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Summary

All-fiber lasers have attracted tremendous research interests due to the advantages of
minimum alignment requirement, high energy efficiency, low maintenance, low
sensitivity and wavelength independent to the temperature. The all-fiber lasers with
wavelength-tunable operation and multi-wavelength emission are of much interest
because the emission wavelength can be tuned within a broad spectral range and
multiple lasing wavelength can be emit simultaneously, which is useful for
applications in spectroscopy, wavelength division multiplexing communication,
optical signal processing, optical instrument and system diagnostics, etc. Furthermore,
if this kind of laser is with pulsed output and high pulse energy, it will become an
irreplaceable light source for time-domain and high-intensity applications.

Now the operating wavelength of most tunable multi-wavelength all-fiber pulsed
lasers are in the 1 um and 1.5 pm regime and a few in 2 pm regime, in which thulium-
(Tm-) or holmium-doped fiber is used as the gain medium. Since 2 m regime is the
eye-safe regime, lasers operating at this regime is particular important for medical and
military applications.

There are various methods that can realize tunable operation and multi-wavelength
emission in fiber laser. The basic principle is to form an artificial spectral filter with a
tunable center wavelength, which acts as a wavelength selection element to enable the
tunable operation. And this filter is with multiple maximums of equal amplitude in the
spectral domain, to enable the multi-wavelength emission. This filter can be formed by
multimode fiber, fiber taper, photonics crystal fiber, fiber Bragg grating, Fabry-Perot
filter, nonlinear polarization evolution (NPE) technique, nonlinear amplified loop
mirror technique, etc. NPE is chose because its potential tunable range covers the
whole emission spectrum, rather than a specific range, and the number of emission
wavelength is easily controlled by the length of birefringent fiber inside the cavity,
without additional cost on the cavity complexity.

Tm-doped fiber is chosen to be the gain medium because it has broad emission
spectra, the eye-safe emission regime, commercially available pumping diode, and
high pumping efficiency. Bidirectional pumping method is used to broaden the gain
bandwidth. NPE is used to enable mode locking, tunable operation and multi-

wavelength emission. The broadband transmissions of other optical components inside

vii



the cavity such as isolator and coupler are also studied in order to identify their effects
on the bandwidth of the net gain (saturated gain minus cavity loss).

We have developed a widely tunable multi-wavelength Tm-doped mode-locked all-
fiber laser. The main characteristics of this laser are the single-wavelength tunable
operation, multi-wavelength tunable operation, and multi-wavelength switchable
operation. The tunable range of single-wavelength mode locking is 136 nm (from 1842
to 1978 nm). The tunable range of dual-, tri-, and four-wavelength mode locking is 52
nm (from 1864 to 1916 nm), 49 nm (from 1863 to 1912 nm), and 55 nm (from 1860 to
1915 nm), respectively. The tunable ranges above are the widest in such kind of laser,
to the best of our knowledge. For the multi-wavelength switchable operation, we can
achieve the full binary control, which is firstly reported in such kind of laser. This
could act as an optical binary system, which has potential applications in optical signal
processing, optical switching devices and optical communication.

Other phenomena are also observed with this setup, including the quasi-five-
wavelength Q-switched mode locking, the peaks and dips in the soliton sidebands, and
the noise-like pulses.

The demonstrated laser is with a compact structure, with easy operation by
adjusting the polarization controllers to realize the tunable operation and multi-
wavelength emission, and offers a solution in optical communications, spectroscopy,

and time-resolved applications.
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Chapter 1

Introduction

This thesis discusses on a Thulium-doped (Tm-doped) mode-locked all-fiber laser
with tunable operation and multi-wavelength emission. Nonlinear polarization
evolution is used to enable the mode locking, tunable operation and multi-wavelength
emission. The developed laser is with the widest tunable range and with the first
demonstration of full-binary control in a switchable manner, in such kind of laser.

This chapter talks about the background and motivation on all-fiber lasers, tunable
multi-wavelength fiber lasers with mode-locked operation, and Tm-doped fiber lasers.
This chapter also talks on the challenges to achieve widely tunable operation and
multi-wavelength emission with an all-fiber cavity structure. Then our objective is

presented, and the organization of this thesis is described.

1.1 Background and Motivation

All-fiber lasers have attracted tremendous research interests due to the advantages of
minimum alignment requirement, high energy efficiency, low maintenance, low
sensitivity and wavelength independent to the temperature.

Fiber lasers with wavelength-tunable operation are of much interest because the
emission wavelength can be tuned within a broad spectral range, which is useful for
applications in spectroscopy, optical communication, optical instrument and system
diagnostics, etc. For an example, there are many absorption bands of gases locating
between 1 to 2 um as shown in figure 1.1 [1]. The 1 to 2 um are the emitting
wavelength regime of most fiber lasers. Since these gases are the main compositions
of the Earth's atmosphere, the fiber laser can be a light source to detect the gases to
know more about the condition of the Earth’s atmosphere. With a tunable light source,

the wavelength can be tuned to match a gas absorption line to give a high spectral



power density, and it can detect at multiple points in the spectral domain to get more

features on the absorption spectrum [2].

HITRAMN on the Web. Gas mixture: Atmosphere of Earth. Stick spectrum at T=239.79834301K.
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Figure 1. 1. Synthetic stick absorption spectrum of a simple gas mixture corresponding to the
Earth's atmosphere composition based on HITRAN data created using HITRAN on the Web
system. Green color: water vapor, WN: wavenumber (caution: lower wavelengths on the right,

higher on the left). Water vapor concentration for this gas mixture is 0.4% [1].
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Figure 1. 2. The scheme of telecommunication with the multi-wavelength light source.
Besides, the fiber lasers with multi-wavelength emission are also widely used in
fiber-optic test and measurement of wavelength division multiplexing components,
optical signal processing, optical sensing, microwave photonics and precision
spectroscopy [3,4]. For instance, if a multi-wavelength fiber laser is used as the light
source in the telecommunication in figure 1.2, the system capacity is increased by
transmitting signals in large numbers of channels and each channel works at different

wavelengths. The fiber laser can be with moderate output powers to support the long-



distance transmission. Another example is to use a multi-wavelength laser source to
inspect the surface profile [5]. The laser with different wavelengths carries different
information. The information were combined and analyzed together by the computer
to get the more precise result of the sample.

Comparing with continuous wave (CW) lasers, mode-locked lasers are
irreplaceable light sources for time-domain and high-intensity applications. Examples
are the sensitivity measurement of the absorption rate rather than the magnitude [6],
the non-linear spectroscopy and multiphoton microscopy, which require a high-
intensity beam to stimulate the nonlinear phenomena [7], and time-resolved
photoluminescence and measurements [8,9].

Fiber lasers usually works at 1, 1.5 and 2 pm, depending on the kind of gain fibers
used. 2 pm regime is important because firstly it is the eye-safe regime, which is
mostly used in medical and military applications. Secondly it is a good candidate to
increase the capacity of fiber-optic communication system, by expanding the operation
wavelength from current 1.5 pm to 2 pm. Thirdly the absorption of some materials is
larger at 2 pm than that in 1 and 1.5 pm. With larger absorption we can do the sensing
and material processing in industry such as wetting and cutting much easier. If Tm- or
holmium- (Ho-) doped fiber is used as the gain medium, the emitting wavelength of
the fiber lasers will be near 2 pm. However the tunable multi-wavelength mode-locked
fiber lasers are mostly reported in the 1 pm and 1.5 pm regime and a few near 2 pm
regime [10-21]. The tunable range of 2 pum mode-locked all-fiber lasers is limited to
50 nm[22]. The limited tunable range significantly restricts their applications in
biological and medical imaging. The number of emission wavelength from 2 pm
mode-locked all-fiber lasers was only two, which was achieved by adjusting the
polarization controllers [23]. It limits the further expansion of numbers of channels
over large wavelength span, which are used to increase the transmission capacity in a 2
pm  fiber-optic communication system. No switchable operation, especially the
switchable full binary control, from a multi-wavelength mode-locked all-fiber laser
near the 2 m regime has been reported so far, which limits the application of optical
signal processing.

Therefore, developing a mode-locked all-fiber laser near the 2 pm regime with
widely tunable range and multi-wavelength emission is of much importance for
various applications. For examples it enables a number of channels over large

wavelength span to increase the transmission capacity in telecommunications [24], it
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can enable both multi-species detection and the detection at different wavelengths
simultaneously for some unstable species in gas spectroscopy [25], and it can convey
more signals, enlarge the measurement range and help to build a compact system
structure in sensor multiplexing [26]. Furthermore, the integration of tunable operation
and multi-wavelength emission into one laser setup is convenient and cost-effective.
When it is required, only one laser setup is used instead of multiple lasers with

different emission wavelengths.

1.2 Challenges and Objective
The challenges are:

To achieve the widely tunable operation, we should find a suitable gain medium
and a pumping method to achieve a wide gain bandwidth, design a module in the
cavity to form the spectral filter with center wavelength tunable, and manage the
cavity loss to reduce the laser threshold over the broadband emission spectrum.

To achieve the multi-wavelength emission, we should adopt a spectral filter with
periodically varying amplitude and with equal amplitude maximums. This filter breaks
the homogeneously broadening of ions in gain medium, to enable stable multi-
wavelength operation.

To achieve a laser with all-fiber cavity structure, working near 2 um regime, and
with pulsed output, we should choose the proper all-fiber optical components, the gain
fibers, and the technique to enable mode locking.

To reach all the requirements above simultaneously, we should investigate many

different approaches, propose the most suitable one, and then experimentally realize it.

We aim to develop a mode-locked all-fiber laser working near the 2 pm regime,
with wavelength-tunable operation and multi-wavelength emission. The tunable range
of single-wavelength mode locking will challenge the state-of-art, which was 50 nm
from a Tm-doped mode-locked all-fiber laser [22]. The wavelength-tunable operation
in that setup was realized by stretching the fiber taper. The number of emission
wavelength is more than two, which is the state-of-art from a Ho-doped fiber laser
mode-locked by carbon nanotube saturable absorber [23]. The dual-wavelength
emission in that setup was realized by adjusting the polarization controllers. However
the paper did not give a detailed explanation on the mechanisms for the dual-

wavelength emission. The multi-wavelength mode locking will be tunable and



switchable, and the switchable operation covers the full binary control, for the
potential applications in optical signal processing, optical switching devices and
optical communication. The experimental results will be analyzed and explained

systematically.

1.3 Thesis organization

This thesis is divided into 8 chapters. Chapter 1 introduces the background, motivation,
challenges and objectives for this project. Chapter 2 lists the basic theories we used in
this project, including how the optical pulses propagates in single-mode fiber and a
gain fiber, and how to achieve passively mode locking by nonlinear polarization
evolution technique. Chapter 3 reviews the methods to achieve tunable operation and
multi-wavelength emission in fiber lasers. Chapter 4 described how we designed the
experimental setups. We considered the energy level, absorption and emission of Tm-
doped fiber before choosing it as the gain medium. We analyzed and tested the effect
on gain bandwidth with different pumping methods. We measured the transmission of
optical components inside the cavity. We proposed the structure units for tunable
multi-wavelength laser emission, and the cavity structure to realize the experimental
objectives. Chapter 5 is the experimental results and the explanation on widely tunable
single-wavelength mode-locked laser. Chapter 6 is the experimental results and
analysis on tunable and switchable multi-wavelength mode-locked laser. Chapter 7
shows the extended results and discussions on peak and dip sidebands of solitons, and
the observation of noise-like pulses. Chapter 8 concludes this thesis and gives the

future works on tunable multi-wavelength mode-locked all-fiber laser.



Chapter 2

Theory on Passively Mode-Locked Fiber Laser

This chapter introduces the theories used in designing and analyzing the experiment. It
firstly describes the pulse propagation in single-mode fiber, including the pulse
propagation equation, the chromatic dispersion, and the soliton. Secondly it discusses
the gain fiber, including three-, four- and quasi-three- level system, the gain coefficient
and amplification factor, and the pulse propagation equation in gain fiber. Lastly it
illustrates the technique we used to achieve passively mode locking, including the
fiber cavity structure, the principle of mode locking, and the nonlinear polarization

evolution.

