonal frequency division multiplexing) [158] at 5 Gbit/s (three wave-
lengths), with externally modulated NRZ (non-return-to-zero) OOK (on-off keying) at
8.5 Gbit/s. A total capacity in excess of 20 Gbit/s in the 2 µm window is achieved.
The WDM signal was transmitted over 50 m of commercially available solid core sin-
gle mode optical fiber [159] with virtually no power penalty. These results indicate
the potential for longer reaches using low loss hollow-core photonic band-gap fibers
(HC-PBGFs).

5.2.1 Experimental setup

Figure 5.1 shows the experimental setup for the 2 µm WDM transmitter and receiver
subsystems. Four InGaAs/InP multiple quantum-well discrete-mode diode lasers [160]
with 3 dB frequency responses of ∼3 GHz were used. The laser wavelengths were
1997.64 nm, 2002.22 nm, 2004.27 nm and 2004.80 nm, respectively.

Figure 5.1: Schematic diagram of the transmitter and receiver subsystems of
the 2 µm WDM transmission experiment incorporating a solid-core fiber as
the transmission medium. AWG: arbitrary waveform generator. MZI: Mach-
Zehnder interferometer. PPG: pulse pattern generator. TDFA: thulium-doped
fiber amplifier. FBG: fiber Bragg grating. PD: photo detector. OSA: optical
spectrum analyser. DPO: digital phosphor oscilloscope. ED: error detector.

The BPSK Fast-OFDM had 128 discrete-cosine transform point size, among which 106
subcarriers were used for data modulation. Direct modulation using BPSK Fast-OFDM
on each of the 128 subcarriers increased the capacity of each directly modulated laser
to 5 Gbit/s. Two independent outputs and one complimentary output of an arbitrary
waveform generator (AWG), operating at 12 GS/s, were used to repeatedly transmit 7
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de-correlated frames, containing 100 data symbols, preceded by one training symbol
for synchronization [158].

The 8.5 Gbit/s (231 − 1 pseudo random bit sequence) NRZ OOK channel (2002.22 nm)
was implemented using a commercially available LiNbO3 Mach-Zehnder intensity mod-
ulator with a Vπ of ∼9.5 V. The RF bandwidth of this channel was limited by the mod-
ulator and detector, with a combined 3 dB frequency response of 8 GHz at 2 µm, which
allowed for a maximum operating data rate of 8.5 Gbit/s.

The WDM signals were then combined with a passive optical fiber based 4 : 1 combiner
with an average excess loss of 1 dB. An isolator is inserted to protect the transmitters
from unwanted back reflections. Figure 5.2 shows the spectral output of the trans-
mitter, with a 0.1 nm resolution, showing that the side-mode suppression of the lasers
was above 30 dB. The WDM signal was transmitted over 50 m of commercially avail-
able solid core single mode optical fiber (Nufern SM1950) [159] with negligible power
penalty.

Figure 5.2: 2 µm WDM transmitter output spectrum (measured with 0.1 nm
OSA resolution)

A fiber laser pumped TDFA was developed for use at the receiver. The schematic of the
TDFA is the same as the one shown in Figure 3.14, which consists of 12 m of thulium-
doped fiber (TDF) forward pumped by a fiber laser and 4 m of TDF indirectly pumped
by the backward travelling ASE. Figure 5.3 shows an image of this TDFA.

The filter comprised a circulator and a set of three thermally tuned FBGs, each with an
extinction ratio of >20 dB, a 3 dB bandwidth of <0.5 nm, and a (thermal) tuning range
of >1 nm. Each of the wavelength channels was selected by a combination of insert-
ing the relevant FBG to the circulator and tuning their temperatures. This resulted in a
maximum loss of 3.5 dB, at the negligible expense of a slight increase in the out-of-band
spontaneous emission. A tap monitor at the circulator output was inserted to monitor
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Figure 5.3: Photo of the fiber laser pumped TDFA used in the transmission
experiment. Image provided by Dr. Hongyu Zhang (Tyndall National Institute
& University College Cork).

either the optical power for the bit error rate (BER) measurements or the filtered spec-
trum at the receiver. Finally, a high speed detector at 2 µm was used, along with an
RF amplifier, before either a 12 GHz, 50 GS/s digital phosphor oscilloscope (DPO), or a
pseudorandom bit sequences (PRBS) error detector, depending on the particular format
being measured.

5.2.2 Results and discussion

Figure 5.4: BER performance against received power before the high speed
detector for back-to-back (open symbols) and over 50 m of solid core single
mode fiber (closed symbols), for (a) directly modulated channels at 1997.27 nm
(squares), 2004.8 nm (triangles) and 2004.2 nm (circles), and (b) externally mod-
ulated at 2002.2 nm.
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The 2 µm WDM subsystem was analyzed in terms of its BER performance either at
back-to-back, or after 50 m of a solid core single mode fiber with a total input power
below 3 dBm to avoid nonlinearities. The results in Figure 5.4 show that the 5 Gbit/s
directly modulated BPSK Fast-OFDM channels gave receiver sensitivities at 1× 10−3 of
−8.5 dBm or below, with a spread of less than 1 dB between channels at this BER. This
difference is likely due to the coupling losses between ports from the 4:1 combiner, and
the slight tilt on the amplifier gain over this wavelength region. For the NRZ-OOK
channel, error-free performance was achieved, with a receiver sensitivity of −10.7 dBm
also at a BER of 1× 10−3.

Less than 0.5 dB penalty was observed after the 50 m of fiber for all four channels, indi-
cating that longer fiber lengths should be readily achieved. Figure 5.5 shows open eye
diagrams and clear constellations for two channels after 50 m of fiber, showing that no
additional penalty is observed after fiber transmission.

Figure 5.5: Eye diagram and constellation diagram of the 2 µm WDM transmis-
sion system incorporating a solid-core fiber as the transmission line. (top) eye
diagram of NRZ-OOK encoded channel and (bottom) constellation diagram of
BPSK Fast-OFDM channel (2004.27 nm), both for back-to-back (left) and after
fiber (right). Black dot on the constellations represents center.

The results in this Section demonstrates the concept of 2 µm optical communication
and represents the first WDM data transmission that has been realized in this wave-
band. However, the length of the solid-core transmission fiber is relatively short and the
wavelength span is relatively narrow. In the next Section, WDM transmission through
a ∼km long HC-PBGF with more WDM channels covering a wider spectral range will
be discussed.
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5.3 WDM transmission at 2 µm over a low-loss hollow-core
photonic band-gap fiber (HC-PBGF)

In the previous Section, WDM transmission through a solid-core fiber was presented.
However, there are a few interesting prospects which were not properly investigated.
Firstly, the concept of WDM transmission through a HC-PBGF needs to be demon-
strated. Secondly, transmission through a longer fiber would be a key step forward
for 2 µm communications to be considered useful for practical applications. Thirdly, a
fuller use of the TDFA bandwidth and the fiber transmission window would be crucial
for realizing high capacity communication systems at 2 µm. To addresses these issues,
this Section presents WDM transmission at 2 µm over 1.15 km of HC-PBGF with wave-
length channels selected to span a 36.3 nm waveband. A total capacity of 81 Gbit/s
was achieved using 4×12.5 Gbit/s NRZ-OOK external modulation and 4×7.7 Gbit/s
4-ASK (amplitude shift keying) Fast-OFDM direct modulation signals. This is the first
time that data transmission has been carried out through a HC-PBGF with∼km length.

5.3.1 Experimental setup

Figure 5.6 shows the experimental setup for the WDM system. The transmitter con-
sisted of four directly modulated (1967.6 nm, 1977.8 nm, 1986.9 nm and 1992.5 nm) and
another four externally modulated (1995.7 nm, 1998.4 nm, 2001.9 nm and 2003.9 nm)
channels. The lasers used were based on highly strained In0.74Ga0.26As multiple quan-
tum well, ridge waveguide laser diode structures grown on InP substrates and de-
signed for single mode operation at these wavelengths [160]. The four lasers used for
direct modulation presented 3 dB RF bandwidths up to 5 GHz, with 4-ASK fast-OFDM
the modulation format of choice in this case to maximize the spectral efficiency.

Two independent 4-ASK fast-OFDM signals generated by a 5 GS/s AWG, together with
their delayed versions, were used to modulate the four directly modulated lasers. Each
4-ASK fast-OFDM used 128 discrete cosine transform point size, among which 106 sub-
carriers were used for data modulation. Double side-band 4-ASK fast-OFDM signal
provides a spectral efficiency of 2 bit/s/Hz, so the total data rate per channel was 8.3
Gbit/s, or 7.7 Gbit/s taking into account overheads for forward error correction (FEC)
at 7%. Each fast-OFDM frame consisted of one start-of-frame symbol for synchroniza-
tion [158] and 100 payload symbols.

The remaining 4 channels were externally modulated using a LiNbO3-based Mach-
Zehnder modulator (MZM) with a Vπ of 9.5 V, driven by a 231− 1 PRBS at 12.5 Gbit/s,
from a pulse pattern generator (PPG). The overall data rate of these channels was lim-
ited by the combined 3 dB RF bandwidth of the MZM and photo detector (PD) of about
12 GHz.
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Figure 5.6: Setup of the 2 µm WDM transmission through HC-PBGF experi-
ment. (a) Schematic diagram . AWG: arbitrary waveform generator. MZM:
Mach-Zehnder modulator. PPG: pulse pattern generator. TDFA: Tm-doped
fiber amplifier. PD: photo detector. DPO: digital phosphor oscilloscope. ED:
error detector. (b) Image of the WDM transmission testbed. Photo provided by
Dr. Hongyu Zhang (Tyndall National Institute & University College Cork).

Prior to transmission, a TDFA was used in order to both compensate for the transmit-
ter losses and pre-compensate for the fiber losses. The TDFA is diode-pumped and
consists of 4 m of gain fiber. The schematic of TDFA configuration can be found in
Figure 4.2. Figure 5.7 shows the image of the diode-pumped TDFA used in this trans-
mission experiment. Figure 5.8 shows the spectrum of all 8 lasers after the first TDFA
(green), with output powers reaching up to −1 dBm per channel. The tilt on the signal
corresponds to the roll-off in amplifier gain at longer wavelengths. The lasers clearly
have high side-mode suppression ratios, exceeding 40 dB in most cases. Note that some
of the passive components in the transmitter have considerably unbalanced losses for
each wavelength channel, which also results in the power non-uniformity of different
channels.

The HC-PBGF used had a 19 cell core design and was 1.15 km long, with a minimum
loss of 2.8 dB km−1 at 1990 nm (Figure 5.9) and a 3 dB bandwidth of 85 nm. The fiber
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Figure 5.7: Image of the diode-pumped TDFA used in the WDM transmission
setup. Image provided by Dr. Hongyu Zhang (Tyndall National Institute &
University College Cork).

Figure 5.8: Spectrum before and after HC-PBGF transmission (measured with
0.05 nm OSA resolution)

was spliced at both ends to standard SMF via a short length of buffer fiber used to
reduce mode-field mismatch between the SMF and HC-PBGF and to enable optimum
launch into the fundamental mode [161]. The total insertion loss, including the fiber
attenuation and all splice losses, was 10.5 dB at 1987 nm. Figure 5.8 also shows the
spectrum after transmission (black), showing only the excess loss of the fiber arrange-
ment. The very narrow dips are absorption features due to the presence of carbon
dioxide and water vapour within the hollow core; these can be reduced significantly
or even eliminated by purging the fiber with dry gas [162]. However, the centre wave-
lengths of the WDM channels were detuned by no more than 0.4 nm in order to avoid
these absorption regions in the current experiments. The polarisation dependent loss
remained below 0.3 dB.

An optically pre-amplified receiver was implemented utilizing a variable attenuator to
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Figure 5.9: Loss of the HC-PBGF measured with the cut-back technique. Peaks
within the loss spectrum are due to CO2 and water vapour absorption.

control the input power to a second TDFA, and hence to vary the optical signal-to-noise
ratio (OSNR), measured within 0.1 nm bandwidth. In order to select each wavelength
channel, a commercially available tunable filter was used, with a 3 dB bandwidth of
∼1.6 nm, sufficient to select each of the WDM channels. A third TDFA was needed
in order to guarantee a constant optical power to the receiver PD for all OSNRs, com-
pensating for the lower gain of the TDFAs between 1990 nm and 2010 nm. The gain
of this third TDFA was adjusted to guarantee a fixed power level of −2 dBm at the
12 GHz-bandwidth detector for all wavelengths. The electrical signal was amplified
before either a 16 GHz, 100 GS/s sampling scope (DPO), or an error detector (ED), de-
pending on the channel measured. Both the second and the third TDFAs are pumped
by fiber lasers. The second TDFA is the one shown in Figure 5.3. An image of the third
TDFA is shown in Figure 5.10. It was pumped by a fiber laser which has a master oscil-
lator power amplifier (MOPA) configuration seeded by a 1.5 µm laser diode. The pump
source was provided by our project partner.

5.3.2 Results and discussion

The performance of the 2 µm WDM system was analyzed in terms of BER against OSNR
either at back-to-back, or after the 1.15 km of HC-PBGF. Figure 5.11(a) shows the per-
formance of 8.3 Gbit/s 4-ASK fast-OFDM channels, with OSNRs of 30.8 dB or below to
achieve a BER of 1× 10−3 (FEC limit). A spread of about 2 dB between channels was
observed, with transmission penalties varying from 1.1 dB to 1.4 dB only. The spread
in OSNR requirement for the directly modulated channels is probably due to variation
in the RF bandwidths of each of the lasers, with better BER performance for those with
larger bandwidths. In addition, the number of OFDM subcarriers and the power ra-
tios of each were not fully optimized for transmission, again causing a variation in the
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Figure 5.10: Photo of the third TDFA used in the transmission experiment.
Image provided by Dr. Hongyu Zhang (Tyndall National Institute & University
College Cork).