2.1 Pulse Propagation in Single-Mode Fiber

2.1.1 Pulse Propagation Equation in Single-Mode Fiber
The propagation of picosecond pulses in single-mode fiber can be described by

nonlinear Schr&linger (NLS) equation

oA lﬁzﬁA a
Ny AP A
> A5 ot o Ty Asr (@)l ] (2.1.0)

This equation is deducted from Maxwell’s equations. A(Z,f) is the slowly varying

pulse envelope, 5, and B, are the dispersion items, which will be described in
section 2.1.2, « is fiber loss which is given by

P =F exp(-al), (2.1.2)
F, and P, are the launched power at fiber input and the transmitted power. L is the
fiber length. » (w, ) is fiber nonlinearity which is defined as

n, (@,) o,

cAeﬁ,

y (@)= (2.1.3)



n, (@,) is the nonlinear refractive index. It takes the value of 2.73x10™" m*/W when
measured at 1.06um [27]. @, is the angular frequency at the input wavelength with

@, =2mc/ 4, , c is the speed of light in vacuum, 4 . is the effective mode area. In the

eff

fundamental mode and Gaussian modal distribution, A, =zw’. w can be calculated

through
w/a=0.65+1.619V > +2.879V ¢ (2.1.4)
12
Vzkoa(nf —nf) , (2.1.5)
k,=2x/ A, (2.1.6)

where a is the core radius, #, is the cladding refractive index, n, is the core refractive

index, and 4, is the cut-off wavelength.

When introducing the retarded frame by making the transformation

T=t—z/v,=t-pz, (2.1.7)
equation (2.1.1) becomes
04 iB, 0’4 a | . 2
—+=—+—A=iy(w,)|A4 A. 2.1.8

Split-step Fourier method is used to solve this equation. Equation (2.1.8) is

rewritten to

A4 A A
Z—Z=(0+N)A, (2.1.9)
~if, 0«

LS 2119
N=iy|4l. (2.1.12)

The split-step Fourier method assumes that the fiber length is divided into a large
number of segments of width h, over the small h, the fiber dispersion and nonlinearity
act independently. When pulses propagate from z to z+h, it takes two steps. In one step,
only the dispersion takes effect, and in the other step, only the nonlinearity takes effect.

Mathematically,

Az+h,T) ~ exp(hﬁ)exp(hz\?)A(z,T) . (2.1.12)



exp(hD) can be evaluated in the Fourier domain by replacing the operator 6/0T to

—iw. AS f)(—ia)) is just a number in the frequency domain, the evaluation of equation

(2.1.12) is straightforward.

2.1.2 Chromatic Dispersion

The chromatic dispersion is a phenomenon that the phase velocity or group velocity of
light depend on the optical frequency when the light propagates in an optical medium.
Most often the chromatic dispersion refers to the bulk material dispersion. The
refractive index of the material changes with the optical frequency, which is related to
the resonance frequency of the medium when the medium absorbs the electromagnetic
radiation through oscillations of bound electrons. The refractive index can be
approximated by the Sellmeier equation when it is far from medium resonances

m B @
n’ (a)):1+2w2]_;}2 , (2.1.13)
J=LTE

where w, is the resonance angular frequency, B, is the strength of jth resonance.
The value of @, and B; depend on the material constituents. They can be found
through the fittings of measured dispersion curves. For bulk-fused silica, with m =3,
B =0.6961663 , B,=0.4079426 , B,=0.8974794 , A =0.0684043um |,
A, =0.1162414um, and 4, =9.89616um [28].

Mathematically, the dispersion can be explained by expanding the phase constant

S ina Taylor series about the central frequency @,

ﬁ(w):n(a))g_ﬁo"'ﬂl (a)_a)o)"'%ﬂz (60—500)2 +-- (21.14)

c

where
d"p
W)= m=0,1,2,---
B(o) (dwm ]ww ( ). (2.1.15)
p, and B, can be derived by
1 n 1 dn
B =—=—g=—(n+a)—j, (2.1.16)
v, ¢ ¢ do



/%=1(2gz+afﬁ"j, 2.1.17)

c\ do do’

where n, is the group index and v, is the group velocity. The group velocity can be

found by (,81)7l :% . The dispersion of group velocity can be represented by S, ,
g

which is responsible for pulse broadening. B, is called as the group-velocity

dispersion (GVD). The dispersion parameter D is also used to describe the change of

dispersion versus wavelength. The relationship of D and S, is

7R

dp, 27rcﬁ __&dzn
ocdd

(2.1.18)
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Figure 2. 1. The dispersion and group-velocity dispersion of fused silica.

Figure 2.1 shows how g, and D vary with wavelength A for fused silica. When

D or B, equals to zero, the corresponding wavelength is the zero-dispersion

wavelength A, . When the input wavelength is within a few nanometers of A, , or the

input pulse is ultrashort, the effect of high-order dispersion ( 3,, 5, Bs,-++) should be

taken into consideration in the analysis of pulse propagation. In the normal dispersion

regime ( 5,>0), the red-shifted (low-frequency) components of an optical pulse



travels faster than the blue-shifted (high-frequency) components of the same pulse. By

contrast the opposite occurs in the anomalous dispersion regime (3, <0). In the

anomalous dispersion regime, the dispersion and nonlinear effect can achieve the
balance to support the propagation of optical solitons, which will be discussed in the

following part.

2.1.3 Optical Soliton

Fundamental soliton is an optical pulse whose temporal and spectral shapes remain
unchanged during propagating a lossless medium. It results from the balance between
dispersive and nonlinear effects. In order to work out the solution of fundamental

soliton, we begin with NLS equation (2.1.8) by setting the fiber loss & to 0, we get

lﬂ 0°A ; 2
= 22 7 = r(@)l4 4. (2.1.19)
We introduce three dimensionless variables to normalize equation (2.1.19)
z T
E=—,T =" (2.1.20)
\/_0 L, T,
and write it in the form
oU 1 82
ioe T (ﬂﬂ ul'u, (2.1.21)

where £, is the peak power, 7, is the pulse width. Here the pulse width
1, =0.567xT s+ Tryuny 1 the pulse width at full width at half maximum. N is
expressed

»_ L, _yRIy

=7 T L - 2.1.22
Ly, |:82| ( )

L,=T1;/|3| is the dispersion length, L,, =1/yF, is the nonlinear length. Here we

choose sgn(3,)=-1 as the soliton is formed in anomalous dispersion regime. By

introducing
u=NU=,yL, A4, (2.1.23)
equation (2.1.21) becomes
i§2+l§%+hfu=0, (2.1.24)
o¢ 20t



which takes the standard form of NLS equation.
By solving the NLS with boundary conditions that the fundamental soliton

maintains its shape during propagation, or by inverse scattering method, the solution is

u(&,7)=sech(7)exp(i&/2). (2.1.25)
The solution indicates that the fundamental soliton is a hyperbolic-secant pulse,

with pulse width 7, and peak power P, satisfied the condition N =1.
If the input pulse width 7, and peak P, power do not meet the condition N =1, a

fundamental soliton can still be formed in the range 0.5 < N <1.5 so that the values

of 7, and F, vary in a wide range.

N defines the soliton order. Higher-order solitons (/N = 2) are described by the
general solution of equation (2.1.24) where inverse scattering method is used. They
evolve periodically in both temporal and spectral domain during propagation, with the
period

2
z, :gLD =§|2—°2| (2.1.26)

Soliton can still exist in a lossy fiber by changing the fiber dispersion, or
amplifying the soliton periodically. With the presence of fiber loss the soliton pulse
energy decreases, leading to the decrease of nonlinear effect. Since soliton results from
the balance of dispersive and nonlinear effect, the fiber dispersion needs to be reduced
or the soliton pulse energy needs to be restored by an amplifier to maintain the soliton
character. Dispersion-decreasing fiber is developed to compensate the reduced soliton
pulse energy by fiber loss. And when amplifying the soliton, the parameters of soliton
change. The soliton needs to readjust the parameters to the input value by shedding
away a part of its energy as dispersive waves. The shed energy is a continuum
radiation, and it forms discrete sidebands in the soliton spectrum. The sidebands are

called Kelly sidebands, which is a typical feature of soliton [29].

2.2 Pulse Propagation in Gain Fiber

2.2.1 Three-, Four-, and Quasi-Three- Level System
In the thermal equilibrium, the number of particles at two adjacent non-degenerated

energy levels follows the Boltzmann distribution. The population at lower energy level
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is always higher. Optical pump sources are used to excite the particles at lower energy
level to the higher level, to achieve the population inversion, which is a necessary
condition for laser emission. A laser-active atom or ion at the excited state will
spontaneously decay into a lower energy level after some time, releasing energy in the
form of a photon. The released photon will trigger more photon emissions to cause the
stimulate emission. The transition process happens in the gain medium of a laser or
laser amplifier. There are three basic transition schemes which divide the gain medium

into three types: three-, four- and quasi-three- system.

(b) 2 =g
(a) 2 x Fast, non-radiative relaxation
Fast, non-radiative relaxation 3 T
3 I
|
| Pump Spontaneous | Induced
Pump Spontaneous | Induced decay I emission
decay I emission :
I
I i
I 4 A 4 \ 4
1 Y V Fast, non-radiative relaxation
1
(€) 2 — .
Fast, non-radiative relaxation
3 T
|
Pump Spontaneous | Induced
decay 1 emission

|
|
|
4 -2 ® ¥V @V @ Anappreciable population

1

Figure 2. 2. The energy level diagrams of (a) three-level system, (b) four-level system, and (c)

quasi-three-level system.

Figure 2.2 is the energy level diagrams of different laser systems. In the three-level
system, the population inversion is achieved by pumping the atoms in the ground level
1 to the excited level 2. The atoms at excited level 2 go through a fast and non-
radiative relaxation to energy level 3, and then spontaneously decay to the ground
level 1 by releasing photons.

The ground level 1 is always populated, thus it causes reabsorption of the amplified
light if the absorption cross section at the laser wavelength is non-zero. It also requires

a pump with higher intensity to achieve the population inversion. These factors
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increase the laser threshold. An example of a three-level laser gain medium is ruby
(Cr**:AlLO%).

In the four-level system, the laser transition does not end on the ground level, which
is the main difference from the three-level system. The laser transition ends on an
upper level 4 above the ground level 1, then atoms at energy level 4 return to the
ground level 1 by a rapid, non-radiative relaxation. Population inversion happens at
energy level 3 and 4, where energy level 4 is always depopulated. The condition to
achieve population inversion is less strict, compared with the condition in three-level
system.

If reabsorption is considered, atoms at ground level 1 have a chance to absorb the
amplified light but atoms at energy level 4 do not as energy level 4 is always
depopulated. However reabsorption is less likely to be happened. It is supposed that
the atoms at ground level 1 reabsorb the amplified light, and they are excited to an
upper energy level. This upper energy level does not exist. Therefore the reabsorption
is avoided in the four-level system.

Achieving the population inversion easily and no reabsorption make the laser
threshold of four-level system lower than three-level system’s. The commonly four-
level laser gain medium is Nd:YAG except those operated on the ground-state
transition around 0.9-0.95 um.

The quasi-three-level system is a kind of intermediate situation where the lower
laser level 4 is so close to the ground level 1 that an appreciable population in energy
level 4 occurs in thermal equilibrium at the operating temperature.

The reabsorption happens in the quasi-three-level system. When atoms at energy
level 4 and the unpumped atoms at the ground level 1 absorb the amplified light, they
will be excited to stark levels of energy level 3. Due to the loss induced by
reabsorption, a pump with higher intensity is required to reach the laser threshold.

What is more, the emission wavelength of a laser cavity depends on the cavity loss.
If the laser cavity is with higher loss, higher pumping intensity is adopted. Less
unpumped atoms are left so the reabsorption is reduced. Since reabsorption is strong at
short wavelength, the reduced reabsorption enables laser emits at shorter wavelength.
Beside a high-intensity pump, a reduced doping concentration also results in higher
excitation level, to enable shorter wavelength at the maximum gain. However in low
excitation level, the net gain at shorter wavelength is reduced due to the strong

reabsorption at shorter wavelength. Examples of quasi-three-level laser gain media are
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all ytterbium-doped gain media, thulium-doped media for 2-um emission, and erbium-

doped media for 1.5 or 1.6-um emission.

2.2.2 Gain Coefficient and Amplification Factor

Due to the transitions of atoms between different energy levels in the gain media as
described in part 2.2.1, the media transfer part of its energy to the emitted light. This
results in an increase in optical power. Gain is used to measure the ability of a laser
gain medium to increase optical power quantitatively. In the simple quasi two-level

system, the gain coefficient can be expressed

G=0o,N,-0o,N,, (2.2.1)
where N, and N, are populations of lower and excited states, o, and o, are effective
absorption and emission cross-sections. The absorption and emission cross section are
used to quantitatively describe the likelihood of absorption and stimulated emission
behavior over a certain wavelength range, which can be obtained from absorption
spectra and fluorescence spectra, respectively. In the case of non-pumped medium, the
gain coefficient is negative.

The gain coefficient in a gain medium with homogeneously broadened is

_ &o
g(w)= (o a) TP (2.2.2)

where g, is the peak value of optical gain, @ is the angular frequency of the incident

signal, @, is the atomic transition frequency, 7, is the dipole relaxation time and is
typically small (around 0.1 ps) for fiber amplifiers, P is the optical power of the

continuous wave light being amplified. The saturation power P, depends on dopant
parameters such as the fluorescence time 7, and the transition cross section o . The

fluorescence time 7, varies in the range from 0.1 ps to 10 ms depending on the
dopants.

The amplification factor describes how the input power is amplified by passing
thought a certain length of gain fiber. The relationship between amplification factor G

and input/output power is G=P,, /P, , where P, and P

in? in out

is the input and output

average power, respectively. G can be obtained by solving

ar _ g(w)P(z), (2.2.3)
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by setting P(0)=£, and P(z)=P,,,and P(z) is the optical power at the position z

from the input of the amplifier.
If the amplification factor maintains a fixed value for different input power, the

amplifier works at unsaturated regime and the gain is unsaturated. In this case

P/P, < 1. Equation (2.2.2) becomes

- & . 224
g(a)) 1+(a)—a)a)2T22 ( )

The g(w) is governed by Lorentzian profile. The peak value of g(w) is reached

when signal frequency @ is the same with the atomic transition frequency @, .

Solving equation (2.2.3) we get the amplification factor of an amplifier with the length
of L is

G(a)):eprLg(a))dz}=exp[g(a))L], (2.2.5)

0

If the amplification factor cannot maintain a fixed value when increasing the input

power, in order to amplify the signal additional amounts of power are required. In

equation (2.2.2), when P/P, ~1, g(w) decreases so that the amplification factor G

decreases too. Therefore, the gain reduces for high input powers. This is called gain

saturation. To make it simple we consider the situation when @=aw,. By substitute
g (w) from equation (2.2.2) into equation (2.2.3), we get

dpP 8P

=50 2.2.6
dz 1+P/PS ( )
P 1-G
G =G,exp| —2-——|. 2.2.7
0 Xp[ P G ] ( )

where G, =exp(g,L) is the peak value of the amplification factor.

2.2.3 Ginzburg-Landau Equation

When pulse propagates in a doped gain fiber, the effect of dopants is considered. To
simplify it, the dopants are modeled as an ideal two-level atomic system. We begin
with the wave equation which is deduced from Maxwell’s equations:

o’D

V’E - %?:0, (2.2.8)
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where E is the electric filed vector, g, is the vacuum permeability, and D is the
displacement vector. The Fourier transform of D is related to E by
D(r,0)=¢g,e(w)E(r,®) , (2.2.9)
where @ is the optical angular frequency, ¢, is the vacuum permittivity, ¢(w) is a
complex dielectric constant defined as [30]
g(w)=n; ()+2in, (c/w)a, + y, (o). (2.2.10)
a, is the fiber loss. n, is the refractive index of the fiber, which includes the linear
and nonlinear contributions
n,(w)=n(w)+n,l. (2.2.11)
We introduce atomic susceptibility y, (@), which governs the response of dopants, if
the pulse width 7; >T,:

g,c (0—w,)T,—i

| (2.2.12)
® 1+(0-0w,) T}

X, (@)=

where g = o (N, —N,) is the peak gain, o is the transition cross section, N, and N,

are the atomic densities for the upper and lower density levels of the two-level system.
@, is the atomic resonance angular frequency, 7, is the dipole (polarization)

relaxation time. The Fourier transform defines as
E(r,0)= IjoE(r,t)exp(ia)t)dt . (2.2.13)

The equations above describe the propagation of electromagnetic field in any
dispersive nonlinear medium. It is simplified in optical fibers due to the fiber
waveguide property. The electric field vector is written as

E(r,t):%{éF(x,y)A(z,t)xexp[i(ﬂoz—a)ot)]+c.c.}, (2.2.14)
where ¢ is the polarization unit vector, F(x,y) is the field distribution associated

with the fundamental mode, A4(z,¢) is the complex amplitude of the pulse envelope,

B, is the propagation constant at the carrier frequency ®,, and c.c. stands for the

complex conjugate.
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Equation (2.2.8) to (2.2.14) can be used to obtain a basic propagation equation for
the pulse envelope A(z,¢). With a similar technique in part 2.3.1 in book [31], 4(z,¢)
is found to be

Z_j:,-[ﬁ(w)_ﬂo]g, (2.2.15)

where B(w) is the propagation constant with

(@)= \s(w)oc. (2.2.16)

By substituting equation (2.2.10) into equation (2.2.16), and e, n,/, and |y,| are

S

much smaller than n, () is

w i 1
W)= o)+—nl+—a,+—y (o). 2.2.17
ﬂ( ) ’Bf( ) an 2 f ZnZa( ) ( )
By writing B(w) in Taylor series, we can get the propagation equation. When

expanding S (w) in Taylor series, although «, and n, vary with frequency, they are
considered as constants over the pulse bandwidth because they vary very slow.
However this is not the case for y,(w). The response of dopants varies across the
pulse bandwidth. The spectral components at @, have the maximum gain and others

have smaller gain. All spectral components cannot by amplified by the same amount.

This is called the gain dispersion. y, () is expanded in Taylor series:

g, 5—1’+1—62+2i5(w_w)T+5(52—3)+i(1—352)
()| 1467 (14.67) e (1+5°)

(a)—a)o)2 T} |.

X, (@)

(2.2.18)
& is the detuning parameter with §=(w,-,)T, . B,(w)=n(w)w/c is the

propagation constant in the undoped fiber, the Taylor expansion is
1
,Bf(a)):ﬂo+,6’1(a)—a)0)+5,82(a)—a)0)2. (2.2.19)
B, and B, are dispersion items which are described in part 2.1.2. Then we get the

propagation equation:

a_A ff’ﬁra_A i eﬁ’azA:_ﬁA gy |:5—ij| . AZA
aZ+ﬂl 8t+2ﬂ2 or’ 2 +2n(a)o) 1+ 67 +17/(a)0)|| ’

(2.2.20)
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where
g, T, 1-6%+2i6

2.2.21
21’[((00) (1_'_52)2 ( )

fﬁ =4+

g, T} 5(6=3)+i(1-35%)
2n(m,) (1+6°)

=, + , (2.2.22)

2.3 Passively Mode-Locked Fiber Laser

2.3.1 Fiber Laser Cavity

The three requirements for laser emission are population inversion, stimulated
emission and reaching the laser threshold. The population inversion is realized by an
optical pump. With population inversion, there are a large number of atoms at the
excited energy level, which are ready to be de-excited back to the lower energy level
via stimulated emission process. Large photon energy density is needed to enable the
stimulated emission. This can be achieved by forming a laser cavity. The laser

threshold will be discussed in the next part.

(@)  Inputmirror Output mirror

Laser Laser output

|Solator Gainﬁber

Figure 2. 3. The schematic of (a) Fabry-Perot cavity, (b) fiber ring cavity, and (c) figure-8

cavity. WDM: wavelength-division multiplexer.

Fabry-Perot (FP) cavity is the most commonly used to form a laser cavity. A gain

fiber is placed in between two mirrors, as shown in figure 2.3 (a). The input mirror has
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high reflection for the laser light and high transmission for the pump light. The output
mirror transmits parts of the laser light and leaves most of the light circulating inside
the cavity. By multiple reflections the photon density can be built up to trigger the
stimulated emission. The mirrors here should be precisely aligned as a little tilt will
increase the cavity loss largely. This can be solved by applying a high-reflection
coating to the end of gain fibers. However this kind of coating is very sensitive to the
defects of fiber end and cannot sustain the high power operation.

In a fiber-based cavity, the input mirror can be replaced by wavelength-division
multiplexer (WDM) or fiber Bragg gratings (FBG), to transmit the pump light and
reflect the laser light. The output mirror can be replaced by couplers or FBG. The
WDM, FBG and coupler can be fabricated with fiber pigtails, which can be spliced to
gain fiber and other fiber-based components, to form the all-fiber cavity, to avoid the
alignment issue with a cavity containing free-space components. By adding saturable
absorbers, the cavity can realize the mode-locked operation.

The fiber laser can be also a ring cavity and a figure-8 cavity as shown in figure 2.3
(b) and (c). The use of isolator is to keep the propagation of laser light unidirectional.
By adding polarization controllers and using polarization-dependent isolator, the ring
cavity can support the nonlinear polarization evolution, thus to realize the mode-
locked operation without saturable absorbers. By adding polarization controllers, the
figure-8 cavity can have a high transmission under high power operation and a low
transmission under low power operation, which acts as a saturable absorber, to realize

the mode locking.

2.3.2 Laser Threshold

R
1 P, GPyexp(—ain.L) 2

R,G?Pyexp(—2ajn.L) R,GPyexp(—a;nL)

R1R,G?Py exp(—2aintL) = Poyy

Fiber length L
Figure 2. 4. The power change in a Fabry-Perot fiber cavity per round trip.
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When the pump power reaches a certain threshold, the pump power can be converted
to laser power. Laser threshold is the pump absorption power which can make optical

gain balance the optical loss during each round trip. If we consider a Fabry-Perot

cavity formed by a fiber with length L and two mirrors with reflection of R, and R,

in the fiber end as shown in figure 2.4, the round trip gain G,

ro

.. should be larger than

1 so that there will be net amplification and laser oscillations will grow. Then the laser

threshold condition is

Ground = Pout /])m :G2R1R2 eXp(_za L) = 1 ] (231)

int

where «,, is the internal losses within the cavity and G is the single-pass

amplification factor with
G= exp[ [ g(z)dz} 2(2)=0,[N(z)-N,(2)], (32

where o is transition cross section and N, and N, are the dopant densities in the two

energy states participating in the stimulated-emission process. Substituting equation
(2.3.2) into (2.3.1) the laser threshold condition becomes

1
Zj:g(z)dz:—ln(Rle)/2L+aim =a,,, (2.3.3)

where ¢, is the total cavity loss.