BER performance. Figure 5.11(b) illustrates the performance of all four NRZ-OOK ex-
ternally modulated channels. The maximum OSNR to achieve a BER of 1× 10−9 was
23.3 dB, with a spread of ∼1 dB between channels. This is most likely due to the am-
plifier gain tilt as shown in Figure 5.8. It should be noted that, when transmitting over
HC-PBGF, the transmission power penalty is negligible for all four externally modu-
lated channels.

Figure 5.11: BER performance vs OSNR for back-to-back (open symbols) and
after transmission over 1.15 km HC-PBGF (closed symbols) for (a) directly
modulated and (b) externally modulated channels.
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Figure 5.12 (right) illustrates that the eye diagram for an externally modulated channel
is quite open, and that the constellation diagram for a directly modulated channel is
very clear after 1.15 km HC-PBGF transmission, showing no distortion after transmis-
sion in both cases.

Figure 5.12: (top) Eye diagrams of NRZ-OOK externally modulated channel
(1995.7 nm) and (bottom) constellation diagrams for 4-ASK fast-OFDM directly
modulated channel (1986.9 nm), both for (left) back-to-back and (right) over
HC-PBGF.

In this Section, 2 µm WDM transmission through 1.15 km of HC-PBGF has been demon-
strated, achieving a total capacity of 81 Gbit/s. This is the first time that data transmis-
sion at 2 µm has been realized through a ∼km long fiber, which provides encouraging
prospects for the further investigation of 2 µm optical communications through even
longer fiber lengths. Besides, the WDM channels span a much wider range (36.3 nm)
than what was demonstrated in Section 5.2 (7.6 nm), indicating the advantage of the
wide gain bandwidth of the TDFA and the possibility of using more WDM channels
with even wider spectral coverage in future studies.

5.4 Conclusion

In this Chapter, I have shown two examples of WDM data transmission experiments
at the 2 µm waveband. In Section 5.2, I have demonstrated the first direct implemen-
tation of a WDM subsystem at 2 µm, with a total capacity exceeding 20 Gbit/s. The
WDM signals contain four channels spanning 7.6 nm in the vicinity of 2 µm and have
been transmitted over 50 m of commercially available solid-core 2 µm single-mode fiber
(with virtually no power penalty). In Section 5.3, WDM transmission at 2 µm over
1.15 km of low loss HC-PBGF has been demonstrated. A total capacity of 81 Gbit/s
has been demonstrated. The eight WDM signals employed have covered an extended
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waveband of 36.3 nm, which demonstrates the wide gain bandwidth of the TDFA and
the large transmission window of the HC-PBGF. This is the first time that data trans-
mission at 2 µm has achieved over 1 km fiber reach. These studies illustrate the rapid
growth in maturity of technologies for potential future communication system appli-
cations at 2 µm. Also, the impressive system performance achieved proves that the
TDFAs employed in these systems well meet the data transmission requirements.

Note that just prior to finalizing my thesis, coarse WDM transmission (CWDM) at 2 µm
has for the first time achieved 100 Gbit/s total capacity through 1.15 km HC-PBGF
and dense WDM (DWDM) transmission at 2 µm has achieved 160 Gbit/s total capacity
through the same span of HC-PBGF. See Appendix C for details.
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Chapter 6

High Peak Power Picosecond
Thulium-Doped Fiber MOPA
System Seeded by a Gain-Switched
Diode Laser

6.1 Introduction

Driven by the demand of spectroscopic, medical, and military applications for laser
sources at mid-infrared (mid-IR) wavelengths, significant progress has been made in
the development of thulium-doped fiber lasers and amplifiers emitting in the 1.7 −
2.1 µm region [33]. Pulsed sources with sub-100 ps pulse duration in this wavelength
range are especially attractive as they can deliver the high peak powers and short pulse
widths necessary for nonlinear frequency conversion deeper into the mid-IR, e.g. via
optical parametric oscillation or supercontinuum generation (SCG).

In the 1 µm wavelength region, ytterbium-doped fiber amplifiers in a master oscillator
power amplifier (MOPA) configuration seeded by gain switched semiconductor diode
lasers have proven highly successful and versatile sources of high power picosecond
pulses, delivering µJ-level pulse energies at average power levels of 100 W and peak
powers of up to 270 kW [135, 137]. The transfer of this concept to 2 µm would be pro-
foundly beneficial for the application mentioned above as it allows the construction of
compact and reliable picosecond systems that can provide many of the proven advan-
tages associated with femtosecond systems, but with great benefits in terms of system
cost and complexity. Specifically, the dispersion management employed in recent re-
ports on high power femtosecond pulse amplification could be avoided [126], while
the significantly shorter pulse duration compared to nanosecond Q-switched systems,
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which have been scaled to mJ-level pulse energies [130], is attractive for applications
such as mid-IR SCG and material or tissue ablation.

Currently, picosecond sources at 2 µm are based on more complex (spectrally filtered)
mode-locked oscillators and pulse energies of several hundred nJ and peak powers of
the order of 10 kW have been achieved [132, 134], falling significantly short of the per-
formance levels of their 1 µm counterparts. To our knowledge, gain-switching of semi-
conductor laser diodes at 2 µm has not been reported yet. Gain-switched Tm-doped
fiber lasers can generate pulses with more than 10 mJ energy but with long nanosecond
durations and require high energy modulated pump sources [163].

In this Chapter, we present what we believe to be the first report on picosecond pulse
generation directly from a gain-switched semiconductor diode laser at 2 µm and sub-
sequent amplification in a multi-stage thulium-doped fiber amplifier (TDFA) system,
delivering pulses as short as 33 ps with up to 3.5 µJ pulse energy, 100 kW peak power
and up to 18 W average power with variable repetition rates in the range 2 MHz −
1.5 GHz. These results represent an order of magnitude increase in peak power and
pulse energy compared to existing picosecond sources at 2 µm, as well as a significant
improvement of system simplicity. As an example of the application of the picosecond
MOPA system, in Section 6.4, we show a mid-IR SCG system pumped by this MOPA.

The work presented in this Chapter is led by Dr. Alexander Heidt. My contribution is
that I have built the first pre-amplifier and the power amplifier in the MOPA chain and
that I have conducted the 2 µm high peak power picosecond pulse generation experi-
ment together with Dr. Alexander Heidt as the main assistant.

6.2 Experimental setup

The schematic setup of the amplifier system is shown in Figure 6.1. The seed laser is
a InGaAs/InP fiber-pigtailed discrete-mode laser diode (Eblana Photonics), which is
a ridge waveguide Fabry-Perot (FP) laser diode constrained to lase in a single mode
of the FP cavity by appropriate super-structuring of the laser cavity [160]. The diode
is gain-switched using an electrical pulse generator delivering rectangular pulses of
350 ps duration and maximum amplitude of 5 V at repetition rates of up to 1.5 GHz.
A constant dc bias voltage is applied and adjusted depending on the repetition rate to
optimize the pulse parameters. The diode delivers average powers of the order 1 −
100 µW, depending on the repetition rate. The fiber laser pumped TDFA developed
in Chapter 3 is used as the first pre-amplifier. It consisting of 4 + 12 m commercially
available thulium-doped fiber (OFS TmDF200). The 12 m long TDF is directly forward
core-pumped by an in-house built Yb/Er single-mode fibre laser at 1565 nm. A second,
4 m long TDF, inserted between input isolator and WDM coupler, is indirectly pumped
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Figure 6.1: Experimental setup of the high peak power ps thulium-doped fiber
MOPA system. LD: laser diode. (LMA-) TDF: (large mode area) thulium-
doped fiber. WDM: wavelength-division multiplexer. FBG: fiber Bragg grat-
ing. DM: dichroic mirror.

by backward propagating amplified spontaneous emission (ASE) and provides addi-
tional signal gain at the longer wavelength end of the thulium gain window. This
configuration provides up to 32 dB small-signal gain and low noise figure (<6 dB) at
the signal wavelength of 2008 nm (see Figure 3.17). A tunable and a fixed fiber Bragg
grating (FBG) in series, each spliced to a circulator, form a tunable bandwidth, narrow-
band spectral transmission filter, which removes excess ASE after the first pre-amplifier
and allows the spectral shaping of the laser diode emission spectrum, as will be dis-
cussed below. This filter introduces losses of about 6 dB, resulting in average power
levels of the order of 2 – 20 mW. In order to minimize nonlinearities, the second pre-
amplifier uses a short length (2.2 m) of highly doped TDF drawn in-house with 10 µm
core diameter and 0.25 NA, also forward core-pumped at 1565 nm. This TDFA provides
amplification to the 100 – 600 mW average power level. The output is taper-spliced to
a 3 m-long large-mode area (LMA) double-clad TDF with a 25 µm diameter, 0.09 NA
core and 250 µm diameter cladding (Nufern). The free end of the fiber was terminated
with an angle-polished core-less endcap to avoid signal feedback and to allow for sig-
nal beam expansion and reduction of peak intensity at the glass/air interface. This final
amplifier stage is free space cladding-pumped in a counter propagating configuration
with up to 60 W of coupled pump power from a fiber pigtailed laser diode at 800 nm.
Pump and signal paths are split by a dichroic mirror. The output is near diffraction-
limited with a measured beam quality factor M2 < 1.3. The amplifier chain is further
characterized with a thermal power meter, an optical spectrum analyser (OSA), a fast
photo diode (PD) with 50 ps rise time and high bandwidth oscilloscope, and an optical
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autocorrelator. Figure 6.2, Figure 6.3, and Figure 6.4 show the photos of the seed, first
and second pre-amplifiers, and the power amplifier.

Figure 6.2: Image of the seed laser used in the ps fiber MOPA system

Figure 6.3: Image of the pre-amplifiers used in the ps fiber MOPA system (a)
First pre-amplifier; (b) Second pre-amplifier.
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Figure 6.4: Image of the power amplifier used in the ps fiber MOPA system

6.3 Results and discussion

The typical spectral response of the laser diode in continuous wave (CW) and gain-
switched (GS) operation is shown in Figure 6.5(a). In CW mode, the diode exhibits
single longitudinal mode operation at a central wavelength of 2007.7 nm with a 45 dB
side-mode suppression ratio (SMSR) and a mode spacing of 1 nm. In GS operation we
observe a decrease of SMSR to 7 − 10 dB and a broadening of the modal peaks, which
in combination results in a step-like spectrum. When amplified, the side modes can
act as seed for nonlinear cascaded four-wave mixing processes that ultimately limit
the extractable pulse energy. In this work, we therefore suppress the side modes by
spectral filtering after the first pre-amplification stage. As shown in Figure 6.5(a), the
central mode can be effectively isolated and the SMSR increases to ∼25 dB, which is
further improved by preferential amplification of the spectral peak along the amplifier
chain. The −3 dB linewidth after filtering is 0.22 nm.

Up to 3.5 µJ pulse energy is obtained from the system at 2 MHz repetition rate with
7.5 W of average output power and increasing to 16 – 18 W for repetition rates at or
above 10 MHz. The corresponding spectra for 2 MHz and 1.5 GHz are shown in Fig-
ure 6.5 (b) and (c), respectively, while Figure 6.7 details the influence of repetition rate
on pulse energy and OSNR, defined here as the peak-to-peak ratio of signal and ASE
recorded with 0.5 nm resolution. Because the signal is located at the edge of the thulium
gain bandwidth, we observe the build-up of ASE with a peak around 1970 nm for low
repetition rates. However, even at the lowest investigated repetition rate of 2 MHz we
achieve an excellent OSNR of 28 dB with more than 93% of power concentrated in the
amplified signal. The maximum pulse energy available from the amplifier is limited by
the onset of modulation instability (MI), which creates spectral side lobes through the
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Figure 6.5: (a) Emission spectra of the discrete mode diode in continuous wave
(CW), unfiltered gain-switched (GS), and spectrally filtered GS operation with
0.05 nm spectral resolution. Output spectra of the amplifier system at repeti-
tion rates of 2 MHz (b) and 1.5 GHz (c) are shown with 0.5 nm spectral resolu-
tion.

amplification of random noise via phase-matched four-wave mixing processes [164].
The long-wavelength MI peak at 2030 nm is readily visible in Figure 6.5(b), while the
corresponding symmetrical peak at the short wavelength side of the signal, expected
around 1990 nm, is concealed by ASE. At higher repetition rates, the system perfor-
mance is limited by the available pump power, leading to a linear reduction of pulse
energy with increasing repetition rate at constant average output power, as shown in
Figure 6.6. As expected, the OSNR increases with repetition rate due to the improved
seeding of all amplifier stages and reaches more than 50 dB at 1.5 GHz.