In a four-level energy system, the dopant densities in the upper energy level can be
calculated by the rate equation below [32]:
N, N

=W N,-W.N,—-=2, (2.3.4)
o 7 T

Where N, is the total ion density, 7, is the fluorescence time, W, and W, are the
transition rates for the pump and signal, respectively. They are expressed as:

FPO-PPP W — Fvo-sR

s '

ahv,

W =

P

(2.3.5)
aphvp

where I" is the overlap factor representing the fraction of pump power P, within the
doped region of the fiber, o, is the transition cross section at the pump frequency v,

and a, is the mode area of the pump inside the fiber. I' , £, o, v

s !

and a, are

s

defined similarly for the signal. The steady-state solution of equation (2.3.4) is
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_(B/BN,
Nz - 1+Rv/}zsat ! (236)

where P and P’ are the saturation pump power and saturation signal power,

respectively, given by

a hv
Psat __p " p Pt = ﬂ (237)

! FPGPT{ ) FSGS]I .
The pump power decreases exponentially along the light propagation direction with

P (z)=P (O)exp(—apz). Near the laser threshold the gain saturation effect can be

p p
neglected due to P /P < 1. Referring to equation (2.3.3), we can get the required

pump power to reach the laser threshold:

a., L a ,
P(0)=—F— | L |p 2.3.8
»(0) l—exp(—apL)(aS] ’ ( )

where a, =o N, and a, =0 N, are the absorption coefficients at the pump and signal

wavelengths, respectively. The laser threshold can be express by the absorbed pump

power

P, =P, =P, (0)[1-exp(-a,L)]. (2.3.9)

2.3.3 Mode Locking
Mode locking refers to the process that makes different longitudinal modes oscillating
with a definite phase relation and equal or comparable amplitudes. We consider

(2n+1) longitudinal modes oscillating with the same amplitude £,. We assume the
phase difference between the adjacent longitudinal modes is a constant ¢, the total
electric field £(z) of the electromagnetic wave at any given point in the output beam
is

E(t)=),E, exp{j[(a)0+lAa))t+l(p]}, (2.3.10)

where @, is the angular frequency of the central mode, Aw is the angular frequency

difference between two adjacent longitudinal modes, and the value of the phase for the

center mode is taken to be zero. The total electric field £(¢) of the electromagnetic

wave can be rewritten as
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E(r)=A(t)exp(jayt), (2.3.11)

where

+n

A(t)= E exp| jl(Awt+9)]. (2.3.12)

From equation (2.3.11) and (2.3.12), we know that £(z) can be represented in terms
of a sinusoidal carrier wave at center angular frequency @, , with the time-dependent
amplitude 4(z). To calculate 4(¢), we make the transformation Awt'=awt+¢ ,

equation (2.3.12) becomes

A1) = i ,E, exp [jl(Aa)t’)] . (2.3.13)
The summation of A4(¢') is
N sin[(2n+1)Awr /2]
A(t')=E, sin(Aar’2) : (2.3.14)

Figure 2.5 is the pulse train formed when seven longitudinal modes (n=3) of

equal amplitudes are mode locked [32]. From equation (2.3.14), if all the longitudinal
modes oscillate independently without a fixed phase difference, the longitudinal
modes will not have the interference, the pulse train will not be formed. With the fixed
phase difference between adjacent longitudinal modes, the longitudinal modes have
constructive interference to produce a pulse train. The pulses are evenly spaced by a
time

7, =2n/Aw=1/Av, (2.3.15)
where Av is the frequency separation between two adjacent longitudinal modes. From

equation (2.3.14) we also can easily calculate the pulse width Az at half maximum of
A (1):

Az, =27/(2n+1)Aw=1/Av,, (2.3.16)
where Av, =(2n+1)Aw/27 is the total bandwidth of all phase-locked longitudinal

modes.
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Figure 2. 5. The pulse train formed when seven longitudinal modes (» =3) of equal

amplitudes are mode locked [32].

2.3.4 Passive Mode Locking Enabled by Nonlinear Polarization Evolution

We will describe how mode locking is achieved in time domain as it becomes
complicated in frequency domain where we should consider a very large number of
longitudinal modes [33]. Mode locking is a resonant phenomenon. By adopting
coherence between the phases of different longitudinal modes, pulsed radiation can be
produced. A pulse is initiated from the radiation circulating in the laser cavity. The
pulse becomes shorter on every pass through the resonator by modulation, meanwhile
the spectrum of the pulse becomes wider. The shortening process continues until the
pulse broadening process by GVD happens, and the spectrum narrowing processes
happens such as finite bandwidth of the gain [34]. Depending on the kinds of
modulation, mode locking can be divided into two kinds: active mode locking and
passive mode locking. In active mode locking the modulation element is driven by
external sources while passive mode locking is not. Passive mode locking exploits
nonlinear effects such as saturation absorption or nonlinear refractive index change of
a certain material.

Nonlinear polarization evolution is a technique to realize the mode locking. It
sharpens the pulse through an optical fiber and a polarizer. The nonlinear birefringence
of the optical fiber induces the nonlinear refractive index change depending on the
intensity in two polarization directions. For a polarized pulsed light which has an

incident angle with the fiber axis, when propagating through the optical fiber, the
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different parts of the pulse in the time domain changes the polarization state differently
depending on the intensity. Then after a polarizer, the different parts of the pulse are
with different transmissions. By setting the polarization direction of the polarizer, the
center part of the pulse with higher intensity can be transmitted meanwhile the tails of
the pulse with lower intensity will be blocked. Then the pulse becomes shorter. The
following two parts will discuss the how the nonlinear birefringence works, and how it

induces the polarization-dependent loss during pulse shaping process.

2.3.4.1 Fiber Birefringence

The fiber birefringence can be divided into linear and nonlinear birefringence. We first
discuss the linear birefringence. Ideally, a single-mode fiberis with cylindrical
symmetry, it can maintain the two degenerate modes that are polarized in two
orthogonal directions. The mode excited at x direction will not couple into y direction.
However in real fibers, the random variation in the core shape and stress-induced
anisotropy along the fiber length break the cylindrical symmetry, resulting in a mix of

two modes at x and y directions. That is, the mode-propagation constant £ in x and y

directions becomes slightly different for the modes polarized in these two directions.

This induces the modal birefringence, and the strength of modal birefringence is

5 - AN
kO

n, —ny‘ : (2.3.17)

where k,=27/4, is the propagation constant, n_ and », are the modal refractive
index in x and y directions, respectively. It is the built-in variation that makes the
fibers exhibit nearly constant birefringence along the entire length. For a given value

of B, , the two modes exchange their powers in a periodic way. The period L, is

L= 4 (2.3.18)

/Bx_ﬂy‘ :E.

After propagating an effective fiber length L, , where L, :[l—exp(—aL)]/a by

considering the fiber loss « , the relative linear phase shift Ag, is

A, =2rL

B2 (2.3.19)

In some applications we expect the polarization state of light is not changed during
propagation. The polarization-maintaining fiber is developed to keep the polarization

state of light when the light incident along the x or y direction of the fiber. The design
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and fabrication of polarization-maintaining fiber are different from commonly used
single-mode fiber, by intentionally introducing large amount of birefringence.
Therefore a small and random change in fiber birefringence will not change the
polarization state of light.

For the nonlinear birefringence, it arises when nonlinear effects become important
under a sufficient intense optical field. The value of the effective refractive index in x
and y directions will change in such an optical field depending on the optical intensity,

which is a nonlinear process. The nonlinear contributions to the refractive index are

An = nz[

- (\Eyr +2

EX

2*%‘%‘2)’ (2.3.20)

E)C

2), (2.3.21)

where n, is the nonlinear refractive index defined in part 2.1.1, £ and £ are the

complex amplitudes of the polarization components of the field oscillating at the
carrier frequency @, . On the right-hand side of equation (2.3.20) and (2.3.21), the first

term is responsible for self-phase modulation and the second term is responsible for
cross-phase modulation. There is a nonlinear coupling between two polarization
components £ and £ . The nonlinear contributions An. and An, are not equal so
that they cause nonlinear birefringence whose strength depends on the intensity and
polarization state of the incident light. The nonlinear birefringence rotates the
polarization direction of the elliptically polarized light, which is known as the
nonlinear polarization rotation. When the light propagates through the optical fiber, the
polarization state continues to rotate. Thus nonlinear polarization evolution is used

broadly.
The An, and An, are deduced by substituting the electric field

E(r,?) =%(xE +JE, Jexp(—iayt)+cc. (2.3.22)

into the relation between the induced nonlinear polarization P,, and the electric field
P, (r.t)= 50;((3) E(r,0)E(r,0)E(r,1), (2.3.23)
where ¢, is the vacuum permittivity and 1(3) is the 3" order susceptibility.

The nonlinear birefringence will cause the relative nonlinear phase shift. To get the
relative nonlinear phase shift we firstly consider a linear birefringent fiber, i.e. the
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fiber has two principal axes and if linearly polarized light propagates along either axis

the polarization of light remains linearly. The slowly varying amplitude 4, and 4,

satisfy the following coupled NLS equations:

o4, :Bu & zgz 6’8;4 +%A (|A| +—\A | ]A + 37/1 A exp(-2iABz),
(2.3.24)
a@i ﬂly 61‘ 12’2 aaley +— > A —17(‘/1 ‘ +— jAy+%/A;A)f exp(—2iAfz),
(2.3.25)
where
AB=p,.— P, =(27/2)B, =27/L, , (2.3.26)

is related to the linear birefringence, 4, _, , (z,?) is the slowly varying amplitude, «

is the fiber loss, and y is the fiber nonlinearity. The last items in equation (2.3.24) and

(2.3.25) are related to coherent coupling between the two polarization components and
will result in degenerate four-wave mixing depending on the phase matching condition.

When fiber length L > L, the last items usually change sign to make the average
contribution zero. The typical value of L, is ~1cm for highly birefringent fiber and

~ 1m for low birefringent fiber.

However in practice, fiber is twisted to become an elliptically birefringent fiber.
The twist results from a twisted preform during fiber drawing, or applying controlled
twist to a fiber when we use the polarization controllers [35]. The twist induces shear
strain or a deformation of the core, so that the coupling of modes is changed. In a

highly and elliptically birefringent fiber, the coupled equations become:

04, lﬂz o’ 4, «a . ( 2 2)
*+—A =iy||A| +B|4| |4, 2327
ﬁlx t 2 ﬁt 2 X 7/ | x| ‘ y‘ X ( )
0A, oA, LB O’A  « _ ,
0Oz th, ot 22 at2y+EAy:W( g 4, )Ay’ (2.3.28)
where
2 +2sin?
:Lmze- (2.3.29)
2+cos” 0
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is the coupling parameter, depending on the elliptical angle ¢ . For the linearly
o . 2 .
birefringent fiber, 6=0, BZE' The equations (2.3.27) and (2.3.28) reduced to

equations (2.3.24) and (2.3.25), respectively.

When deal with continuous wave, or pulsed wave with fiber length L is much

shorter than the dispersion length L, =7;/|3,| and walk-off length L, =7, /|AB],

where 7j is the pulse width, the coupled equation can be further simplified into:

dA, « ) 2 2
2, —iy|4[ +Bl4 )Ax, (2.3.30)
dA « 2 2
¥ _
— 24 =iy (|4[ +Bl4f)4,. (2.3.31)
The equations are solved using
A, =[PP 4 =[P, (2.3.32)

where P, P, ¢ , ¢, are the power and phase for the two polarization components.

P, and P, do not change with z, but ¢, and ¢, change with z:

d g, .
Depen(pesr),  Loper(neBr). (233

The solution for equation (2.3.33) is:

¢, =7(P.+BP,)L

/A ¢}'=7/(P}’+BPX)L

" (2.3.34)

which is the nonlinear phase shift of the two polarization components. The relative

nonlinear phase difference is
Ady =¢.—4.=7L, (1-B)(P.-P). (2.3.35)
If B=1, no relative phase shift exists. If B =1 and the incident light is launched with

P # P, , relative phase shift exists. Consider a linearly birefringent fiber which

B=2/3, and a linearly polarized light with power F, is launched with polarization
angle @ between the slow axis, the relative phase shift is

Ady, =(7BL, [3)cos(20). (2.3.36)
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2.3.4.2 Pulse shaping by nonlinear polarization evolution

£
PAGRacdVIY|

© Birefringent fiber
Polarizer
Figure 2. 6. Diagram of pulse shortening process through nonlinear polarization evolution
(NPE).

For the qualitative description as shown in figure 2.6, we consider a pulse with
elliptical polarization state. The ellipse can be resolved into right- and left- hand
circular polarization components of different intensities [36]. These two components
accumulate different nonlinear phase shifts related to the intensity, and the polarization
ellipse rotates meanwhile keeps its elliptical shape and handedness. The polarization
ellipse rotates more at the pulse peak than the pulse wings. At the output of the fiber,
the polarizer orients the pulse so that the peak of the pulse passes through while the
wings are blocked.

For the quantitative description, we neglect the dispersion effect and consider that
the light incident to the optical fiber with an angle @ to the fiber axis (x axis), and the
relative nonlinear phase shift between the two polarization components after

propagating through the fiber are given by equation (2.3.36).

A, =P cosOexp(irg,,), A =.[Rsind. (2.3.37)

where Ag,, is the relative nonlinear phase shift. We consider a simple case that the
polarizer is with the angle of (z/2+6) to the x axis. After the polarizer the total
transmission A(¢) is [37]:
A(t)=A,cosO—A,sin0= \j}?)sin O cos 9[1—6Xp(iA¢NL )] (2.3.38)
With equation (2.3.36), the transmission is:
T,(0)=|4(c) /B =sin’[(yBL, [6)cos(26) |sin* (20).  (23.39)
For a given @, the transmission is related the peak power F,. The transmission is

the maximum at the pulse center and the transmission goes down at the pulse tails due
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to the reduced peak power. Thus the pulse is shortened after propagating an optical

fiber and a polarizer.
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Chapter 3

Literature Review

This chapter reviews different techniques to achieve tunable operation and multi-
wavelength emission in a fiber laser. These techniques are nonlinear polarization
evolution (NPE), nonlinear amplifier loop mirror (NALM), gratings, fiber tapers,
Fabry-Perot (FP) interferometers, some special fibers, etc. The related researchers’

works are described as examples in each part.

3.1 Nonlinear Polarization Evolution Based Technique

The principle of NPE on tunable operation and multi-wavelength emission is to form a
spectral filter with periodically varying amplitude, and with multiple maximums of
equal amplitude in the spectral domain. The tunable operation is realized when the
maximum shifts, or when the laser emits at different maximums. The multi-
wavelength emission is enabled when laser emits at multiple maximums

simultaneously.
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Figure 3. 1. The NPE module in an all-fiber laser cavity [38]. PD-ISO: polarization-dependent

isolator. PC: polarization controller.
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One example of NPE module in an all-fiber laser cavity is shown in figure 3.1 [38].
The NPE module contains one polarization-dependent isolator sandwiched by two
polarization controllers (PCs). The polarization-dependent isolator includes two
polarizers and one Faraday rotator. When a free-space module is built, the isolator is
replaced by two polarizers at the start and the end, and one free-space isolator. The
PCs are replaced by wave plates. Both PCs and wave plates are to change the
polarization state of the light.

For the tunable operation, Endo et al. reported a tunable erbium-doped (Er-doped)
mode-locked fiber laser with the tunable range from 1.54 to 1.6 pm in 1996. The
cavity contains free-space component, which is used to achieve NPE effect. The cavity
is with dispersion management so that the output pulse is ultrashort, with duration of
270 to 345 fs [39]. In Nelson’s work [40], the tunable range is as wide as 104 nm,
from 1798 to 1902 nm, with a thulium-doped (Tm-doped) fiber and an NPE cavity
structure. It keeps the widest tunable range for mode-locked fiber laser for the time
being, although some free-space components were used in the cavity.

For the multi-wavelength emission, the experimental results vary with different
setups. Pan et al. reported a multi-wavelength Er-doped mode-locked all-fiber
laser [41]. The mode locking was by an active intensity modulator driven by a
synthesized microwave generator. NPE effect is responsible for the dual- and five-
wavelength mode locking. The NPE also suppress the supermode noise to make the
laser emission stable. The wavelength also can be smoothly tunable by managing the
cavity dispersion through a piece of dispersion compensation fiber. Huang et al.
achieved tri-wavelength emission in an ytterbium-doped (Yb-doped) fiber laser, which
is the largest number of emission wavelength from mode-locked all-fiber laser in the 1
um regime [15]. The tri-wavelength emission from this setup can be switchable, but
switchable state cannot achieve the three-bit binary control. They added a graphene-
oxide saturable absorber to further support the mode-locked state, and they also got the
wavelength-tunable range of 16.4 nm. Sova et al. achieved a tunable dual-wavelength
continuous wave (CW) all-fiber laser [42]. The spacing of the two emitted waves can
be tunable too. They used multi-segment polarization maintaining fiber and polarizers
to form a Lyot filter. As the separation of the transmission peaks of Lyot filter is
inversely proportional to cavity effective length, they rotated each segment of
polarization maintaining fiber to change the effective length of the cavity, thus to

change the wavelength spacing of the emitted waves. Zhao et al. realized the
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switchable operation of a dual-wavelength mode-locked all-fiber laser in the 1.5 um
regime, and switchable operation could achieve the two-bit full binary control [43].
The mode-locked state was assisted by a saturable absorber made of single-wall
carbon nanotube.

Increasing the length or the modal birefringence of the fiber between two polarizers
in the NPE module will increase the number of emission wavelength. The dependence
of NPE-induced transmission modulation on the length or the modal birefringence of
the fiber will be discussed in part 4.4. Zhang et al. realized 25-wavelength CW lasing
in an erbium-doped (Er-doped) fiber laser by adding 11 m polarization maintaining
fiber into the NPE module [44]. The modal birefringence of polarization maintaining
fiber is hundreds times larger than the single-mode fiber. Feng et al. realized 28-
wavelength CW lasing in an Er-doped fiber laser by adding the single-mode fiber as
long as 1.2 km into the NPE module [45]. They also tried to reduce the cavity loss by
using the 10% output coupler, to lower the threshold of multi-wavelength emission.

Although some of the works were with NPE structure, they failed to realize mode-
locked lasing. The NPE-induced transmission modulation in these works is usually
with narrow channel spacing and narrow spectral bandwidth. The narrow spectral
bandwidth is hard to support mode-locked operation. Luo et al. added a semiconductor
saturable absorber mirror to relax the mode-locked condition and reduced the length of
polarization maintaining fiber into 1.6 m. to realize the seven-wavelength
emission [11]. Then this group increased the length of polarization maintaining fiber
into 7.4 m, to realize the 11-wavelength emission, which is the largest number of

emission wavelength from mode-locked all-fiber laser in the 1.5 um regime [46].

3.2 Nonlinear Amplifier Loop Mirror Based Technique

In a NALM based laser cavity, the incident light is divided into two counter-
propagating optical paths with different intensity. The two counter-propagating lights
have different nonlinear phase shift due to the different intensity, and the nonlinear
phase shift will affect the reflectivity of NALM [47]. The reflectivity of NALM can be

expressed as [48]:

R=2aG(1-k)k[1+cos(dy, +dy, )], (3.2.1)
_ 27n, [1-exp(-aL)]
D —ﬁf;, (1-k—Gk) - : (3.2.2)

o
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where « is the fiber loss, G is the gain of the gain fiber, & is the split ratio of the

NALM formed coupler, ¢, is the phase bias in the NALM, ¢,, is the nonlinear
phase shift, n, is the nonlinear refractive index, A is the wavelength of the
propagating wave, 4, is the effective mode area, and £, is the power of the light.

The nonlinear phase shift changes with the wavelength so that the reflectivity of
NALM changes with the wavelength too. A spectral filter will be formed to support
the wavelength-tunable operation and multi-wavelength emission.

Near the 2 pm regime, Jin et al. achieved the tri-wavelength mode-locked all-fiebr
laser based on NALM [49]. The tri-wavelength mode locking can be tunable with 30
nm, from 1935 to 1965 nm, and can be switchable by adjusting PCs. Liu et al. reported
a dual-wavelength fiber laser in a NALM cavity [50]. The tuning of the spacing of two
emitting waves were assisted by FBGs. Up to 42-wavelength lasing was realized in a
thulium-doped (Tm-doped) fiber laser by NALM [48].

3.3 Grating Based Technique
For the tunable operation, the shift of the wavelength is achieved when temperature,
strain and/or pressure are applied to the grating. Fiber Bragg grating (FBG) is
commonly used. The shift of the wavelength in FBG can be expressed [51]:

dr

(dnj

2

n

AL =2nA ey [B,—v(B,+R,) ]+ ats—=|AT (3.3.2)

where n is the effective refractive index of the fiber core, A is the period of fiber, ¢

is the applied strain, P is the Pockel’s (piezo) coefficients of the stress-optic

(i,j is integer)
tensor, v is the Poisson’s ratio, & is the thermal expansion coefficient of the silica
fiber with a typical value of O.OlSnm/OC, and AT is the temperature change in

degree Celsius.

For tunable operation, the tunable range can be larger than 20 nm in a FBG based
Er-doped all-fiber laser mode-locked by carbon nanotube based saturable
absorber [52]. Besides wavelength-tunable operation, the pulse width also can be
tuned by FBGs, reported by Liu’s group [52]. The grating based tunable laser can
reach as wide as 160 nm, in a CW mode in 2014, from 1920 to 2082 nm [53]. And it is
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amplified by master oscillator power amplifier system to reach more than 100 W of
the average output power.

For multi-wavelength emission, multiple gratings are integrated into the laser cavity.
Liu et al. made a tri-wavelength all-fiber laser system in 1.5 um regime by three FBGs
with different central wavelengths, mode-locked by carbon nanotube based saturable
absorber [54]. This is the largest number of emission wavelength in a FBG based
mode-locked all-fiber laser. For each emitting waves, the wavelength can be tuned too,
with a tunable range of 6 nm.

Long-period fiber grating, which has the similar function with FBG, was used to
achieve the wavelength-tunable operation too. Anzueto-Sanchez et al. used the long-
period fiber grating in an Er-doped fiber ring laser to got 38 nm for the tunable range,
from 1527 to 1565 nm [55]. Lim et al. fabricated the long-period fiber grating with a
photonic crystal fiber (PCF) [56]. The response wavelength induced by such grating

can be tunable by mechanical pressure, which can be used in a tunable fiber laser setup.

3.4 Fiber Taper Based Technique

When the fiber is tapered the light is no longer guided by fiber core only but also
propagates along the fiber cladding. More than one mode is excited in the tapered
region and interference happens between these modes. The interference can be either
constructive or deconstructive, resulting in a transmission maximum and minimum at
different wavelengths, to form a periodical spectral filter [57]. By stretching the taper,
its spectral response will be shifted and the transmission of the formed filter will be
changed too.

With the fiber taper, Fang et al. achieved wavelength-tunable range of more than 50
nm in a Tm-doped all-fiber laser, mode-locked by a carbon nanotube saturable
absorber [22]. The tunable range is the widest in a mode-locked all-fiber laser near the
2 pum regime.

If the fiber taper is with low modulation depth, graphene solution is deposited on
the tapered region to increase the modulation depth. Tri-wavelength and four-
wavelength mode-locked all-fiber laser was demonstrated in 1035 nm and 1533 nm,
respectively with such a graphene-deposited tapered fiber [58,59].

However the stretching of the fiber taper should be within the elastic region
otherwise the fiber taper will be broken. To further increase the tunable range without

damaging the fiber taper, cascading several tapers might be the solution.
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3.5 Fabry-Perot Interferometer Based Technique
The FP interferometer can transmit light as a function of wavelength. It forms a

filter as a function of wavelength and the filter is with periodicity. The separation of

transmission maximum AA in the spectral domain is expressed below [60]:
22

- 2nL’

where A is the central wavelength of the nearest transmission peak, L is the distance

AL

(3.7.1)

between two reflecting surface inside the FP interferometer, n is the refractive index
of the medium inside the FP interferometer.

The FP interferometer can support both tunable single-wavelength and multi-
wavelength lasing. The length of FP interferometer can be changed by stretching or
pressing the device, or the reflected wavelength can be changed by applying voltage.
The wavelength separation of the transmission function is changed accordingly
referring to equation (3.7.1), thus the emission wavelength and the numbers of
emission wavelength are changed too.

Park et al. used a tunable FP interferometer module to realize the single-
wavelength tunable operation with the tunable range of more than 30 nm in a Er-doped
fiber ring laser [61]. Tian et al. used a FP interferometer to induce the periodic loss in
the frequency domain to enable the five-wavelength emission in a Er-doped fiber ring
laser [62].

FP interferometers can be made in different platforms, such as in a microstructured
fiber or micro-fiber [63], micro-electro-mechanical system [64], semiconductor
modulator [65], etc.

The FP module also can be integrated with the sample to be detected. Marshall et al.
put the gas sample into the FP module [25]. By tuning the FP, the state of multi-
wavelength emission is changed, and the absorption spectra of the gas sample under
different states of the laser source are collected. Thus they could get the results more

accurately.

3.6 Special Fibers Based Technique

Mach—Zehnder interferometer can be formed when PCF is spliced with two segments
of single-mode fibers at the two ends. The core and cladding of PCF act as two arms

of the interferometer. When the light is incident from the single-mode fiber into the
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PCF, the fundamental mode will be partially coupled into the cladding. The core mode
and cladding mode accumulate phase difference when they propagate along PCF and
then they are recoupled together at the other splicing point of PCF and single-mode
fiber. A spectral filter will formed in this case, and the wavelength response will be
changed in the refractive index or optical-path length of PCF changes.

By changing the curvature radius in the Mach—Zehnder interferometer, Sierra-
Hernandez et al. was able to get the single-, dual-, and tri-wavelength emissions and
the wavelength tunable operation from 1526 to 1550 nm in a fiber ring laser [66].
Soltanian et al. achieved the dual-wavelength emission in a Tm-doped fiber ring laser
and the dual-wavelength emission is stable over a long time [67].

Multimode fiber also can work as a band-pass filter. When light is incident from a
single-mode fiber into the multimode fiber, multiple modes which are supported by the
multimode fiber are excited. The modes have interference between each other when
they propagate along the multimode fiber, resulting in a transmission response
function in the frequency domain.