The oscilloscope trace (Figure 6.7, inset) reveals a clean and symmetrical pulse shape.
However, the measured full width at half maximum (FWHM) of ∼80 ps is limited by
the PD bandwidth, and the oscillation on the trailing pulse edge is caused by PD ring-
ing, as confirmed by measuring a femtosecond pulse train. We therefore performed
background-free optical autocorrelation (AC) measurements to accurately characterize
the emitted pulses (Figure 6.7). After the pre-amplifier, the AC trace has a FWHM of
74 ps, corresponding to a deconvoluted pulse width ∆tp = 45 ps, assuming a sech2

pulse shape. This particular pulse shape is assumed since the pulse travels a long dis-
tance (∼30 m) through the MOPA chain where it experiences anomalous dispersion
and nonlinearity. Under these conditions, the pulse tends to evolve towards a sech2
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Figure 6.6: Maximum pulse energy available from the amplifier and OSNR in
dependence on the repetition rate

temporal shape regardless of its initial shape. Therefore, a sech2 pulse shape is a rea-
sonable assumption. The "true" pulse shape could be determined using pulse char-
acterization techniques which are sensitive to the pulse shape, e.g., FROG (frequency
resolved optical gating) [165]. Such characterization tools, however, were not available
during our experiment and will be carefully investigated in our future work. Note that
in Figure 6.7, the ∼200 ps time window displayed corresponds to the full delay avail-
able from the autocorrelator. The level of the autocorrelation trace is not zero at the
borders, because the pulse intensity has not dropped completely to zero at the max-
imum/minimum delay available from the autocorrelator. It was thus not possible to
check for side peaks using the autocorrelator. However, any side peaks appearing out-
side the autocorrelator time window could be detectable with the PD, which was not
the case. We observe a temporal compression of the pulses in the final amplifier stage
to ∆tp = 33 ps at 2 MHz repetition rate, leading to a peak power of ∼100 kW. We at-
tribute the compression to the interplay of self-phase modulation and the anomalous
dispersion of the amplifying fiber. This is supported by a slight increase of the 0.22 nm
signal linewidth, which is preserved in the second pre-amplifier, to 0.3 nm at the sys-
tem output. The corresponding time-bandwidth product is ∆tp∆ν ∼ 0.7, which might
enable further external compression. At higher repetition rates the nonlinear temporal
compression is less pronounced as the peak powers decrease and the pulse durations
converge towards the 45 ps measured after the second pre-amplifier.

The system exhibits excellent pulse-to-pulse stability with a temporal jitter of <2 ps
over a 60 s period, evaluated with the statistical mode of a communications system an-
alyzer. During the measurement, triggered pulse traces were recorded over a period of
time (60 s in this case) and displayed on top of each other. This resulted in a "blurred"
pulse trace with broadened edges, which correspond to the temporal jitter of the pulse.
Note that our measurement was limited by the PD bandwidth (∼8 GHz). Earlier ex-
periments at 1550 nm have highlighted the exceptional inherent temporal stability of
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Figure 6.7: Background-free autocorrelation traces recorded after the second
pre-amplifier and at the system output, both at 2 MHz repetition rate. The
inset shows the bandwidth-limited photodiode trace.

gain-switched discrete-mode diode lasers and demonstrated a jitter as low as 450 fs
[166]. We expect a similar performance in this implementation at 2 µm.

6.4 Mid-IR supercontinuum generation (SCG) pumped by the
diode-seeded picosecond 2 µm fiber MOPA

In this section, a mid-IR SCG system is presented as an example of the application of the
high peak power picosecond thulium-doped fiber MOPA source. This SCG experiment
is led by Dr. Alexander Heidt. I have assisted the experiment but have not made major
contribution. Therefore this section should be considered as exemplary of potential ap-
plications of the picosecond MOPA system developed rather than a major achievement
of the author.

The high peak powers and short pulse durations emitted by our MOPA systems in GS
picosecond mode are ideally suited for nonlinear frequency conversion further towards
mid-IR wavelengths. SCG in nonsilica fibers made from nonlinear mid-IR transparent
glasses (e.g. fluoride, tellurite, or chalcogenide) is a promising approach to meeting the
increasing demands for broadband, high-brightness mid-IR radiation in various appli-
cation areas, e.g. molecular fingerprinting, chemical sensing or gas detection [149, 167].
Of all possible materials, heavy metal fluoride glass (ZBLAN) is currently the most at-
tractive choice for constructing practical SCG sources due to its high transparency up to
4.5 µm wavelength, the maturity of the fiber fabrication technology and the commercial
availability of highly nonlinear ZBLAN fibers with the required small core diameters.
Consequently, SCG in this fiber type has been demonstrated with numerous pump-
ing schemes, predominantly using either femtosecond or nanosecond pulse durations
[168–174].
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From the perspectives of compactness, reliability, versatility and cost-efficiency, semi-
conductor laser diodes as master oscillators coupled with fiber amplifiers are the ideal
choice of pump system for SCG. They offer a significant control over the properties of
the generated SC through their capability to deliver wide ranges of adjustable pump
pulse parameters, which has contributed to their scientific and commercial success in
the near-IR and visible wavelength regions [135, 175–177].

ZBLAN fibers typically have zero-dispersion wavelengths (ZDWs) between 1.65 − 1.9
µm. Pumping at wavelengths longer than the ZDW in the anomalous dispersion re-
gion is advantageous for efficient SCG, and 2 µm pumping in particular leads to an
optimization of both bandwidth and conversion efficiency [178]. Prior to this work,
however, diode-pumped mid-IR SCG sources had to be based on 1550 nm seed-diodes
and therefore had to rely on either nonlinear methods or the use of intermediate pulse-
pumped TDF laser cavities to convert to longer pumping wavelengths [167, 173, 179].
Using the MOPA systems presented here, it is now possible to implement the direct
picosecond diode-pumping of ZBLAN fibers at 2 µm, which represents a significant
improvement in terms of system simplicity, reliability, and stability compared to previ-
ous diode-pumped mid-IR sources [133].

Figure 6.8 shows the resulting supercontinuum spectra when various pulse energies
emitted by the picosecond MOPA system discussed above are directly coupled into a
7 m long commercial ZBLAN fiber (Thorlabs, 9 µm core diameter, 0.25 NA). The max-
imum spectral bandwidth of more than two octaves spanning from 750 − 4000 nm is
reached for 1.1 µJ pump pulses. Further broadening was limited by the attenuation of
the particular fiber in use. The spectra exhibit a remarkable flatness in the mid-IR with
a power variation as low as 1.5 dB over a 1300 nm wide spectral range from 2450− 3750
nm, as shown in the inset of Figure 6.8.

The total supercontinuum average power is up to 1.1 W at 1 MHz repetition rate, with
more than 21% (235 mW) at wavelengths above 2500 nm. Further average power scal-
ing is straightforward by increasing the repetition rate of the pump system. As shown
in Figure 6.6, our picosecond MOPA can deliver the necessary pulse energy for maxi-
mum spectral broadening (1.1 µJ) up to repetition rates of more than 15 MHz, enabling
total supercontinuum power in the order of 10 W.

The high degree of spectral flatness of the generated supercontinuum is unprecedented
in this wavelength region. Combined with the high average output power and minimal
mid-IR power fluctuations of less than 0.5 dB over a 30 minute interval the system en-
ables broadband mid-IR spectroscopic measurements with uniform spectral sensitivity
and high signal-to-noise ratios (SNRs) in wavelength regions where various hydrocar-
bons, hydrochlorides and commonly used solvents display strong absorption features.

Before concluding this Chapter, it is worth noting that mid-IR supercontinuum genera-
tion remains a very active research area and will continue attracting research efforts. To
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Figure 6.8: Supercontinuum generation from 7 m of highly nonlinear ZBLAN
fiber pumped by high peak power picosecond pulses from the MOPA system
discussed above. The spectra were generated using pulse energies of 185 nJ
(black), 300 nJ (red), 600 nJ (green), and 1100 nJ (blue); offset for clarity. The
insets show the exceptional flatness of the mid-IR part of the spectrum, and the
far-field multi-mode beam profile of the ZBLAN output at visible wavelengths.
The fiber is single-moded for wavelengths above ∼2800 nm [133].

date, over 20 W of average power has been achieved for supercontinuum (spanning 1.9
– 3.3 µm) generated from a ZBLAN fiber pumped by a thulium fiber source [180]; one
of the broadest supercontinuum sources has successfully covered 1.4 – 13.3 µm [181].
With new fibers and pumping schemes keeping emerging [182–184], it is foreseeable
that even broader and brighter mid-IR supercontinuum sources will be available.

6.5 Conclusion

In this Chapter, we present, to the best of our knowledge, the first report on picosecond
pulse generation at 2 µm with a gain-switched diode laser as the seed and the highest
pulse energy and peak power delivered directly from a picosecond pulsed TDFA sys-
tem to date. Pulses with 33 ps duration, up to 3.5 µJ energy and 100 kW peak power
(at 2 MHz repetition rate) have been achieved with this highly versatile system, capa-
ble of operating at 2 MHz – 1.5 GHz repetition rate and delivering up to 18 W average
power. The pulses exhibit high quality in all domains with up to 50 dB OSNR, <2 ps
temporal jitter and near diffraction-limited beam quality (M2 <1.3). The results pre-
sented form the basis for the development of new compact and reliable sources of high
power, high quality picosecond pulses at 2 µm. Nonlinear pulse compression should
allow yet shorter pulses and higher peak powers [135], and the current trend towards
the development of large-core fibers for the 2 µm regime will allow for further energy
and peak-power scaling [130]. The MOPA system has been shown useful for mid-IR
supercontinuum generation.



Chapter 7

High Pulse Energy Nanosecond
Thulium-Doped Fiber MOPA
Systems Incorporating Active Pulse
Shaping

In the previous Chapter, it is shown that the gain-switched diode is a versatile seed
source for the high peak power picosecond fiber master oscillator power amplifier
(MOPA) system. In this Chapter, we show that the diode-seeded MOPA system can
also be operated in the nanosecond regime delivering mJ level pulse energy with user-
defined pulse shapes in the time domain.

7.1 Introduction

Beneficial to a wide range of applications such as sensing, spectroscopy, materials pro-
cessing, and nonlinear frequency conversion [33], light sources at the emerging 2 µm
spectral region are attracting growing interest from both the research and industrial
communities. Thulium (Tm) doped fiber sources offer a promising route to very high
output power at 2 µm [33, 77]. This is largely due to the fact that Tm-doped silica
fiber can be pumped using well-established multimode semiconductor laser diodes at
790 nm and that the high quantum defect associated with this pumping scheme can
be partially compensated through a well-known "two-for-one" cross relaxation process
[33]. Operating at a longer wavelength (as compared to 1 µm fiber sources) also has
the advantage of allowing larger mode areas whilst maintaining single mode opera-
tion, which is particularly attractive for high power operation as it helps in raising the
threshold of detrimental nonlinear effects [33, 77, 114].

149
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Remarkable progress has recently been made in the power/energy scaling of Tm-doped
fiber sources. In the nanosecond regime in particular the performance levels have
evolved rapidly, with pulse energies now reaching the multi-mJ regime [125, 130, 163,
185] and peak powers at the MW level [125]. High power/energy 2 µm nanosecond
pulses have been generated through Q-switching or gain-switching in either a laser
[130] or a MOPA [125, 163, 185] configuration. These systems have however a very
limited range of pulse durations they can produce and offer little or no control of the
pulse shape at the system output.

In the 1 µm [139, 140, 186, 187] and 1.5 µm [188] wavelength regions, fiber MOPA sys-
tems seeded by directly driven semiconductor laser diodes have proven highly success-
ful and versatile sources of high energy nanosecond laser pulses. Simply by control-
ling the drive current to the seed diode, these systems can deliver a widely adjustable
range of pulse durations and repetition rates, and additionally allow the straightfor-
ward shaping of the seed pulses for the generation of user-defined pulse shapes or
the compensation of gain reshaping effects in fiber amplifiers. Due to the high gain
and modest saturation energies of fiber amplifiers [189], high energy long nanosecond
pulses (mJ regime) experience significant pulse shape distortion during amplification
[190]. This can lead to severely distorted pulse shapes, shorter pulse durations, and
higher pulse peak powers, which all increase the danger of damage to the system due
to deleterious nonlinear effects such as stimulated Raman scattering (SRS) and stim-
ulated Brillouin scattering (SBS). It is therefore crucial to compensate for gain reshap-
ing effects in such systems by shaping the input pulse forms to achieve high energy
pulses of the desired shape. In diode-seeded amplifier systems this shaping capabil-
ity can easily be implemented, allowing the construction of agile laser systems with
a high level of control, compactness and reliability, which are particularly beneficial
properties for applications such as industrial materials processing [139, 140, 186] and
nonlinear frequency conversion [186]. In the 2 µm wavelength region, however, these
concepts have yet to be properly exploited since the only previous report of a diode-
seeded nanosecond-pulsed MOPA operated at low powers (∼100 mW) and low pulse
energy (∼1 µJ) regime [191].

In this Chapter, we demonstrate high energy nanosecond fiber MOPA systems seeded
by a semiconductor diode laser at 2 µm capable of generating arbitrary user-defined
pulse shapes at the system output. We demonstrate 0.5 mJ pulse energies for various
user-defined pulse shapes of 100 ns pulse duration at 25 kHz repetition rate. For further
energy scaling, we introduce an electro-optic modulator (EOM) to the MOPA system,
which acts both as a pulse shaper and a time gate for the suppression of amplified
spontaneous emission (ASE). This allows us to achieve pulse energies of up to 1 mJ for
100 ns pulses at 12.5 kHz repetition frequency.
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7.2 Diode-seeded MOPA system incorporating active pulse shap-
ing using direct diode modulation

7.2.1 Experimental setup

Figure 7.1(a) shows the schematic setup of the diode-seeded fiber MOPA system (des-
ignated as MOPA-A). The seed laser (Eblana Photonics) is a discrete-mode InGaAs/InP
multiple quantum-well laser diode emitting at a central wavelength of ∼1950 nm. In
continuous wave (CW) mode, it operates on a single longitudinal mode of its Fabry-
Perot cavity with a spectral linewidth of about 600 kHz and delivers up to 4 mW of
output power [160]. The diode is driven by an RF amplifier, which amplifies the sig-
nal from a computer controlled arbitrary waveform generator (AWG) and provides a
maximum amplitude of 7 V. The AWG has a temporal resolution of 4 ns and 16-bit
amplitude resolution. A DC bias, slightly lower than the diode threshold, is applied to
ensure maximum pulse peak power extraction from the diode without any CW leak-
age. The seed can generate pulses with ∼5 mW of maximum peak power over 0.01 –
250 MHz repetition frequencies with a wide range of duty cycles limited only by the
drive electronics. The pulse duration can be adjusted electronically; 100 ns pulses were
chosen throughout the Chapter to demonstrate the pulse shaping abilities. The seed
pulses are subsequently amplified in a chain of three Tm-doped fiber amplifiers (TD-
FAs) previously presented in Chapter 6 for picosecond pulse amplification and mid-
IR supercontinuum generation (see Figure 6.1). The power amplifier incorporates a
3 m-long large mode area Tm-doped fiber with a 25 µm diameter, 0.09 NA core, and a
250 µm diameter, 0.46 NA inner cladding (Nufern). The two pre-amplifiers provide a
combined gain of ∼40 dB, and an additional 18 dB gain is obtained in the power am-
plifier pumped by 49 W of pump power. A grating based tunable bandpass filter (BPF)
with a 3 dB bandwidth of 3 nm is inserted after the first pre-amplifier to remove any
excess ASE. The pulse parameters along the MOPA chain were characterized by ther-
mal power meters, an optical spectrum analyzer (OSA), a fast photodiode (∼50 ps rise
time) and a 2.5 GHz oscilloscope.