The peak in the spectral transmission is fixed with a certain length of multimode
fiber. In order to change the effective length of multimode fiber, Antonio-Lopez et al.
inserted the index matching liquid into a tube and connected the tube with multimode
fiber [68]. They added the tube and multimode fibe into the fibe laser ring cavity
together and by pushing the multimode fiber forward or backward to the tube, the
effective length of multimode fiber is changed. Thus the lasing wavelength is tunable.
With this method, Castillo-Guzman et al. achieved the wavelength-tunable range of 60
nm, from 1549 to 1609 nm in a ring fiber laser [69]. The center wavelength of the
band-pass filter, which depends on the length of multimode fiber, is fixed. In order to
achieve tunability, some mechanisms are designed to change the effective length of
multimode fiber. Zhao et al. reported tri-wavelength emission in a fiber ring laser with
a multimode fiber near 2 pm regime [70]. The number of emission wavelength was
changed by PCs and the spacing of emission wavelength could be tuned by inserting

different length of multimode fiber in to the cavity.

3.7 Other Techniques in Tunable Multi-Wavelength Fiber Lasers
Four-wave mixing effect is introduced to stabilize the multi-wavelength emission in

a laser setup. Sometimes the multi-wavelength is lasing but different wavelengths are

with different power levels, which make the laser unstable. To stabilize it, four-wave
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mixing effect is induced by a piece of long fiber, such as highly nonlinear PCFs or
dispersion-shifted fiber. Due to four-wave mixing effect, energy transfers from the
higher power wave to the lower power waves to achieve the balance between multiple
emission waves. Most of the lasers with four-wave mixing effect work in the CW
mode due to the narrow spectral bandwidth. The four-wave mixing effect can be
combined in different laser structures. Liu et al. used 51 m highly nonlinear PCF in a
FBG based laser to achieve stable tri-wavelength emission [12]. By setting the FBGs,
the separation of the emitted waves can match the four-wave mixing effect. Tran et al.
used 1 km dispersion-shifted fiber to trigger the four-wave mixing effect to stabilize
four-wavelength lasing in a FBG based laser [71]. Furthermore, the four-wave mixing
can even realize the number of emission wavelength more than the number of FBGs.
Han et al. used 1 km dispersion-shifted fiber to enable the four-wave mixing effect to
achieve as much as 12 lasing wavelengths with only 8 FBGs [72]. The four-wave
mixing effect also works well with NPE and NALM based laser cavity. Wang et al.
used a 400 m single-mode fiber in a NPE laser cavity to realize six-wavelength
emission near 2 um regime [14]. Han et al. used 1 km dispersion-shifted fiber in a
NALM laser cavity to achieve up to 17 lasing wavelengths [73].

For the tunable operation, Shubochkun et al. controlled the temperature of the
coupler to control the optical output coupling, further to control the transmission
spectra [74]. The transmission spectra determined the lasing wavelength. This group
could get a continuous temperature tuning over 43 nm range for a Tm-doped all-fiber
laser. Chamorovskiy et al. achieved the wavelength-tunable range of 70 nm, from
2030 to 2100 nm, by only adjusting the polarization controller (PC) in a holmiun-
doped (Ho-doped) fiber laser [23]. This laser was based on a linear cavity, and mode-
locked by a carbon nanotube saturable absorber. Zhang et al. demonstrated the Er-
doped fiber laser tunable by PCs in both normal dispersion and anomalous dispersion
regime [75]. The mode locking was enabled by graphene and the tunable range is 30
nm, from 1570 to 1600 nm. Fedotov et al. also realized the wavelength-tunable
operation with tunable range of 5 nm by only adjusting PCs in a Yb-doped fiber
laser [76]. The spectral bandwidth and pulse width was observed to be tunable too
with this setup. This laser was a ring cavity, and mode-locked by a carbon nanotube
saturable absorber.

For the multi-wavelength lasing, Jun et al. generated more than 8 wavelength

channels with the help of a phase modulator in 2011 [77]. The phase modulator was
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driven by voltage, worked at a low frequency with large modulation amplitude. It
enables mode locking, creates different optical path length when different voltages are
applied. The modulation on cavity length suppresses the buildup of the predominant
cavity mode thus allows multi-wavelength operation. The use of all-fiber phase
modulator also helps to build an all-fiber laser cavity. Zhang et al. obtained the dual-
and tri- wavelength dissipative soliton by the artificial birefringence filter to disturb
the homogenous gain in an Er-doped fiber laser [16]. Zhao et al. realized the
switchable dual-wavelength mode-locked state around 1550 nm by inserting a tunable
attenuator in the cavity to change the intracavity loss [43]. Chamorovskiy et al.
demonstrated the dual-wavelength soliton pulse in Ho-doped fiber laser by adjusting
the polarization controller (PC) in the cavity [23]. Wang et al. used the cascaded filter
structure, which is formed by cascading a Mach-Zehnder interferometer and a Sagnac
ring, to construct a 2 pm switchable dual-wavelength fiber laser operating [78]. Feng
et al. combined two kinds of interferometer, the FP interferometer and Mach-Zehnder
interferometer, to achieve the switchable tri-wavelength lasing in an Er-doped fiber
laser [79].
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Chapter 4

The Configuration of Experimental Setup

This chapter gives the details on the configuration of the experimental setup. Thulium-
doped (Tm-doped) fibers are chosen as our gain fiber. Its energy level, absorption and
emission spectrum are analyzed. Since the proposed laser is working on a wide
spectral range, the broadband transmission of isolators and couplers are analyzed. To
construct a compact cavity structure, nonlinear polarization evolution (NPE) technique
is employed to enable the mode locking, multi-wavelength emission and tunable
operation simultaneously. Lastly the schemes for multi-wavelength emission, tunable

operation, the overall cavity structure are studied and presented.

4.1 The Energy Level, Absorption and Emission of Thulium-Doped
Fibers

Tm-doped fibers and holmium-doped (Ho-doped) fibers are of much interest for
building the fiber laser systems since they provide the laser emission near 2 pm, which
locate in the eye-safe regime. It is called “eye-safe” since light in this wavelength
regime are almost absorbed in cornea and lens, which are the anterior portions of
human eye, and never reach retina, which is the significant light-sensitive layer. It is
noted that high power laser light may also cause thermal damage to human eyes. To
figure out eye-safety level laser beam divergence and laser beam quality should also
be taken into consideration besides power level. Lasers operating in eye-safe regime
will find various applications in military, industry, and biomedicine.

Compared with Ho-doped fiber, Tm-doped fiber is chosen in our experiment.
Firstly it has lower propagation loss. The emission wavelength of Tm-doped fiber is at
shorter wavelength than that of Ho-doped fiber, it has lower propagation loss as the
propagation loss increase largely in silica fiber when operation wavelength is larger
than 2 m. Secondly Tm-doped fiber can be pumped directly by 793 nm laser diode,
but for Ho-doped fiber, there is lack of available pump laser diode to directly pump it
to make it emitted near 2 pm [80]. Thirdly the pump efficiency is higher with Tm-
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doped fiber because of cross relaxation process. Fourthly the emission cross section of
Tm-doped fiber is wider than that of Ho-doped fiber. Tm-doped fiber is more
promising to build a widely tunable laser. The reasons are discussed in detail in
following paragraphs.

The left part of figure 4.1 shows the simplified energy-level diagram of Tm** ion in
silica glass fiber. The atoms at ground level *Hg are excited to energy level *H, by 793
nm laser pumping. The excited atoms relax to energy level *F4 by non-radiative
relaxation or releasing photons at 1487 nm. The atoms at energy level °F, return to the
ground level by releasing photons at 1800nm [80]. The photons with 1487 nm are
usually absorbed by adjacent and unpopulated atoms at the ground level. This is the
cross relaxation as shown in figure 4.1. Then these atoms are excited to energy level
%F, to make it further populated. The excitation process yields two excited ions for
each absorbed pump photon, which is highly efficient. With cross relaxation process

the pump to laser efficiency can be >60% [81].
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Figure 4. 1. The simplified energy-level diagram and cross-relaxation of thulium*®* (Tm*") ion

in silica glass fiber.

Figure 4.2 shows the measured transition cross sections, including absorption and
emission cross section of Ho-doped and Tm-doped fiber [82—84], which emit at the
eye-safe regime. For each kind of fiber, the transition cross section varies a little with

different dopants and different doping concentrations. The emission bandwidths of
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Tm-doped are wider than Ho-doped fiber. A wider emission bandwidth will result in a

wider gain bandwidth, which is important for building a widely tunable laser.
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Figure 4. 2. The transition cross section of (a) holmium-doped silica fiber and (b) Tm-doped
silica fiber [82-84].

4.2 The Transmission of Polarization-Dependent Isolator
The working wavelength of the polarization-dependent isolator (PDI) is 2000 nm, and
the loss of this PDI at 2000 nm is the minimum. However the proposed laser is
working on a wide spectral range. The transmission of PDI over a wide spectral range
is studied.

The working principle of PDI is Faraday rotation. It includes one Faraday rotator
sandwiched by two polarizers. The angle between the two polarizers is usually set to
45< When light passes through the input polarizer, the polarization direction of the

light is the same with the polarization direction of input polarizer. Then the light
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passes through Faraday rotator, the polarization direction of the light rotates due to the

magneto-optic effect. The rotation angle S is

P =VBL, (4.2.1)
where V is the Verdet constant of the material, B is the magnetic flux density (in the
direction of propagation), and L is the length of the rotator medium. By choosing the
proper V, B, and L, to make the rotation angle equal to 45< then the light will pass
through the output polarizer, the angle of which is 45<to the input polarizer without
further loss. The Verdet constant is wavelength-dependent. The rotation angle with
different wavelength is given by table 4.1. The data is from Advanced Fiber Resources,

the manufacturer of this PDI.

Table 4. 1. The rotation angle versus wavelength of the Faraday rotator inside the polarization-
dependent isolator

Wavelength (nm) 1850 1950 2000
Rotation angle (9 50.5 46.85 45
100.0 -+ JE TSR R §
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Figure 4. 3. The calculated and fitted transmission curve of the polarization-dependent isolator
(PDI).

If the light is not rotated by 45<by Faraday rotator, it will have the loss when it

propagates through the output polarizer. The transmission of the PDI becomes
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T =cos’ (0—450), (4.2.2)

where @ is the rotation angle of Faraday rotator. Figure 4.3 is the calculated and fitted
transmission curve of the PDI in the wavelength range of 1850 to 2000 nm. The
minimum transmission is 99.08% and the maximum is 100%, showing that the

variation of PDI transmission is very small over the wide spectral range.

4.3 The Transmission of Coupler

The working wavelength of 5:95 coupler is 1900 nm. The transmission of couplers
over a wide spectral range is measured with a broadband laser light source. The
broadband light source is home-made with fiber pigtail. The spectrum from the light
source is measured first by an optical spectrum analyzer (OSA). The input fiber of
coupler is spliced to the output of the light source. The splice makes the fiber
connection loss neglected. The output end of the coupler with 95% output ratio is
connected to the OSA to measure the spectrum. The measurement result is shown in
figure 4.4. The two spectra are close to each other so that the transmission of coupler
varies little over the wide spectral range.
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Figure 4. 4. The measured transmission curve of the 5:95 coupler.
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4.4 The Scheme for Multi-Wavelength Emission

There are many methods to enable the multi-wavelength emission in a mode-locked
fiber laser. We want to integrate the module of mode-locked enablement, tunable
operation and multi-wavelength emission into one laser setup meanwhile keeps the
system compact, NPE is chosen.

The NPE-induced transmission modulation induces a spectral filter, which is
responsible for the multi-wavelength emission [85-87]. Equation (2.3.39) is re-
deduced to see how the spectral filter is like and how it enables multi-wavelength
emission.