Figure 7.1(b) compares the seed pulse and the power amplifier output using the squarest
pulse available from the seed diode, amplified to 0.5 mJ energy (12.5 W average power
at 25 kHz repetition rate). Clearly, the pulse undergoes substantial gain reshaping dur-
ing amplification. The pulse leading edge experiences preferential gain due to the sat-
uration of the amplifier, resulting in a reduced pulse width and higher peak power.
Since this effect increases the sensitivity to nonlinearities, it is particularly important to
compensate for gain reshaping effects if high pulse energies are to be extracted from
the MOPA. In our system pulse distortion due to saturation occurs predominantly in
the power amplifier while there is only negligible reshaping in the pre-amplifiers.
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Figure 7.1: (a) Schematic diagram of the diode-seeded fiber MOPA system in-
corporating active pulse shaping using direct diode modulation (MOPA-A).
AWG: arbitrary waveform generator. (b) Example of the gain reshaping effect.
The solid/dashed lines are the normalized input/output pulse shapes of the
power amplifier, corresponding to 7 µJ and 0.5 mJ pulse energy, respectively.

Figure 7.2 shows an image of the seed laser used in the MOPA setup. The pre-amplifiers
and the power amplifier are the same as the ones shown in Figure 6.3, and Figure 6.4.

Figure 7.2: Image of the seed laser used in the ns fiber MOPA system

7.2.2 Results and discussion

Under the assumptions of steady state pumping and that the pulse duration is much
shorter than both the pulse period and the excited state life time of the lasant (of the
order of∼1 ms), so that the population inversion built up during the pulse duration can
be regarded as negligible and the amount of ASE generated is very small, the Frantz-
Nodvik (F-N) equation applies [140, 186]:

Iout(t) = Iin(t) [1 + (G0 − 1) exp [−Eout(t)/Esat]] , (7.1)
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where Iout(t) and Iin(t) are the output and input pulse intensities (power per unit area),
G0 is the initial amplifier gain, Esat is the saturation energy of the amplifier, and Eout(t)
is expressed as

Eout(t) =
[∫ t

t0

Iout(t)dt
]
· Ae f f , (7.2)

Ae f f being the effective mode area.

The analytical description of gain reshaping using the F-N equation (Equation 7.1)
shows that input and output pulse shapes of an amplifier are connected by a sim-
ple transfer function, which essentially only depends on two system parameters: the
small-signal gain G0 and the saturation energy Esat. These parameters can easily be
determined from a fit to the amplifier response for a square test pulse (Figure 7.1(b)).
For instance, G0 and Esat are estimated to be ∼28 dB and ∼0.15 mJ, respectively, from
Figure 7.1(b). The inverse F-N equation can then be applied to predict the input pulse
shape required to generate any arbitrarily shaped output pulse (within the bounds im-
posed by energy storage in the amplifier) [140, 186]:

Iin(t) =
Iout(t)

[1 + (G0 − 1) exp [−Eout(t)/Esat]]
. (7.3)

This required input pulse shape is then generated by modulating the drive current of
the seed diode using the computer-controlled AWG. Since gain reshaping takes place
only in the power amplifier, we define the pulses after the second pre-amplifier as the
"input" in this procedure. The method using the F-N equation requires that the input
pulse energy is kept constant for all pulse shapes, which we achieve by regulating
the gain of the pre-amplifiers such that the power amplifier is seeded by ∼7 µJ energy
in all cases. This specific value was determined to be a suitable practical choice for
sufficient energy extraction from the final amplifier while keeping the ASE build-up at
a minimum.

Figure 7.3 summarizes exemplary results demonstrating arbitrary pulse shaping ca-
pabilities by means of direct diode modulation. Figure 7.3 (a) – (d) are the required
(patterned) and measured (solid) input pulse shapes to obtain 0.5 mJ pulses for various
user-defined pulse shapes at the MOPA-A output. The corresponding output pulses
of MOPA-A are shown in Figure 7.3 (e) – (h), where the simulated (patterned) and
measured (solid) temporal profiles of the output pulses are plotted. We demonstrate
pulses with square, M-shaped, roof-shaped, and 2-step profiles, all containing 0.5 mJ
pulse energy (corresponding to∼3 times the saturation energy of the power amplifier),
with about 5.0 kW, 5.5 kW, 7.0 kW and 6.0 kW maximum pulse peak power, respec-
tively. There is a good agreement between the simulated pulse shapes and measured
profiles, which confirms the validity of the pulse shaping algorithm. The spectrum
(measured with 2.0 nm OSA resolution) of the square shaped output pulse is shown in
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Figure 7.3: Results summary of MOPA-A. (a) – (d): required (patterned) and
measured (solid) input pulse shapes (normalized) needed to obtain 0.5 mJ user-
defined output pulses at the output of MOPA-A. (e) – (h): simulated (pat-
terned) and measured (solid) 0.5 mJ pulses at the output of MOPA A. (i): spec-
trum of the square output pulse, measured with 2.0 nm OSA resolution.

Figure 7.3(i). Over 30 dB out-of-band OSNR is observed. The in-band OSNR is esti-
mated to be over 15 dB, meaning that over 91% of the output power is contained in the
signal. No significant difference in the output spectra is observed for different pulse
profiles. The ratio of the signal to the total output power varies in the range of 90 –
94 % for different pulse shapes. It is to be noted here that the ASE power has been
subtracted whenever the pulse energy values are quoted throughout the Chapter.

Further energy scaling beyond 0.5 mJ using direct diode modulation is limited by the
low peak power available directly from the seed diode (∼5 mW). For the compensation
of gain reshaping at higher pulse energy, strong shaping with a high dynamic range is
required, which reduces the seed average power to impractically low levels with our
current diodes, resulting in a significant ASE build-up throughout the amplifier chain.
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7.3 Diode-seeded MOPA system incorporating EOM-based ac-
tive pulse shaping

7.3.1 Experimental setup

For energy scaling to 1.0 mJ and beyond, we include an EOM into the MOPA config-
uration (Figure 7.4, designated as MOPA-B), which introduces additional pulse shap-
ing and ASE gating capabilities to the system. In this setup the seed diode is set to
emit square pulses of 300 ns durations. These initial pulses are amplified in the first
pre-amplifier to overcome the excess insertion loss of the EOM (∼ 6 dB) and to ensure
sufficient seeding to the subsequent amplification stages. The EOM, directly driven by
the AWG, is used to carve 100 ns pulses with the required pulse shape. Additionally
a polarization controller and a fast-axis blocking polarizer are used before the EOM to
ensure maximum on/off extinction ratio. The grating based tunable BPF is now placed
after the second pre-amplifier to remove the out-of-band ASE prior to feeding the signal
into the power amplifier. A 10 dB tap coupler is used to monitor the backward travel-
ling light including SBS. Note that the transmission of the EOM responds nonlinearly
to the applied voltage, which is taken into account during the pulse shaping.

The EOM is not only used as a pulse shaping device, but also acts as a time gate block-
ing the in-band ASE that builds up in between two pulses at low repetition rates. This
effective ASE suppression (in combination with the BPF) is crucial for energy scaling,
because it enables us to (i) operate at lower repetition rates and (ii) redistribute the gain
towards the power amplifier stage where the large mode-field diameter increases the
threshold for the onset of nonlinearities. Since we are able to run all amplifiers with
small-signal inputs, we aimed to extract higher gain from the power amplifier stage.

Figure 7.4: Schematic diagram of the diode-seeded fiber MOPA system in-
corporating EOM-based pulse shaping (MOPA-B). PC: polarization controller.
Pol.: polarizer. EOM: electro-optic modulator. AWG: arbitrary waveform gen-
erator.
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7.3.2 Results and discussion

In order to directly compare the two MOPA systems, we first ran MOPA-B with the
same operating conditions as previously, i.e. 25 kHz repetition rate and 0.5 mJ output
pulse energy. Figure 7.5(a) plots the simulated (patterned) and measured (solid) output
pulse shapes for the square, M-shaped, roof-shaped, and 2-step pulses, which are of
similar quality as achieved with the direct diode modulation. Figure 7.5(b) compares
the output spectra (measured with 0.5 nm OSA resolution) of both MOPA systems and
the seed laser modulated by 100 ns-long square electrical pulses. Clearly, the EOM-
based system produces a much cleaner spectrum (solid blue line) with only negligible
ASE contribution and more than 97% of the total output power resides in the pulse.

Figure 7.5: (a) Simulated (patterned) and measured (solid) normalized output
pulse shapes of MOPA-B, each having 0.5 mJ pulse energy. (b) Spectra of the
M-shaped pulses shown in (a) and that shown in Figure 7.3(f). The spectrum of
the seed laser (dotted) modulated by 100 ns-long square electrical pulses is also
included. All spectra were measured with 0.5 nm OSA resolution and aligned
at the peaks for ease of comparison.

Figure 7.6 shows the resulting pulse shape and spectrum of MOPA-B when the pulse
energy is scaled to 1.0 mJ at 12.5 kHz repetition rate, corresponding to an average out-
put power of 12.6 W and 13 kW of peak power. In this case, the power amplifier pro-
vides 21 dB signal gain (input signal average power is 100 mW) at a pump power
of 57 W corresponding to about 30% slope efficiency with respect to launched pump
power. Esat is estimated to be ∼0.26 mJ, meaning that the power amplifier is operating
∼4 times above the saturation energy. The extreme gain reshaping occurring at these
high energies is largely compensated, although the profile does not exactly match the
targeted square shape due to the limited extinction ratio of the EOM (20 – 23 dB at
1950 nm). Note that without shaping we observe the onset of SBS already at ∼0.2 mJ
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in this system, caused by the high peak power of the amplified unshaped pulses in
combination with the narrow linewidth of the seed laser in long pulse operation. This
clearly highlights the importance and effectiveness of the pulse shaping approach. In-
terestingly, the SBS threshold depends on the section of the seed diode pulses from
which the EOM eventually carves the 100 ns pulses. If they are carved from the middle
section of the 300 ns seed pulses, the resulting spectral linewidth becomes very narrow
since the diode has had time to stabilize to single longitudinal mode operation and the
SBS threshold is observed at ∼7.5 kW peak power. If they are instead carved from the
leading section of the seed pulses where the diode cavity modes have not yet stabi-
lized, a temporal chirp results and leads to a larger spectral bandwidth and a higher
SBS threshold (> 13 kW) [186].

Figure 7.6: (a) Simulated (patterned) and measured (solid) normalized output
pulse shapes of MOPA B with 1.0 mJ energy. (b) Output spectrum of the pulse
shown in (a); the OSA resolution was set to 2.0 nm.

The spectrum in Figure 7.6(b) is free of significant ASE build-up or nonlinear signa-
tures, confirming the potential for further energy scaling using EOMs with higher ex-
tinction ratio or acousto-optic modulators.

7.4 Conclusion

In conclusion, we have demonstrated high energy directly modulated diode-seeded
fiber MOPA systems operating at 2 µm with an active pulse shaping capability. Two
configurations, based on direct diode modulation and EOM-based modulation, have
been investigated for active pulse shaping and energy scaling. By compensating for
the gain reshaping in saturated fiber amplifiers, 0.5 mJ (25 kHz) nanosecond pulses
with various user-defined output pulse shapes have been achieved using both systems.
While the direct diode modulation system offers simplicity and lower cost, the EOM-
based system has significantly improved ONSR and allows further energy scaling up to
1 mJ by reducing the repetition frequency to 12.5 kHz. Improved performance can be
envisaged especially with higher performance diode lasers and EOMs. These results
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illustrate encouraging prospects for the emerging 2 µm waveband and should find a
variety of applications in areas such as micromachining and nonlinear optics.



Chapter 8

Conclusions and Future Directions

8.1 Summary of the thesis

The work presented in this thesis is composed of research in two distinct yet closely
related areas, namely rare-earth doped fiber amplifiers for optical communications and
high power fiber lasers. The former corresponds to the work in Part II (Chapter 3 –
Chapter 5), whereas the latter corresponds to that in Part III (Chapter 6 – Chapter 7).

In Part II, the development of TDFAs for potential future optical communications at
2 µm has been presented. It has been established that the 1.5 µm laser-diode core-
pumping scheme is suitable for silica-based small-signal TDFAs. 2 µm data transmis-
sion experiments employing the TDFAs developed have also been discussed.

Figure 8.1: Summary of the gain and NF performances of diode-pumped silica-
based TDFAs that have been demonstrated in this thesis. Square symbol with a
central dot: double-pass TDFA pumped by a fiber laser presented in Chapter 4.
Dashed lines with arrows indicate the 15 dB and 20 dB gain bands.

159
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Figure 8.1 summarizes the gain and NF performances of diode-pumped TDFAs that
have been demonstrated in this thesis. The 15 dB gain window spans from 1715 nm to
2050 nm, covering in aggregate a remarkable bandwidth of 28.6 THz. The 20 dB gain
window covers 1723 nm to 2030 nm, corresponding to 26.3 THz bandwidth which is
twice the total bandwidth of the EDFA. The NF is 5 – 10 dB across the whole band.

The TDFAs developed have been used in 2 µm transmission experiments, two of which
are presented in this thesis. WDM transmissions through both solid-core fiber and HC-
PBGF have been demonstrated. Up to 81 Gbit/s data rate through 1.15 km HC-PBGF
has been achieved, spanning an extended waveband of 36.3 nm.

In Part III, development of high power pulsed 2 µm fiber MOPA systems has been
discussed. The MOPA systems developed feature extremely flexible pulse parameter
control by virtue of the diode-seeding approach.

In the gain-switched mode, the MOPA system is capable of operating at repetition rates
in the range of 2 MHz – 1.5 GHz without change of configuration, delivering high-
quality 33 ps pulses with up to 3.5 µJ energy and 100 kW peak power, as well as up to
18 W of average power. These results represent a major technological advance and an
one order of magnitude increase in peak power and pulse energy compared to existing
picosecond sources at 2 µm.

In the nanosecond regime, we have achieved high energy pulse output with arbitrary
pulse shaping capabilities. Two MOPA systems, one based on direct diode modula-
tion and the second using additional electro-optic modulator (EOM) based shaping,
have been investigated, with up to 0.5 mJ (25 kHz) and 1.0 mJ (12.5 kHz) pulse energies
achieved, respectively, for 100 ns pulses with user-defined pulse shapes.

8.2 Future work

Thulium-doped fiber amplifiers and their applications are still relatively new topics.
Numerous exciting possibilities exist for future studies. Possible future research effort
can be devoted to at least two major areas, namely amplifier development and explor-
ing novel applications.

8.2.1 Amplifier development

Better amplifier performance with higher gain, lower noise, higher efficiency, and wider
bandwidth can surely be envisaged. The key to improved amplifier performance will
be improved passive devices and advanced active fiber design. The former requires re-
search effort more of an engineering nature. The latter, however, will ultimately decide
how well a TDFA performs in an intended working window.
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It is very exciting to further push the TDFA gain to below 1.7 µm and explore the short
wavelength limit for thulium-doped silica-based fiber amplifiers. Our initial experi-
ment (not presented in this thesis) has demonstrated that silica-based TDFA can am-
plify small signals at a wavelength as short as 1650 nm with decent gain (∼15 dB). This
particular TDFA employs the same TDF we have used throughout the thesis. Therefore,
with sophisticated active fiber design, there is significant potential to achieve much im-
proved TDFA performance in the <1.7 µm region and extend the TDFA gain towards
the EDFA gain band. Possible design strategies include co-dopant based long wave-
length ASE filtering (e.g., by doping terbium [156] or holmium in the cladding region)
and waveguide based long wavelength ASE filtering (e.g. W-type fibers [157] or fibers
with a photonic crystal structured cladding). It is worth mentioning that core-pumping
the TDF with 790 nm laser diode may be a possible way of realizing diode-pumped
TDFA in the <1.7 µm region. This takes advantage of the much higher pump absorp-
tion of 790 nm than that of 1550 nm (see Figure 2.19) and makes possible the use of a
much shorter gain fiber to minimize the reabsorption of short wavelength signals. Our
initial study has achieved 7.5 dB net small signal gain at 1680 nm by using 50 cm of TDF
(OFS) core-pumped by 790 nm diode lasers. The gain was limited by the high insertion
losses and the pump powers of the pump diodes (two pump didoes were used deliver-
ing 500 mW of pump power in total, of which 350 mW was launched to the TDF). This
is encouraging result and certainly needs further investigation. It is worth noting that
for the 790 nm core-pump scheme to work well, extra care should be taken during the
active fiber design apart from incorporating the ASE filtering techniques mentioned
above. Specifically, a smaller core is necessary compared with in-band 1550 nm pump-
ing in order to ensure single-mode propagation of the pump light. This is because the
pump and signal wavelengths are relatively far away for the 790 nm core-pump case
and the pump light tends to be multi-moded.

On the long wavelength side, gain extension beyond 2.05 µm can be achieved by ex-
ploiting other dopants, e.g., holmium. Holmium doped fiber amplifiers for amplifying
small signals can potentially provide gain for 2050 – 2150 nm, which corresponds to
∼7 THz gain bandwidth. This is certainly very attractive for possible future 2 µm opti-
cal communications.

Multi-mode (MM) TDFAs is another interesting topic. Currently, spatial division multi-
plexing (SDM) is being heavily investigated in the 1.5 µm region. Possibly in the future,
SDM technologies will be transferred to 2 µm, and a MM-TDFA will thus be required
for 2 µm SDM communication systems. Our initial experiment has demonstrated a
2 µm few-mode cladding-pumped TDFA which can amplify LP01 and LP11 modes with
up to ∼18 dB gain for both modes [85]. Future research should focus on increasing the
number of modes and improving the amplifier performance.

Power scaling is yet another very exciting topic. It also heavily relies on the fiber de-
sign. Combining the diode-seeding approach with further optimized large mode area
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(LMA) fibers or some exotic fibers (e.g., PCF-rod) is a promising way of generating
even higher peak powers and pulse energies while keeping the advantage of flexible
pulse parameter control. It is not impossible that a few hundred W of average power
and a few hundred kW or even ∼MW-level of peak power can be achieved in both
picosecond and nanosecond regimes [125, 139].

8.2.2 Exploring novel applications

The vast bandwidth of TDFAs opens up a brand new spectral window and therefore
intriguing possibilities for various applications, amongst which the arguably most ex-
citing one is optical telecommunications operating at∼2 µm and employing HC-PBGFs
as the transmission line. Reducing the fiber loss to the promised level is the key to the
successful implementation of this radical idea. As mentioned previously, other material
systems exist with potential for low loss at wavelengths around 2 µm [31, 32], which is
also well worth investigating.

In the short term, TDFAs can find themselves useful for a variety of novel applications,
some of which can be difficult to achieve with traditional light sources. We conclude
the thesis with an example of a potential application of the TDFA.

Figure 8.2: 3D ultra-high resolution OCT images of porcine trachea taken with
two supercontinua at central wavelengths of 800 nm (a, left) and 1700 nm (a,
right), respectively [192]. Spectra of the supercontinua used are shown in (b)
[192].
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In optical coherence tomography (OCT), where deep penetration depth is often re-
quired, a tunable light source with in the relatively long wavelength region can be very
useful. Figure 8.2(a) compares two ultra-high resolution 3D OCT images taken with
two supercontinua centered at 800 nm and 1700 nm, respectively. The spectra of the
supercontinua are shown in Figure 8.2(b). It can be clearly seen that the 800 nm light
yields higher resolution but the penetration depth is compromised because of the high
scattering loss at the short wavelength. The 1700 nm light, in contrast, suffers less from
the scattering loss, thus can penetrate the sample more deeply. Therefore in terms of
the penetration depth, the 1700 nm light source is more favored. In [192], such an exotic
wavelength was obtained by going through complicated nonlinear processes and the
resulting spectrum is not very clean as can be seen from Figure 8.2(b). By using the
TDFA, we can now generate high spectral quality widely tunable light using a compact
setup, which will greatly facilitate this OCT application amongst others.





Appendix A

List of Publications

This Appendix summarizes the journal and conference publications that I have pro-
duced during my PhD study.

Journal Publications

1. Z. Li, A. M. Heidt, P. S. Teh, M. Berendt, J. K. Sahu, R. Phelan, B. Kelly, S. U. Alam,
and D. J. Richardson, "High-energy diode-seeded nanosecond 2 µm fiber MOPA
systems incorporating active pulse shaping," Optics Letters 39, 1569–1572 (2014).

2. A. M. Heidt, Z. Li, and D. J. Richardson, "High Power Diode-Seeded Fiber Ampli-
fiers at 2 µm — from Architectures to Applications," IEEE Journal of Selected Topics
in Quantum Electronics 20, 3100612 (Invited) (2014).

3. Y. Jung, P. C. Shardlow, M. Belal, Z. Li, A. M. Heidt, J. M. O. Daniel, D. Jain, J. K.
Sahu, W. A. Clarkson, B. Corbett, J. O’Callaghan, S. U. Alam, and D. J. Richardson,
"First demonstration of a 2 µm few-mode TDFA for mode division multiplexing,"
Optics Express 22, 10544–10549 (2014).

4. Z. Li, S. U. Alam, Y. Jung, A. M. Heidt, and D. J. Richardson, "All-fiber, ultra-
wideband tunable laser at 2 µm," Optics Letters 38, 4739–4742 (2013).

5. Z. Li, A. M. Heidt, N. Simakov, Y. Jung, J. M. O. Daniel, S. U. Alam, and D. J.
Richardson, "Diode-pumped wideband thulium-doped fiber amplifiers for opti-
cal communications in the 1800 – 2050 nm window," Optics Express 21, 26450–
26455 (2013).

6. Z. Li, A. M. Heidt, J. M. O. Daniel, Y. Jung, S. U. Alam, and D. J. Richardson,
"Thulium-doped fiber amplifier for optical communications at 2 µm," Optics Ex-
press 21, 9289–9297 (2013).

165



166 Appendix A List of Publications

7. A. M. Heidt, Z. Li, J. Sahu, P. C. Shardlow, M. Becker, M. Rothhardt, M. Ibsen, R.
Phelan, B. Kelly, S. U. Alam, and D. J. Richardson, "100 kW peak power picosec-
ond thulium-doped fiber amplifier system seeded by a gain-switched diode laser
at 2 µm," Optics Letters 38, 1615–1617 (2013).

8. F. Poletti, N. V. Wheeler, M. N. Petrovich, N. Baddela, E. Numkam, J. R. Hayes, D.
R. Gray, Z. Li, R. Slavík, and D. J. Richardson, "Towards high-capacity fibre-optic
communications at the speed of light in vacuum," Nature Photonics 7, 279–284
(2013).

9. A. M. Heidt, J. H. V. Price, C. Baskiotis, J. S. Feehan, Z. Li, S. U. Alam, and D. J.
Richardson, "Mid-infrared ZBLAN fiber supercontinuum source using picosec-
ond diode-pumping at 2 µm," Optics Express 21, 24281–24287 (2013).

10. M. N. Petrovich, F. Poletti, J. P. Wooler, A. M. Heidt, N. K. Baddela, Z. Li, D. R.
Gray, R. Slavík, F. Parmigiani, N. V. Wheeler, J. R. Hayes, E. Numkam, L. Grűner-
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Appendix B

Recent Progress in Amplifier
Development

This appendix includes the recent results that were obtained just prior to finalising my
thesis. Due to the time limit of thesis writing, these results are not included in the main
content. Progress in amplifier development has been achieved in two areas, namely the
gain extension of the thulium-doped fiber amplifier (TDFA) and the development of the
holmium doped fiber amplifier (HDFA). In particular, we have successfully extended
the gain of silica-based TDFAs to the 1.65 – 1.7 µm band with up to 29 dB small signal
gain and noise figures as low as 6.5 dB achieved. On the long wavelength side, we
have developed a wideband silica-based HDFA covering 2050 – 2130 nm, providing up
to 28 dB small signal gain and 4 – 9.5 dB noise figure. Both works have been submitted
to OFC’15. Presented here are the manuscripts submitted.

The author and Dr. Yongmin Jung have together conducted the TDFA experiment. Dr.
Yongmin Jung has also designed and made the ASE filter employed in the amplifier. Dr.
Jae Daniel, Mr. Nikita Simakov, Dr. Peter Shardlow, and Dr. Alexander Heidt have con-
tributed to the amplifier design through discussions. This work has been supervised
by Prof. David Richardson, Dr. Shaiful Alam, and Prof. Andy Clarkson.

The author and Mr. Nikita Simakov have together conducted the HDFA experiment.
Mr. Nikita Simakov has also provided the simulation result. Dr. Shaiful Alam, Dr. Pe-
ter Shardlow, and Dr. Jae Daniel have contributed to the amplifier design through dis-
cussions. Mr. Deepak Jain and Prof. Jayanta Sahu have fabricated the holmium-doped
fiber. This work has been supervised by Prof. David Richardson, Dr. Shaiful Alam,
Prof. Andy Clarkson, and Dr. Alexander Hemming.
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Abstract: We report the first demonstration of silica-based thulium-doped fiber amplifier (TDFA) 

working in the 1.65 – 1.7 µm waveband. Up to 29 dB small signal gain and noise figure as low as 

6.5 dB are achieved.  
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (060.2330) Fiber optics communications 

 

1.  Introduction  

The quest for increasing transmission capacity of optical communication networks has stimulated interest in radical 

new approaches to data transmission, e.g., space division multiplexing [1]. Recently, the 2 µm wavelength region 

has attracted growing attention as a potential new transmission window for optical communications [2]. This is 

underpinned by emerging technologies such as hollow-core photonic bandgap fibers (HC-PBGFs). These fibers 

offer a transmission medium with ultra-low nonlinearity, low latency, and potentially an ultra-low loss window 

covering both the conventional 1.5 µm and the emerging 2 µm wavebands [3]. As the background loss of HC-

PBGFs is continually improving, it becomes possible to envisage a future optical communication network operating 

seamlessly from 1.5 µm to 2 µm. In order to realize such a system, high quality optical amplifiers are required. 

Silica-based thulium-doped fiber amplifiers (TDFAs) have recently demonstrated high gain, low noise amplification 

in the 1720 – 2050 nm region [4], leaving a ~100 nm gap between the TDFA and erbium doped fiber amplifier 

(EDFA) operating windows. It is therefore of immense interest to further extend silica-based TDFA gain to <1.7 µm 

and possibly to bridge the gap between the EDFA and TDFA. It is worth noting that a high performance small signal 

amplifier in this exotic waveband can also find applications in sensing, medicine, and material processing [5]. 