We consider more factors for the NPE-induced transmission equation, such as the

linear phase shift, nonlinear phase shift, and the polarizer with the angle of 6, to the x
axis. The slowly varying amplitude A(z,¢) can be expressed in two polarization

components when the pulsed light is incident with angle of 6, to the x axis of the

optical fiber:
A,y =[P, cosb, (4.4.1)
A= \/Focos@l. (4.4.2)

After propagation the fiber with length L and we assume the fiber loss is zero, the

two polarization components becomes:

A, =[P, cos exp(irg, +iAg,, ), (4.4.3)
A, =\ sing,. (4.4.4)

where Ag, and Ag,, are the linear and nonlinear phase shift, respectively with the

definition in equation (2.3.19) and (2.3.36).
The pulsed light passes through the polarizer, and the two polarization components

become:
A,=A,cos0,= \/Fvcos 6, cos 6, exp(iAg, +iAg,, ),  (4.4.5)
A,=A,sind, =[P, singsinb,. (4.4.6)

Then we get the transmission function:

[ cos 6, cos 6, exp (iAg, +iAg,, )+sin 6, sin 6, ]2‘

© P
- . (44.7)

P |cos6, +sin 6
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T = cos’ 6, cos’ 0, +sin’ §, sin” 6, +%sin(26’1)sin(292)cos(A¢L +Ad,). (4.4.8)

The NPE-induced transmission can be treated as function of wavelength since the
variable A is included in the linear and nonlinear phase shift. The NPE-induced
transmission introduces a spectral filter with multiple peaks to make laser emitted at
the multiple peaks simultaneously. Therefore the multi-wavelength emission is
realized. The more peaks from the spectral filter located within the laser emission
range, the more numbers of potential emission wavelength we will get. The number of
peaks is determined by the modal birefringence and fiber length when other

parameters are fixed.

polarization direction

Polarizer
201

2 0, (Inside PDI)

Single mode fiber  Polarization-maintaining fiber
PC (the fiber pigtail of PDI)

Figure 4. 5. The NPE-based structure formed by polarization controller, single-mode fiber.
PDI: polarization-dependent isolator.

We refer to the corresponding NPE-based structure as shown in figure 4.5. It
includes polarization controller (PC) which controls the polarization direction of the
incident light, single-mode fiber, 0.6 m polarization-maintaining fiber which is the
fiber pigtail of PDI, and one polarizer inside the PDI. We concern the modal
birefringence and fiber length in the NPE-based structure. The modal birefringence
can be tuned within a certain range, and the fiber length includes the length of both
polarization-maintaining fiber and single-mode fiber. We will firstly figure out the
roughly tunable range of modal birefringence, and then calculate how long of the
single-mode fiber should be used in order to increase the number of peaks within a
certain laser emission range, as the length of polarization-maintaining fiber is fixed.

We calculate the bending-induced birefringence in single-mode fibers. The
bending-induced birefringence is essentially a stress effect. Squeezing PCs will bend
the fiber inside PCs. The bent fiber will build up the lateral and compressive stress
under the conditions of “large” deformations. This pressure will cause the

birefringence.
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The difference of the mode-propagation constant Af in x and y directions

becomes [88,89]:

1 2
AB=|p. —,By‘ =0.25k* (P, — Prs )(1+ v)(Ej P, (4.4.9)
The modal birefringence B, is:
— 2
5, - s, “pa)) 5] @a0)
0

where k, =27/ 4, is the propagation constant, n is the refractive index of the material,
p; 1s the strain-optical coefficients, v is the Poisson’s ratio, R is the radius curvature
when bending the fiber, and » is the outer radius of the fiber.

In fused silica, n=1.46 , v=0.17. p,,—p, =-0.15, the negative sign here

indicates the fast axis of the bending birefringence coincides with the radius curvature.
In our single-mode fiber, » =62.5um . Table 4.2 is the list of different values of modal

birefringence with different radius curvatures.

Table 4. 2. The list of different values of modal birefringence with different radius curvatures.

Radius curvature (cm) Modal birefringence
0.6 14.82x10°°
0.8 8.33x107°
1 5.33x10°°
2 1.33x10°°

Since only a small parts of the fiber are pressed by PCs where the modal

birefringence changes, we take an estimated and average value of ~10™° for the whole
length of fiber in the later simulation.

We begin to calculate how long of single-mode fiber we need to use. We firstly
revise the linear and nonlinear phase shift in equation (4.4.8) to include the
contributions of single-mode fiber and polarization-maintaining fiber since the pulsed
light propagates through both fibers. The linear and nonlinear phase shift become:

2r
Ag, = A¢L,SMF + A¢L,PMF = T(LSMFBm,SMF + Ly B, pyr ) ' (4.4.11)
Ay, = A¢NL,SMF + A¢NL,PMF = |:7/E) (LSMF + Ly )/3] cos (2‘91 ) . (44.12)
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where L, and L, are the fiber length of single-mode fiber and polarization-
maintaining fiber, respectively, B, ;. and B, . . are the modal birefringence of
single-mode fiber and polarization-maintaining fiber, respectively.

We roughly simulated how the NPE-induced transmission can form a spectral filter,
by choosing 6, =z/4, 6,=7/6, P,=3mW , n,=2.7x10m*/W . y is calculated

by the equation below, which is another expression of equation (2.1.3).

y=2nn,[A4, . (4.4.11)

The mode-field effective area is Ay :7r><(5,um)2 =78.54um*. The fiber pigtail of

PDI is PM1550 fiber from Corning. The modal birefringence of PM1550 is
B, pr =0.4x107 and the length of PM1550 is 0.6 m [90].

Figure 4.6 shows different NPE-induced transmissions with 10 m, 40 m, 70 m and
100 m single-mode fiber. In order to increase the number of emission wavelength, a
long haul of single-mode fiber is required to increase the number of peaks in the
spectral filter within a certain laser emission range. However if too long fiber is used,
too much transmission loss will be induced so that the mode-locked threshold will be
affected. Therefore we choose to use 70 m single-mode fiber in the cavity to realize

the mutli-wavelength emission.

Transmission (%)

T T T T v T ¥ ¥ I J >
1800 1850 1900 1950 2000
Wavelength (nm)

Figure 4. 6. The simulated NPE-induced transmissions with different length of single-mode
fiber.
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4.5 The Scheme for Tunable Operation

To obtain a wide tunable range, the following three aspects are most important. The
first is to broaden the gain bandwidth so that there is a potential wide range for
wavelength tuning. The second is to form an artificial spectral filter with a tunable
center wavelength, which acts as a wavelength selection element. The third is to
reduce the cavity loss to lower the laser threshold. Thus the laser at shorter or longer
wavelength where the gain is smaller can emit, to have a broad emission wavelength
range.

In order to have a broad bandwidth of gain, the bidirectional pumping is proposed.
The working principle is illustrated in figure 4.7. Along the signal propagation
direction, the Tm-doped fiber is divided into four segments: (a), (b), (c), and (d). The
pump light is gradually absorbed along the fiber. Most of the pump light is absorbed
by fiber segment near the pump, and a little pump light is left to be absorbed by fiber
segment away from the pump. Therefore at the fiber segment near the pump, such as
segment (a) and (d), almost all the atoms at the ground level absorb the pump light and
get excited. At the fiber segment away from the pump, such as segment (b) and ( c), a
few atoms still remain unpumped at the ground level. With forward pumping, at
segment (a) the atoms transition will result in the emission of signal light with
wavelength range of 1.6 to 2 um. The signal light propagates towards segment (b). The
signal light in the short-wavelength range is absorbed at segment (b) by a few atoms
which are unpumped at ground level and are populated at the near-ground level in
thermal equilibrium at the operating temperature, because the absorption spectrum of
these atoms has overlap with the emission spectrum of the signal light in the
wavelength range of 1.6 to 1.9 um. Thus the final emitting light is in the long-
wavelength range. However with backward pumping, the signal light propagates
towards the fiber segment which is with high excited level, with most of atoms at the
ground level excited, as shown in segment (d). There is less reabsorption so that the
final emitting light is in short-wavelength range. By combining forward and backward
pumping, the emitting light will cover both short-wavelength and long-wavelength

range, which is a broad emission wavelength range.
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Figure 4. 7. The working principle of bidirectional pumping of Tm-doped fiber. (a), (b), (c), (d)
is the situation of population inversion, absorption and emission at different segments of Tm-
doped fiber.

The amplified stimulated emission (ASE) spectra, which are the estimation of gain,
were measured with backward, forward and bidirectional pumping under the same
pump power level. Figure 4.8 shows the experimental setup on the measurement of
ASE spectra. The 793-nm light from laser diode (LD) was pumped into the Tm-doped
fiber by wavelength-division multiplexer (WDM). The fibers at point A and B were
angle cleaved to avoid Fresnel reflection. The fiber at point A was connected to optical
spectrum analyzer (OSA) to measure the ASE spectrum. When measuring the forward
ASE, LD1 was off and the power of LD2 was set to 150 mW. When measuring the
backward ASE, LD2 was off and the power of LD1 was set to 150 mW. When
measuring the bidirectional pump effect, the total power of LD1 and LD2 was set to
150 mW. As shown in figure 4.9 (a), the spectral bandwidth of bidirectional pumping
was the widest. Figure 4.9 (b) shows the revised ASE spectrum with considering the
wavelength-dependent loss of PDI and coupler. We can see that the wavelength-
dependent loss of the two components takes minor effects on the bandwidth variance

of the net gain (saturated gain minus cavity loss) spectrum.
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Tm-doped fiber

Figure 4. 8. The experimental setup on the measurement of amplified stimulated emission
(ASE) spectra. LD: laser diode.
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Figure 4. 9. (a) The ASE spectra by bidirectional, backward, and forward pumping under the
same pumping power level. (b) The original and revised ASE spectrum. The revised one is

with considering the wavelength-dependent loss of PDI and coupler.

For the artificial spectral filter, it can be formed by multimode fiber, fiber taper,
photonics crystal fiber, fiber Bragg grating, Fabry-Perot filter, NPE technique, or
nonlinear amplified loop mirror (NALM) technique. Except NPE and NALM, the
tunability of other components is due to the center-wavelength shifting of these
spectral filters. The shifting is achieved by applying tension or stress to the component,
which is limited by the variation of the physical structures. Up to now, the tunable
range is several tens of nanometers. For NPE and NALM, the tunability is due to the
periodic spectral filters stemmed from the NPE or NALM effect, which takes effects
on the whole emission spectrum, not within a specific range. The factors related to
gain should be considered on NALM effect. The wavelength tuning by NPE effect is
easily achieved by changing the polarization state of the light inside the cavity, and the
mechanism of tunable operation is explained in part 5.1.2. Theoretically the tuning
range can be as wide as the spectral range that above laser threshold. NPE-induced

spectral filter is chosen.
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The combination of bidirectional pumping and NPE will increase the potential

tunable range. The process is illustrated in figure 4.10.
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Figure 4. 10. Schematic illustration of the effects of different pumping methods and spectral
filters on the potential tunable range. The shaded areas describe the potential tunable ranges of

each scheme.

4.6 The Experimental Setup

Figure 4.11 shows the experimental setup of tunable multi-wavelength Tm-doped
mode-locked all-fiber laser. A 1.5 m Tm-doped fiber (core/cladding diameter: 9/125
pm, Nufern) was bidirectional pumped by two single-mode LDs with center
wavelength at 793 nm. The reason of choosing 793 nm as pumping wavelength was
that it had higher pump to laser efficiency due to cross relaxation process. The
maximum output powers of the two LDs were 170 mW and 200 mW, respectively.

The 793 nm pump light was coupled into the laser cavity by two WDMs, and a part of
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the light inside the cavity was outputted through one coupler. We used two couplers
with different coupling ratio (40:60, 5:95), to change the cavity loss thus to change the
bandwidth of net gain. A 70 m single mode silica fiber (SMF28e, Corning) and the 0.6
m polarization maintaining fiber pigtails of the PDI were used as the birefringent fiber.
The components from point A to B, including single-mode fiber, two PCs and one PDI,
are responsible for NPE effect, which is described in figure 4.5. We use two PCs here
is to control the polarization states more precisely. NPE effect enables the mode
locking and forms a spectral filter for tunable operation and multi-wavelength laser

emission.

Figure 4. 11. The experimental setup of the widely tunable multi-wavelength Tm-doped mode-

locked all-fiber laser. SMF: single-mode fiber.

Table 4. 3. The list of parameters and equipments used in the measurement.

Parameters Equipments Manufacturers of the equipments

Output spectra Optical spectrum analyzer Yokogawa

_ Digital oscilloscope Agilent
Pulse trains
12 GHz photon detector Newport
Signal source analyzer Rohde & Schwarz
RF spectra
12 GHz photon detector Newport
Pulse width Autocorrelator Femtochrome Research, Inc.
Beam profile CCD camera beam profiler ~ Thorlabs

The dispersion of Tm-doped fiber and single-mode fiber at 1900 nm were ~ -71 and
-67 ps?/km, respectively. With 1.5 m Tm-doped fiber and 78.5 m single-mode fiber
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including the fiber pigtail of the components, the net cavity dispersion was ~ -5.37 ps°.