At these wavelengths, thulium-doped silica exhibits a strong three-level behavior and therefore requires a large 

inversion to achieve any gain. Moreover, the upper laser level lifetime is significantly reduced by multi-phonon non-

radiative decay, further increasing the challenge of obtaining the very large population inversion required for 

operation at <1.7 µm. In addition, a high inversion will result in a substantial gain at 1.8 – 1.9 µm and management 

of the amplified spontaneous emission (ASE) at these longer wavelengths becomes essential to achieve shorter 

wavelength gain. Consequently prior to this work small signal amplification in the 1.65 – 1.7 µm range could only 

be obtained via nonlinear approaches (e.g., Raman amplifiers [6]), or using fluoride-based TDFAs with distributed 

loss at longer wavelengths [7]. It is interesting that a recently reported bismuth-doped fiber laser has shown emission 

in this band [8], however, to date there has not been a demonstration of any small signal amplifier based on such 

fiber. 

In this contribution, we present to the best of our knowledge the first demonstration of a silica-based TDFA 

operating in the 1.65 – 1.7 µm spectral region. A 50 nm gain extension compared with previously reported results 

[9] is achieved as a result of more effective ASE management.  

2.  Experimental Setup 

A schematic of the experiment is shown in Fig. 1(a). The amplifier employs a double-pass cavity design, whereby 

the signal to be amplified passes the gain region twice. The gain region comprises two 0.5 m lengths of thulium-

doped fiber (OFS TmDF200) spliced to each end of an in-house fabricated ASE filter. The single-mode TDF has a 

~6.5 µm mode-field diameter at 2 µm and a core absorption of ~20 dB/m at 1.56 µm. A relatively short combined 

length of TDF (1.0 m) is used to minimize reabsorption losses. The short-pass ASE filter is realized by exploiting 

the bend loss of a dispersion compensating fiber (DCF). This filter provides high loss for >1.7 µm wavelengths 

suppressing long wavelength ASE and the potential for parasitic lasing. The DCF was chosen because of its strong 

bend loss dependence on wavelength. The transmission loss for the ASE filter is shown in Fig. 1(b). It can be seen 

that the transmission curve is relatively flat with a 3 – 7 dB insertion loss for wavelengths <1700 nm. The loss 

increases dramatically for wavelengths >1700 nm, exhibiting over 20 dB transmission loss for 1720 nm, over 30 dB 

loss at 1730 nm, and effectively no light is guided at wavelengths >1750 nm. A second ASE filter and a fiber retro-



reflector were used to further filter any long wavelength ASE and to reflect the signal back to the gain region for the 

second pass amplification. An in-house built fiber laser operating at 1565 nm was used as a pump source to forward 

core-pump the TDF. Pump and signal wavelengths were combined using a custom-made filter-based 1550/2000 nm 

wavelength division multiplexer (WDM) coupler with ~1 dB insertion loss for both pump and signal wavebands. 

For characterization, the TDFA was seeded by either of the two narrow line-width (<0.1 nm) tunable laser sources 

(TLSs). One TLS is a commercially available laser (Tunics T100S-HP) covering 1500 – 1680 nm and the other one 

is an in-house built laser covering 1690 – 1800 nm. An attenuator was used to vary the power of the input signal. 

We chose input signal powers of -20 dBm and 0 dBm to represent the small signal and saturated signal scenarios 

throughout the paper. A circulator was used for in and out coupling of the input and amplified signals, respectively. 

The circulator also provides isolation for the input and output signals. This helps in suppressing parasitic lasing and 

any feedback to the seed lasers, and therefore increases the stability of the amplifier. A power meter (Ophir 3A-FS) 

and an optical spectrum analyzer (Yokogawa AQ6375) were used to measure the gain and noise figure (NF)  

 

Fig. 1. (a) Schematic of the thulium-doped fiber amplifier (TDFA). TLS: tunable laser source; Atten.: attenuator; Cir.: circulator; WDM: 
wavelength division multiplexer; TDF: thulium-doped fiber; ASE: amplified spontaneous emission; Iso.: isolator; F.L.: fiber laser; P.D. 

power dump; M: Mirror. (b) Left: insertion losses of the circulator and WDMs; Right: transmission loss of the in-house built ASE filters. 

It is worth noting that the passive components used in the TDFA have relatively high insertion losses in the 

1650 - 1700 nm region (see Fig. 1(b)). For instance, at the input coupling side of the signal, the circulator and WDM 

coupler each introduces ~1 dB insertion loss. The total round-trip insertion loss from the amplifier input to output 

adds up to 18 dB at 1650 nm and 26 dB at 1690 nm. 

3.  Results and discussion 

The spectral characterization of the TDFA is shown in Fig. 2. This figure presents the wavelength dependence of the 

external small-signal gain (measured with an input signal power of −20 dBm), the saturated gain (measured with an 

input signal power of 0 dBm), as well as the external noise figure (NF) for both the gain curves.  

 

Fig. 2. Gain and noise figure (NF) characteristics of the TDFA. Solid red curves and dashed blue curves represent gain and 

NF performances, respectively. Circle and triangle symbols correspond to the small signal (-20 dBm) and saturated signal 

(0 dBm) scenarios, respectively. All data points in the graph are measured external values. 

A small signal gain of up to 29 dB was achieved at 1690 nm – a wavelength never reached before by any kind of 

silica-based rare-earth doped fiber amplifier. The 20 dB small signal gain window covers a ~35 nm band (1670 – 



1705 nm), which corresponds to 3.7 THz bandwidth. The 15 dB small signal gain window spans from 1660 – 

1710 nm, corresponding to a bandwidth of as much as 5.3 THz. The TDFA provided 8 dB of gain at wavelengths as 

short as 1650 nm. The saturated gain is above 10 dB in most of the waveband with up to 19 dB saturated gain 

achieved at 1690 nm. Both the small signal gain and saturated gain decrease rapidly at wavelengths >1.7 µm due to 

the rapidly increasing transmission loss imposed by the ASE filters. The small signal external NF was below 10 dB 

for almost the whole wavelength region with as low as 6.5 dB achieved at 1690 nm. 

The amplified signal spectrum is of high quality as shown in Fig. 3. The amplified small signal (Fig. 3(a)) has 

over 25 dB in-band optical signal-to-noise ratio (OSNR) in the 1660 – 1700 nm region and over 20 dB in-band 

OSNR at the edges of the amplification band. The amplified saturated signal (Fig. 3(b)) has over 40 dB in-band 

OSNR throughout the range of 1650 – 1700 nm.  

 

Fig. 3. Amplified small (left) and saturated (right) signals. Measured with 0.5 nm optical spectrum analyzer (OSA) resolution. 

Taking account of the high insertion losses of the passive components, the gross small signal gain is estimated to 

be above 50 dB at the 1690 nm gain peak and above 25 dB at 1650 nm. The internal small signal NF values are 

estimated to be 1~2 dB less than the external NF. Significant improvement in the performance of the TDFA is 

envisaged with the future availability of lower loss passive components. Distributed ASE filtering at >1.7 µm is also 

expected to be more efficient than using discrete filters as we have used in the present case. This could be realized 

with a more complicated active fiber design. 

4.  Conclusion 

In conclusion, we have presented the first demonstration and detailed characterization of a silica-based TDFA 

operating in the 1.65 – 1.7 µm waveband that was previously inaccessible by any kind of silica-based rare-earth 

doped fiber amplifier. Up to 29 dB net small signal gain and an external NF as low as 6.5 dB have been achieved at 

1690 nm. The TDFA covers a 20 dB gain bandwidth of 3.7 THz and a 15 dB gain bandwidth of 5.3 THz, which are 

comparable with the 4.4 THz bandwidth of the C-band. Using the 20 dB small signal gain as a benchmark, we have 

successfully extended the working window of silica-based TDFAs by 50 nm from ~1720 nm in Ref [9] to 1670 nm, 

which corresponds to a ~5 THz gain bandwidth extension.  

Such an amplifier could find applications in possible future optical communications systems as well as in areas 

such as medicine, optical sensing and material processing. 

This work was supported by the EU 7th Framework Program under grants 258033 (MODE-GAP), 287732 (ISLA) 

and by the UK EPSRC through grant EP/I01196X/1 (HYPERHIGHWAY). 
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Abstract: We report the realization of a wideband holmium doped fiber amplifier designed for 

optical communications over 2050 – 2130 nm, providing up to 28 dB small signal gain and 4 – 

9.5 dB noise figure. 
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (060.2330) Fiber optics communications 

 

1.  Introduction  

The relentless growth in internet traffic is steadily driving today’s networks towards their capacity limits [1]. In the 

search for solutions, radically new approaches to optical fiber communications are being investigated. Recently, the 

2 µm region has attracted growing attention as a potential new transmission window for optical communications [2]. 

This interest is being driven by recent demonstrations of low-loss hollow-core photonic band-gap fibers (HC-

PBGFs) which offer a transmission medium possessing ultra-low nonlinearity, low latency, and with the potential 

for an ultra-low loss window at wavelengths around 2 µm [3]. With the transmission loss of HC-PBGF continuing to 

drop (currently at around 2 dB/km and already sufficient for some short haul applications) 2 µm optical 

communications is certainly worthy of further investigation. In order to realize such a system, high quality optical 

amplifiers are indispensable. Thulium-doped fiber amplifiers (TDFAs) have recently been shown to demonstrate 

high gain, low noise amplification in the 1720 – 2050 nm spectral region [4], making the TDFA a good contender 

for the amplifier of choice. However, in order to realize the full potential of 2 µm optical communications, it is 

interesting to further extend the amplifier gain to the 2050 – 2130 nm spectral region, which is still within the low-

loss window of HC-PBGF. Operating a TDFA at wavelengths >2050 nm is difficult due to the decreasing emission 

cross-section. Thus it becomes necessary to seek alternative rare-earth dopants to fully access the long wavelength 

region of the 2 µm transmission window. Holmium-doped fibers (HDFs) typically operate at 2.1 µm and present an 

attractive gain medium for operation at these longer wavelengths. Holmium-doped silica has two common pump 

bands (at 1150 nm and 1950 nm) which are addressable by diodes and long wavelength ytterbium-doped fiber 

lasers, and thulium-doped fiber lasers respectively [5-7]. Holmium-doped fibers have been utilized in a tunable laser 

operating from 2040 – 2171 nm [8], and in a high Q cavity a wavelength as long as 2210 nm has been reached [9]. A 

small signal holmium-doped fiber amplifier (HDFA) has also recently been demonstrated operating at a specific 

wavelength of 2100 nm with a gain of 28 dB achieved [10]. A comprehensive review of holmium-doped silica fiber 

laser devices is provided in [11]. To date there has not been any report on wideband operation of the HDFA and a 

comprehensive characterization of HDFAs from the perspective of telecommunication applications has yet to be 

performed. 

In this contribution, we present the first demonstration and detailed characterization of a wideband silica-based 

HDFA operating in the 2.05 – 2.15 µm spectral region. We demonstrate an 80 nm gain extension towards 2.13 µm 

compared with previously reported TDFA results, providing a significant increase in the potential operating window 

for possible future 2 µm telecommunication systems. 

2.  Experimental Setup 

The experimental setup of the HDFA is shown in Fig. 1(a). A 7 m length of in-house fabricated single-mode HDF 

with a 9 µm diameter core, 125 µm diameter cladding and core absorption of 35 dB/m at 1950 nm was used. The 

fiber was core pumped in a co-propagating configuration by an in-house fabricated thulium-doped fiber laser 

emitting at 1950 nm. The seed source was a single-frequency Cr:ZnSe laser tunable in the range of 2050 – 2450 nm 

(IPG). A variable optical attenuator (VOA) was used to vary the input signal power. Input power levels of -20 dBm 

and 0 dBm were chosen to represent the small signal and saturated signal scenarios. A 30 dB tap coupler and a 

power monitor were used to on-line monitor the input signal power to the amplifier to ensure that this remained 

stable at all times. The 1950 nm pump and 2050 – 2130 nm signal wavelengths were combined using a custom-

made 1950/2100 nm filter-based wavelength division multiplexer (WDM) coupler. An isolator was placed at the 



output end of the amplifier to prevent parasitic lasing. An input isolator was not included due to the lack of 

components at the time of the experiment. The use of a VOA provided sufficient attenuation (30-50 dB) to protect 

the seed source from backward travelling amplified spontaneous emission (ASE) and the output isolator provided 

sufficient isolation such that no parasitic lasing was observed. A power meter (Ophir 3A-FS) and an optical 

spectrum analyzer (Yokogawa AQ6375) were used to measure the gain and noise figure (NF) of the amplifier. 

Fig. 1(b) shows the holmium absorption and emission cross-sections which were used in our numerical 

simulations [8]. The expected operating range is limited by the reabsorption losses for wavelengths <2050 nm and 

by the decreasing emission cross-section at wavelengths >2150 nm. 

 

Fig. 1. (a) Schematic of the HDFA (b) Normalized cross-sections illustrating the expected operating range which is limited by reabsorption 

loss for wavelengths <2050 nm and by decreasing emission cross-section for wavelengths >2150 nm [8].  

3.  Results and discussion 

The gain and noise figure (NF) performances of the HDFA are summarized in Fig. 2. The measured small signal 

gain (squares) and saturated gain (triangles) are displayed for input signal powers of -20 dBm and 0 dBm, 

respectively. The simulated small signal gain is also plotted for comparison. The HDFA exhibited gain across a wide 

range of wavelengths spanning 2050 – 2130 nm. A peak small-signal gain of 28 dB and up to 21.5 dB saturated gain 

was obtained at 2080 nm. The 20 dB small signal gain window covers 65 nm (2050 – 2115 nm), corresponding to a 

4.5 THz bandwidth. The 15 dB small signal gain window has its long wavelength edge extended to 2130 nm, which 

makes the 15 dB gain bandwidth as large as 5.5 THz. The experimental results agree well with our simulation 

estimated small-signal gain with a maximum of 1.5 dB deviation on the short wavelength side. The small signal NF 

varies between 4 – 9.5 dB across the wavelength region characterized.  

 

Fig. 2. Gain and noise figure (NF) characteristics of the HDFA. Red square and triangle symbols represent the measured small signal (-20 

dBm) gain and saturated signal (0 dBm) gain, respectively. Dashed red curve is the simulated small signal gain. Blue circle symbol 
represents the measured small signal NF. 



The spectra of the amplified small and saturated signals are shown in Fig. 3(a) and Fig 3(b), respectively. The 

amplified small signal has 25 – 30 dB in-band optical signal-to-noise ratio (OSNR) across the entire amplification 

band, whereas the amplified saturated signal has 48 – 50 dB in-band OSNR and up to 50 dB out-of-band OSNR.  

 

Fig. 3. Amplified small (left) and saturated (right) signals. Measured with 0.5 nm optical spectrum analyzer (OSA) resolution. 

Note that on the short wavelength side, the characterization was limited by the tuning rage of our master 

oscillator and degradation of the WDM performance for wavelengths <2050 nm. In practice an input isolator would 

be required for to protect the seed source. We expect the NF to be degraded by 1 – 2 dB and small-signal gain to be 

reduced by ~1.5 dB with the addition of an isolator at the input of the amplifier.  

4.  Conclusion 

In conclusion, we have reported the first demonstration and detailed characterization of a wideband HDFA covering 

the spectral window spanning from 2050 – 2130 nm which is inaccessible by TDFAs. The HDFA has a 20 dB gain 

window of 4.5 THz (2050 – 2115 nm) and a 15 dB gain window of 5.5 THz (2050 – 2130 nm). Up to 28 dB small 

signal gain and 21.5 dB saturated gain have been achieved at 2080 nm. As low as 4 dB NF has been achieved at 

2130 nm with 15 dB gain. The amplified signal has high spectral quality, with 25 – 30 dB in-band OSNR and 48 – 

50 dB in-band OSNR achieved for the amplified small signal and saturated signal, respectively.  

The HDFA opens up a brand new spectral window adjacent to the TDFA operation band. Compared with our 

previous work which has shown various TDFAs covering 1720 – 2050 nm, we have successfully extended the 

available gain bandwidth by 80 nm (from 2050 nm to 2130 nm) towards the mid-IR if 15 dB small signal gain is 

used as a benchmark. This represents a combined operating window of 410 nm (33.6 THz). We expect that HDFAs 

will find particular utility in optical communications at 2 µm, as well as use in medicine, remote sensing, and 

nonlinear optics. 

This work was supported by the EU 7th Framework Program under grants 258033 (MODE-GAP), 287732 (ISLA) 

and by the UK EPSRC through grant EP/I01196X/1 (HYPERHIGHWAY). 
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Appendix C

Recent Progress in 2 µm WDM
Transmission

This appendix shows the recent progress in 2 µm wavelength division multiplexing
(WDM) transmissions demonstrating record transmission capacities, which reflects the
growing interest and fast development in this field.

Coarse WDM (CWDM) transmission has for the first time been achieved at 100 Gbit/s
total capacity through 1.15 km hollow-core photonic bandgap fiber (HC-PBGF). The
system consists of 8 WDM channels (spanning 1968 – 2004 nm): 4 channels are directly
modulated using 4-ASK Fast-OFDM format (9.3 Gbit/s per channel), the other 4 chan-
nels are externally modulated using NRZ-OOK format (15.7 Gbit/s per channel).

Dense WDM (DWDM) transmission has achieved a total capacity of 160 Gbit/s through
a 1.15 km HC-PBGF. The system incorporates 8 WDM channels spaced on a 100 GHz
grid and modulated using 4-ASK Fast-OFDM format (20 Gbit/s per channel).

The TDFAs I developed have been employed in both experiments as an enabling de-
vice. The high capacity data transmission systems demonstrate the suitability of TDFAs
for use in 2 µm optical communications.

The CWDM work is to be submitted to Optics Express, whereas the DWDM work has
been submitted to OFC’15. Presented here are the manuscripts.
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Abstract:  We show for the first time 100 Gbit/s total capacity at 2 m 
waveband, using 4×9.3 Gbit/s 4-ASK Fast-OFDM direct modulation and 
4×15.7 Gbit/s NRZ-OOK external modulation, spanning a 36.3 nm wide 
wavelength range. WDM transmission was successfully demonstrated over 
1.15 km of low-loss hollow core photonic bandgap fiber (HC-PBGF) and 
over 1 km of solid core fiber (SCF). We conclude that the OSNR penalty 
associated with the SCF is minimal, while a ~1-2 dB penalty was observed 
after the HC-PBGF probably due to gas absorption within the core of the 
fiber. 
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1. Introduction  

The research community focused on developing next generation transmission systems capable 
to meet the ever increasing demand for high bandwidth Internet traffic. Until four years ago, 
the research focused mostly on fiber systems operating over standard single mode fiber (SMF) 
links at 1.55 µm with a lot of effort on optimizing the transmitters and receivers. The use of 
advanced modulation formats, such as phase-shift keying (PSK), quadrature amplitude 
modulation (QAM), orthogonal frequency division multiplexing (OFDM), polarization 
division multiplexing (PDM), etc, together with coherent detection schemes, has been widely 
investigated in the last decade. However, the fundamental propagation properties of standard 
SMF will ultimately limit the total capacity [1]. To overcome the limitations of SMF, mode 
division multiplexing techniques in few-mode fiber transmission systems at 1.55 µm have 
currently been demonstrated [2], pushing the capacities even closer to the Shannon limit. 

Hollow core photonic bandgap fiber (HC-PBGF), on the other hand, is another promising 
candidate. Recently, we introduced the concept of shifting the transmission band from the 
conventional C-band to 2 µm [3, 4], due to the potential ultra-low loss (~0.1 dB/km) HC-
PBGF may provide [5, 6], in addition to its near vacuum latency and lower nonlinearity as 
compared with standard SMF [7]. Thulium-doped fiber amplifiers (TDFA) which operate 
over a wide bandwidth spanning from ~ 1.80 µm to 2.05 µm are also available at this 
waveband [8] and their use in a transmission experiment has been demonstrated [4]. 
Moreover, the increasing availability of telecommunication-grade optical components at 2 
µm, such as lasers [9], modulators and photo-detectors (PD) [10], are making transmission 
experiments at 2 µm practical. We previously presented in [3] that either direct laser 
modulation, or external modulation can be implemented in the 2 µm region, and successfully 
demonstrated the first WDM transmission experiment over 290 m of HC-PBGF. In addition, 
we recently reported error-free 81 Gbit/s WDM transmission at 2 µm over 1.15 km of low-
loss HC-PBGF [11]. 

In this paper, we show a total capacity of 100 Gbit/s WDM transmission at 2 µm for the 
first time. The WDM signals were transmitted over either 1.15 km of low-loss HC-PBGF, or 1 
km of single mode solid core fiber (SCF) intended for the 2 µm wavelength range [12], both 
with error-free performance. This demonstration was achieved by using a newer generation of 
high performance laser sources, a higher bandwidth photo-detector, and by improving the 
fiber fabrication process [6]. A total capacity of 100 Gbit/s was achieved by externally 
modulating four lasers with non-return-to-zero (NRZ) on-off keying (OOK) at 15.7 Gbit/s, 
and directly modulating four lasers with 4-amplitude shift keying (4-ASK) Fast-OFDM [13], 
each at 9.3 Gbit/s (excluding 7% FEC overheads), spanning a total optical bandwidth of 36.3 
nm. 
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Fig. 1. Experimental setup. 

The experimental setup for the WDM transmission system is depicted in Fig. 1. The 
transmitter consisted of four directly modulated (1967.6, 1977.8, 1986.9, and 1992.5 nm) 
lasers and another four externally modulated (1995.7, 1998.4, 2001.9, and 2003.9 nm) 
channels. The lasers used were based on highly strained In0.75Ga0.25As multiple quantum well, 
ridge waveguide laser diode structures grown on InP substrates and designed for single mode 
operation at these wavelengths [9]. In order to directly modulate the lasers at the highest baud 
rate possible, the S21 frequency response was analyzed for each laser depending on the bias 
current. It is clear from Fig 2(a) that the higher the bias current, the higher the 3-dB RF 
bandwidth achieved, with values exceeding 5.1 GHz. However, for direct modulation with 
amplitude modulation formats, the bias current must remain low (in our case below 33 mA) in 
order to guarantee on-off operation, hence limiting the overall RF bandwidth, and therefore 
the total baud rate that could be applied. On average, the four lasers used for direct 
modulation presented 3-dB RF bandwidth of up to 3.8 GHz, as exemplified in Fig. 2(b) 
(black, dotted). 
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Fig. 2. (a) 3-dB bandwidth vs. bias current for a directly modulated channel 1992.5 nm; (b)S21 characterization for: a 
directly modulated channel at 1992.5 nm at a bias current of 32.5 mA (black, dotted), and an externally modulated 

channel at 1998.4 nm with a modulator bias of -5.3 V(green, solid), both with a photo-detector at 2 µm. 

Two independent 4-ASK Fast-OFDM signals generated by an Arbitrary Waveform 
Generator (AWG) each at a DAC rate of 6 GS/s, together with their delayed versions, were 
used to modulate the four directly modulated lasers. Each 4-ASK Fast-OFDM used a 128 
discrete cosine transform point size, among which 106 subcarriers were used for data 
modulation. The optical double side-band 4-ASK Fast-OFDM signal provides a spectral 
efficiency of 2 bit/s/Hz, so the total data rate per channel was 10 Gbit/s, or 9.3 Gbit/s taking 
into account overheads for FEC at 7%. Each Fast-OFDM frame consisted of one start-of-
frame symbol for synchronization [13] and 100 payload symbols. 

The other 4 channels were externally modulated using a commercially available LiNbO3-
based Mach-Zehnder Modulator (MZM) with a Vπ of 9.5 V, driven by a 2

31
-1 pseudo random 



bit sequence (PRBS), from a pulse pattern generator (PPG). Polarization controllers (PC) were 
added after the lasers to align the polarization with the MZM. In this case, we varied the bit 
rate of the PPG in order to check the performance of the system, with rates of 15.7 Gbit/s, 
12.5 Gbit/s and 10 Gbit/s. The overall data rate of these channels was limited by the combined 
3-dB RF bandwidth of the MZM and PD of about 10 GHz, as illustrated in Fig. 2(b) (green, 
solid). 

Prior to transmission, a TDFA [8] was used in order to both compensate for the transmitter 
losses and pre-compensate for the fiber losses. Fig. 3 illustrates the spectrum of the WDM 
system after the 1st TDFA (green curve), with output powers reaching up to 2 dBm/channel. 
The tilt on the signal corresponds to the roll-off in amplifier gain at longer wavelengths. The 
lasers clearly have high side-mode suppression ratios, exceeding 40 dB in most cases. Note 
that the output power of each laser was not the same, and some of the passive components in 
the transmitter had considerably unbalanced losses for each channel, which resulted in the 
power non-uniformity. 
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Fig. 3. OSA spectra of (green) transmitter, (blue) after HC-PBGF, and (black) after SCF transmission. Narrow dips 
centered at 1965 and 2004 nm within the blue trace are due to CO2 absorption. OSA resolution: 0.05 nm. 

We used two types of fibers in the experiment: HC-PBGF and SCF. The HC-PBGF used 
had a 19 cell core design and was 1.15 km long, with a minimum loss of 2.8 dB/km at 1990 
nm and a 3-dB bandwidth of 85 nm. The fiber was spliced at both ends to standard SMF; a 
short length of buffer fiber was used to reduce mode-field mismatch between the SMF and 
HC-PBGF and thus to enable optimum launch into the fundamental mode. The total insertion 
loss, including the fiber attenuation and all splice losses, was 11.5 dB at 1987 nm, see Fig. 4 
(black trace), a substantial fraction of which is due to MFD mismatch and is located at the 
SMF/buffer splice points. Small amounts of carbon dioxide and water vapor were observed to 
be present in the fiber as a consequence of atmospheric ingress during fiber fabrication. CO2, 
in particular, produces bands of discrete loss peaks centered at 1965 and 2004 nm, as shown 
in Fig 4. It can easily be removed fully by purging the fiber with dry gas. Alternatively, if 
needs be, the wavelengths of the WDM channels could also be slightly detuned in order to 
avoid the gas absorption lines. The full WDM spectrum after HC-PBGF transmission is 
plotted in Fig. 3 (blue), showing the excess loss of this fiber arrangement. The polarization 
dependent loss of the HC-PBGF remained below 0.3 dB. 

The SCF (ClearLite®1700 20 from OFS) is a single mode fiber with a step index design, 

where the refractive index profile is optimized for application in the 1.7 to 2.1 m band. It’s 

characterized by a cut off wavelength of 1700 nm. Typical properties @ 2.0 m are effective 

area of 55 m
2
, dispersion of 37 ps/(nm·km) and attenuation of 18 dB/km [12]. In Fig. 4, it is 

shown measurement of total loss from 1960 to 2010 nm including two spliced connectors.  
The pre-amplified receiver comprised a variable attenuator placed before the 2

nd
 TDFA, in 

order to vary the optical signal-to-noise ratio (OSNR); a commercially available tunable filter 
with a 3-dB bandwidth of ~1.6 nm, sufficient to select each of the WDM channels; and a 3

rd
 



TDFA in order to guarantee a constant optical power to the receiver PD for all OSNRs, 
compensating for the lower gain of the TDFAs between 1990 and 2010 nm. The gain of this 
3

rd
 TDFA was adjusted to guarantee a fixed power level of -2 dBm at the PD for all 

wavelengths. The electrical signal was amplified before a 16 GHz, 100 GS/s sampling scope 
(DPO), or an error detector (ED), depending on the channel measured. 
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Fig. 4. Total loss of the HC-PBGF and SCF both including two spliced connectors. Peaks within the loss spectrum of 
the HC-PBGF (black curve) are due to CO2 absorption. 

3. Results and discussions 
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Fig. 5. BER vs. OSNR performance for (a) direct modulation over PBGF, (b) 15.7 Gbit/s external modulation 
over PBGF, (c) direct modulation over SCF, (b) 15.7 Gbit/s external modulation over SCF, and (e) OSNR penalties at 
BER=1×10-9 for externally modulated channels at different bit rates. (In (a)-(d), solid lines – B2B; dashed lines – over 

PBGF; dotted lines – over SCF, and in (e) the lines are for guidance only.) 

The performance of the 2 µm WDM system was analyzed in terms of bit error rate (BER) vs. 
OSNR performance and OSNR penalties after fiber transmission. Note that the OSNR was 
measured within 0.1 nm bandwidth, and the transmission penalties were calculated at a BER 
of 1×10

-3
 (FEC limit) for directly modulated channels, and at BER of 1×10

-9
 for externally 



modulated channels. Fig. 5(a) and (c) show the performance of 10 Gbit/s 4-ASK Fast-OFDM 
channels. The maximum OSNR requirement to achieve a BER of 10

-3
 after transmission was 

31.8 dB, with a spread of ~1.1 dB between channels. It is observed that the transmission 
penalties varied from 1.35 to 1.8 dB for HC-PBGF, while for SCF the transmission penalties 
varied from 0.1 to 0.35 dB only. The spread in required OSNR for the directly modulated 
channels is probably due to variation in the RF bandwidths of each of the lasers, with lower 
OSNR requirement for those with larger bandwidths. Mode coupling to higher-order modes 
probably caused the additional penalty. 

Fig. 5(b) and (d) illustrate the performance of all four NRZ-OOK externally modulated 
channels at a data rate of 15.7 Gbit/s. It can be seen that OSNRs of 24.4 dB or below can be 
used to achieve a BER of 1×10

-9
, with a spread of about 0.3 dB between channels. This is 

most likely due to the amplifier gain tilt as shown in Fig. 3. In addition, we can see from Fig. 
5(e) that transmission power penalties are small for all four externally modulated channels at 
different data rates of 15.7 Gbit/s (black square), 12.5 Gbit/s (red circle), and 10 Gbit/s (blue 
triangular), when transmitting over either HC-PBGF or SCF. For example, transmission 
penalties are no greater than 0.4 dB for HC-PBGF, and 0.1 dB for SCF at a bit rate of 15.7 
Gbit/s. Finally, Fig. 6 shows the eye and constellation diagrams for B2B (left) and after 
transmission (middle and right). Notice that after 1 km SCF transmission (right), the eye 
diagram for an externally modulated channel is still very open, and that the constellation 
diagram for a directly modulated channel is quite clear, indicating no distortion after SCF 
transmission. The constellation diagram after HC-PBGF transmission however indicates that 
some distortions is observed for 4-ASK Fast-OFDM signals, as confirmed by the small power 
penalties observed in Fig. 5(a). 
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Fig. 6. (top) Eye diagrams of 15.7 Gbit/s NRZ-OOK externally modulated channel (1998.4 nm) and (bottom) 
constellation diagrams for 4-ASK Fast-OFDM directly modulated channel (1992.5 nm), both for (left) B2B, (middle) 

over HC-PBGF, and (right) over SCF. 

4. Conclusion 

We have presented eight-channel WDM transmission at 2 µm over both 1.15 km of low-loss 
HC-PBGF and 1 km SCF. A record of 100 Gbit/s using 4×9.3 Gbit/s 4-ASK Fast-OFDM 
directly modulated channels and 4×15.7 Gbit/s NRZ-OOK externally modulated channels 
have been demonstrated, spanning an extended waveband of 36.3 nm. This study illustrates 
the rapid growth in maturity of technologies for future communication system applications at 
2 µm. 
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Abstract: We show, for the first time, dense WDM (8× 20Gbit/s) transmission at 2 m enabled by 
advanced modulation formats (4-ASK Fast-OFDM) and the development of key components, 

including an 18dB extinction ratio arrayed waveguide grating. 
OCIS codes: (060.2330) Fiber optics communications; (060.2340) Fiber optics components; (060.4230) Multiplexing; 

(060.5295) Photonic crystal fibers; (230.0230) Optical devices 

 

1. Introduction 

Communications at the 2 m waveband may be of general interest in the future, as we are approaching a limit on the 

total capacity of traditional single mode systems at 1.5 m. Developments at this new waveband will have 
advantages not only in communications, but also for sensing, as many vapors and gases have narrow absorption 

bands at this waveband [1]. In telecommunications, the advantages of operating at 2 m include the potential to 
exploit the minimum loss window of Hollow Core Photonic Bandgap Fibers (HC-PBGF) (with predicted minimum 

losses as low as 0.1dB/km) [2], the associated 1000-fold reduction in nonlinearity of HC-PBGFs, the availability of 

Thulium Doped Fiber Amplifiers (TDFA) with broad bandwidths, high gain and good noise figures [3], and also 
eye-safety. We have previously shown that communications at this waveband is possible, by demonstrating 

transmission of coarse WDM signals through a 1.15km HC-PBGF, achieving a total capacity of 81Gbit/s [4]. 

Although the availability of complex modulators is limited, and some concepts still under development [5], higher 

order modulation formats may be achieved by using intelligent direct modulation schemes [6] for a single channel. 

In order to enable denser WDM schemes, however, development of other components is required, such as filters and 

arrayed waveguide gratings (AWGr), low loss HC-PBGF, and narrow linewidth lasers amongst others. 

In this paper we show for the first time dense WDM (DWDM) transmission at the 2 m waveband, enabled by 
the use of a novel AWGr, and a new generation of double isolated lasers and high performance TDFAs. 8 channels 

separated by 100GHz were encoded with 4-ASK Fast-OFDM at 20Gbit/s per channel and transmitted over 1.15km 

of HC-PBGF with a total loss of ~9dB at 2 m. We observe no penalty for all channels in comparison to back to 
back (B2B), with the system requiring an average OSNR of 32dB for a BER of 1x10-3. The modest extinction ratio 

of 18dB between neighbor channels of the AWGr did not significantly affect the performance of the system. 

2. Experiments and results 
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Fig. 1. Experimental setup. AWG: Arbitrary Waveform Generator; AWGr: Arrayed Waveguide Grating. Inset: image of the AWGr. 

The experimental setup for the DWDM transmission system is depicted in Fig. 1. The transmitter consisted of eight 

externally modulated channels, with odd channels at 1989.35, 1992.00, 1994.65, and 1997.33nm, and even channels 



at 1990.60, 1993.32, 1996.00, and 1998.63nm, hence with a channel spacing of 100GHz. The lasers used were based 

on a multiple quantum well InGaAs/InP ridge waveguide discrete mode laser designed for single mode emission 

with a SMSR > 40dB in the 1.99-1.999µm region [7]. The laser was packaged in a 14-pin butterfly module with 

TEC, thermistor and dual stage optical isolator. Prior to the Mach-Zehnder Modulator (MZM), the signal power was 

boosted by a TDFA [3] in order to compensate for both the transmitter losses and pre-compensate for the fiber 

losses. 
A 4-ASK Fast-OFDM signal generated by an Arbitrary Waveform Generator (AWG) at a DAC rate of 12GS/s 

was used to externally modulate a commercially available LiNbO3-based MZM, which has a Vπ of 9.5V. The 4-

ASK Fast-OFDM used 384 discrete cosine transform point size, among which 320 subcarriers were used for data 

modulation. The optical double side-band 4-ASK Fast-OFDM signal provides a spectral efficiency of 2 bit/s/Hz, so 

the total data rate per channel was 20Gbit/s, or 18.6Gbit/s taking into account overheads for FEC at 7%. Each Fast-

OFDM frame consisted of one start-of-frame symbol for synchronization and 256 payload symbols [8]. The 

spectrum of the DWDM system after the MZM is illustrated in Fig. 2(b) (green curve). The lasers clearly have high 

side-mode suppression ratios, exceeding 40dB in most cases.  
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Fig. 2. (a) High-resolution (50pm) transmission spectra of the HC-PBGF sample used in the experiment; black trace: attenuation of the as-drawn 

fiber; red trace: insertion loss of the pigtailed sample obtained after the HC-PBGF has been purged with high-purity Argon. The inset shows an 

optical microscope image of the HC-PBGF. (b) Spectrum before (green) and after (black) HC-PBGF transmission. OSA resolution: 0.05nm. 

We employed a 1.15km length of 19-cell HC-PBGF [4]. This was fabricated through a two stage stack-and-draw 

process. The HC-PBGF (see inset Fig. 2(a)) has an outer diameter of ~166µm, a pitch of ~5.7µm and a hollow core 

diameter ~27µm. It has a wide bandgap centered at 2005nm, with a minimum attenuation of 2.8dB/km (1990 nm) 

and 3-dB bandwidth of 85nm (disregarding gas absorption, Fig 2(a), black curve). CO2 and H2O absorption lines are 

clearly observable in the transmission of the as-drawn fiber, which we believe are due to atmospheric contamination 

during fabrication and contribute an additional loss of ~5.3dB/km at 2004.3nm. The HC-PBGF was then purged 

with high purity argon at ~7 bar for several days in order to remove these species. Post purging, the HC-PBGF was 

spliced to single mode fiber (SMF) pigtails via a short length of custom large-mode area (LMA) buffer fiber with 

mode field diameter (~20µm) matched to that of the HC-PBGF, enabling efficient coupling into the fundamental 

mode [9]. The transmission of the purged and spliced HC-PBGF (Fig 2(a), red trace) demonstrates the complete 
removal of the CO2 and a marked reduction of the H2O content, as previously reported [10]. The total insertion loss 

through the connectorized sample is ~9.2dB (at 2000nm) which results from a combination of the HC-PBGF loss 

(~3.2dB), and the splice loss at the two SMF/LMA and LMA/HC-PBGF interconnections. 

An AWGr was designed to act as a 100GHz filter at the receiver. In order to facilitate good optical coupling to 

single mode fiber at 2µm, an InP based waveguide was designed with a large transverse mode-size of 3.6µm at an 

intensity 1/e2 of the maximum [5]. An n-doped InP substrate was used to reduce mode leakage into the substrate and 

the waveguide had a group refractive index of 3.27. A 20-channel cyclical AWGr was designed with the spacing 

between adjacent channels of 100GHz which used 164 waveguides to disperse the light. The width of the 

waveguides was 3.5µm and the minimum radius of curvature was a conservative 1mm resulting in a chip size of 

13mm × 7mm. The AWGr was formed using a single deep (>4µm) dry etching stage into the waveguide, and it is 

shown in Fig. 1 inset. The chip was characterized using an unpolarized TDFA based ASE source. The average 

insertion loss per channel was found to be -12.8±1.78dB before antireflection coating, as shown in Fig. 3(a). The 
adjacent channel crosstalk was better than 18dB. The AWGr chip was packaged in a housing containing a single 

channel lensed fiber input and 10 channel fiber array output. Specialty fiber from OFS (ClearLite 1700 20) was used 

to produce both the lensed fiber and fiber array components. The lensed fiber was welded in position, while the fiber 

array was attached to the output facet of the AWGr chip using UV cure epoxy. The fiber packaged sub-assembly 

was then placed in an enclosed metal housing which included a Peltier device for temperature control. 



The pre-amplified receiver was comprised by a variable attenuator placed before the 2nd TDFA, in order to vary 

the optical signal-to-noise ratio (OSNR), a commercially available tunable filter with a 3-dB bandwidth of ~1.6nm, 

to coarse-select the channel measured and to eliminate the optical noise; a 3rd TDFA in order to guarantee a constant 

optical power to the receiver PD for all OSNRs, pre-compensating for the loss of the AWGr; the packaged AWGr, 

in order to select each channel; another variable attenuator before the PD, which was adjusted to guarantee a fixed 

power level of -5dBm at the PD for all wavelengths. The electrical signal was amplified before a 16GHz, 100GS/s 
sampling scope (DPO). The sampled data was then off-line processed and recovered by using digital signal 

processing (DSP) techniques with Matlab. 
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Fig. 3. (a) Transmission spectrum of the AWGr. (b) Optical spectrum after the AWGr at 1996nm. 

The performance of the 2µm DWDM system was analyzed in terms of bit error rate (BER) against received 

OSNR either at B2B, or after the 1.15km of HC-PBGF. Fig. 4(a) and (b) show all the performance of the 20Gbit/s 4-

ASK Fast-OFDM channels, with an average OSNR of 32dB to achieve a BER of 1×10-3 (FEC limit). A maximum 

required OSNR spread of about 2.5dB between channels was observed, probably due to the limited extinction ratio 

of the AWGr, as can be seen in Fig. 3(b). It should be noted that, when transmitting over HC-PBGF, the 
transmission penalty is negligible for all the DWDM channels. Fig. 4(c) and (d) illustrate that the constellation 

diagram for a DWDM channel (1997.33nm) is quite clear and shows no distortion after transmission (Fig. 4(d)). 
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Fig. 4. BER vs. OSNR for B2B (closed symbols) and after transmission (open symbols) for (a) odd channels and (b) even channels; constellation 

diagrams for channel 1997.33 nm for (c) B2B and (d) over HC-PBGF. 

3. Conclusions 

We have shown for the first time dense WDM transmission over 1.15km of hollow core photonic bandgap fiber at 

the 2 m waveband. Negligible OSNR penalty was observed after transmission, and the observed spread in OSNR 
requirement per channel was probably due to the limited extinction ratio of the AWGr. A total capacity reaching 

150Gbit/s (when taking into account FEC) was achieved, with 8 channels separated by 100GHz. 
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