Table 4.3 is the list of parameters and equipments used in the measurement.
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Chapter 5

Tunable Single-Wavelength Mode Locking

The first result we get is the tunable single-wavelength mode locking. This chapter

shows the experimental results, and discusses the mechanism of tunable operation.

5.1 The Experimental Results

The mode-locked laser emission is enabled by nonlinear polarization evolution (NPE)
effects and it appears when the pump power reaches 330 mW with 40:60 coupler. The
output pulses are solitons with typical Kelly sidebands (the peak sidebands) [29]. The
dips on the spectra are due to the water absorption [91]. By adjusting the polarization
controllers (PCs) above the threshold power, such as rotating or squeezing, the

emission wavelength can be tuned. The tunable range is 107 nm, from 1839 to 1946

nm.
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Figure 5. 1. Tunable single-wavelength lasing emissions from 1839 to 1978 nm, from Tm-doped mode-
locked all-fiber lasers enabled by nonlinear polarization evolution (NPE).

The overall cavity loss should be reduced to lower the laser threshold where the

gain is smaller to let laser emit at more wavelength. Here we replaced the 40:60

coupler by a 5:95 coupler to reduce the cavity loss and, thus a broadband net gain
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(saturated gain minus cavity loss) will be formed to enable the broad laser emission.
With 5:95 coupler, the mode-locked threshold decreases to 300 mW, meanwhile the
tunable range increases to 136 nm, from 1842 to 1978 nm, as shown in figure 5.1.

The mode locking usually works in the multi-pulse regime above the threshold,
where one pulse contains many subpulses, due to the nonlinear effects in a long cavity
and the loss perturbation of the optical components. The corresponding spectrum in
the multi-pulse regime has more peaks in the sidebands, compared with the one in the
single-pulse regime. It is noted that the tunable operation can only be achieved above
the threshold power. When mode locking appears, decreasing the pump power below
the threshold will not make the pulse disappeared. However when tuning the PCs at
this power level, it will no longer get mode locking at any wavelength.

After the initiation of mode locking and then decreasing the pump power slightly
below the threshold, the mode locking can work in the single-pulse regime. Further
decreasing the pump power to 230 mw and 180 mW, for the 40:60 coupler and the
5:95 coupler cases, respectively, the mode locking disappears. This is known as power
hysteresis phenomenon.

Most of the spectra in figure 5.1 were measured at single-pulse regime with
different pump power below the threshold. Therefore the height of each spectrum is
different.

In single-pulse regime, the repetition rate is 2.6 MHz as shown in figure 5.2 (a),
corresponding to 80 m cavity length, which includes 70 m single-mode fiber, 1.5 m
thulium-doped (Tm-doped) fiber and fiber pigtails of other optical components. The
RF spectrum in figure 5.2 (b) shows that the pulse has a good signal-to-noise ratio of
more than 40 dB. The 3-dB bandwidth of the RF spectrum is 1.35 kHz. The pulse
width is measured with 40:60 coupler as shown in figure 5.2 (c), and it fails to be
measured with 5:95 coupler as the output power is too low to measure the pulse width.
The output power changes with the wavelength. The output laser beam shows a
symmetric Gaussian profile, as shown in figure 5.2 (d), and the beam quality is
guaranteed by the adopted single-mode fiber.

When the pump power is 350 mW, with the 5:95 coupler, the laser near the center
of the tunable range is with output power of ~1 mW, and the edge ones are with the
output power of ~0.3 mW. With the 40:60 coupler, the laser near the center of the

tunable range is with output power of ~3 mW, and the edge ones are with the output
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power of ~1 mW. The output power at different emission wavelength is shown in

figure 5.3.
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Figure 5. 2. (a) The pulse train , (b) RF spectrum, (c) pulse width, and (d) beam profile of Tm-doped
mode-lock all-fiber lasers enabled by NPE.
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Figure 5. 3. The output power at different emission wavelength of Tm-doped mode-locked all-fiber

lasers enabled by NPE.
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5.2 The Mechanisms

We refer to the NPE-induced transmission equation (4.4.8) and the simulated NPE-
induced transmission curve in figure (4.6). The mechanism for tunable operation is
two-folded.

Firstly, the cavity net gain is modulated periodically. The modulation is induced by
NPE effect obtaining multiple peaks. Laser emits at the peak position of the net gain.
With different cavity polarization states, laser tends to emit at one of the peak
positions. Thus when tuning the PCs the cavity polarization states are changed, as well
as at which peaks that laser tends to emit, so that the output wavelength of the laser is
tuned. In this case, the tunable resolution equals to the separation of peaks in the NPE-
induced transmission curve. The calculation process of the separation of peaks is as
follows:

The separation of peaks is related to the items containing the wavelength A in
equation (4.4.8). The item is cos(A¢, +Ag,, ) and the separation of adjacent peaks
A/ satisfies:

AAp +Apy )=2r. (5.1.2)
With equation (4.4.9), (4.4.10) and (4.4.11), we get

2zn, | Lo, +L I 1
27[(LSMFBm,SMF +LPMFBm,PMF)+ y LR 3 _— COS(291 )}[2_2}22”- (5.1.2)

ef
We use the frequency Af instead of AA, equation (5.1.2) becomes:

Af = ¢ . (5.1.3)
LSMF B m,SMF +LPMF B m,PMF + n2 Ae R) LSMF +LPMF 3 Ccos 201
{(LorB,. e )+ () A ) B )/3Jcos(26,)}

We choose the parameters in table 5.1 to calculate the separation of peaks in the
NPE-induced transmission equation. The modal birefringence of single-mode fiber is
an estimated and average value over the whole fiber length of 70 m, because parts of
the fiber are pressed or twisted by PCs where the modal birefringence changes while
others are not.

The separation of peaks changes with wavelength. It gets smaller at short
wavelength regime and gets larger at long wavelength regime. Near 1900 nm, the

separation is 8.1 to 11.7 nm when the modal birefringence of single-mode fiber is from

107 to 3x107°. Thus the tunable resolution in this case is around 8.1 to 11.7 nm.
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Table 5. 1. The list of parameters used in calculating the separation of peaks in the NPE-

induced transmission equation

Parameters Description Value
p The angle between polarization direction of /6
T
' incident light and * axis of the fiber
g The angle between polarization direction of 3
T
? polarizer and X axis of the fiber
n, The nonlinear refractive index 2.7x10°m? /W
R The instantaneous power 3mW
. 2 2
Ay The effective mode area mx(5um)” =78.54,m
Ly The length of polarization-maintaining fiber 0.6m
The modal birefringence of polarization-
B, pur L 0.4x107°
maintaining fiber
Lo The length of single-mode fiber 70m
The estimated and average value of modal
B, sur L ) ) 10°~3x10°
birefringence of single-mode fiber
(a)100 ; (b)100 :
............. 9|=pi/6 _10_6
80+ ——0,=pi/10 80 BRE
< = ——B,_ =210
:S’ -§ 60+
.é -é
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Figure 5. 4. The calculated NPE-induced transmission on different values of (a) 6, and (b) B,,.

Secondly, only one peak of the modulated net gain is analyzed. It can be shifted by

changing the polarization angle &, of the incident light and modal birefringence B,,,

depending on the NPE-induced transmission equation (4.4.8). B, is changed when

fiber inside the PCs becomes deformed by rotating or squeezing PCs. Thus the peak

will ideally appear continuously at any position within one period. Figure (5.4) shows
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how &, and B, shift the NPE-induced transmission. The tunable resolution in this

case can be as small as possible. However because of the manual tuning operation we
cannot achieve ideally continuous tuning. The tunable resolution we can achieve is 0.5

nm.
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Chapter 6

Multi-Wavelength Mode Locking

The second result we get is multi-wavelength mode locking. We have got dual-, tri-,
four- wavelength mode locking. All of them are with wavelength-tunable operation.
The dual- and tri- wavelength mode locking can be switchable, and it can realize the
full binary control which is very useful in applications of optical signal processing and
optical telecommunication. We also observe quasi-five-wavelength Q-switched mode
locking, which is presented in this chapter together with the above phenomena. The

mechanism of multi-wavelength emission is studied in this chapter too.

6.1 Tunable Multi-Wavelength Mode Locking

6.1.1 The Experimental Results

Besides the tunable single-wavelength mode locking, tunable dual-wavelength mode
locking can be also achieved by tuning the polarization controllers (PCs) above the
mode-locked threshold. The results are shown in figure 6.1. With 40:60 coupler, the
tunable range is 34 nm, from 1852 to 1886 nm [92]. With 5:95 coupler the tunable
range increase to 52 nm, from 1864 to 1916 nm [93]. The separation of two spectra is
10 to 11 nm, which agrees with the calculated separation of peaks based on the
nonlinear polarization evolution (NPE) induced transmission equation. From the
separation of two spectra we can also estimate the corresponding average value of
modal birefringence of singe mode fiber, using the method in part 5.2.

The tunable tri- and four-wavelength mode locking is only achievable with 5:95
coupler above the mode-locked threshold. As shown in figure 6.2, the tunable range is
49 nm, from 1863 to 1912 nm for tri-wavelength mode-locking, and 55 nm, from 1860
to 1915 nm for four-wavelength mode-locking, respectively.

The repetition rate of multi-wavelength mode locking is 2.6 MHz, which

corresponds to the cavity length.
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The multi-wavelength operation can be achieved through two steps. The first is
coarse adjustment of the polarization controllers (PCs) to get the stable single-
wavelength mode locking. The second step is fine adjustment of the PCs around this
position to get the multi-wavelength mode locking.

The multi-wavelength mode locking usually works in the multi-pulse regime above
the threshold, and when decreasing the pump power it sometimes switches to single-
pulse regime, which are the same with single-wavelength mode locking. However in
most cases when decreasing the pump power, the number of emission wavelength will
be decreased or the mode-locked states will disappear. This is because when
decreasing the pump power a little, not all the lasing peaks in the spectral domain
decrease with the same power level as expected. Some peaks decrease more while
some do not. If no adjustment on the power level of these peaks through PCs, the
peaks decreasing more are less stable and they will be vanished soon, which results in
decrease of the numbers of the emission wavelength or no mode locking any more. In
this case, the PCs should be fine-tuned to make all the peaks with the same height by
monitoring the optical spectral analyzer. Then we can repeat decreasing the pump
power and tuning PCs, until single-pulse regime appears. When tuning PCs the
separation of peaks will be changed or the peaks will be shifted a little, which is
explained in part 5.2, due to the change of the modal birefringence of single-mode
fiber.

6.1.2 The Mechanisms

The multi-wavelength emission is enabled when the net gain (saturated gain minus
cavity loss) has multiple peaks, and the laser tends to be emitted at these multiple
peaks. This multi-peak net gain is formed by the periodic modulation of cavity
transmission induced by NPE effect as discussed in part 4.4. When tuning the PCs, the
cavity transmission changes. At a certain state the cavity radiation at multiple
wavelengths obtains the same net gain, thus optical power was equally distributed
among two or three or four peaks to reduce the mutual mode competition, to enable
the multi-wavelength emission. The spectra in each sub-figure in figure 5.5 and 5.6
have the same height, showing that the optical power distributes among the multiple

emission wavelengths equally.
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Figure 6. 1. Tunable dual-wavelength lasing emissions from 1864 to 1916 nm, from Tm-doped

mode-locked all-fiber lasers enabled by NPE.
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Figure 6. 2. (a) Tunable tri-wavelength lasing emissions from 1863 to 1912 nm and (b) tunable

four-wavelength lasing emission from 1860 to 1915 nm, from Tm-doped mode-locked all-

fiber lasers enabled by NPE.

The tunable operation is similar with the first case of tunable single-wavelength
operation in part 5.2. When tuning the PCs, the cavity polarization states changes.
Thus with each time of laser emission the wavelength is different. However the

possibility of continuously tuning with small tunable resolution, such as the second
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case of tunable single-wavelength operation, is quite low. When tuning the PCs
precisely, the power distribution in the multiple peaks will change. The multi-
wavelength emission condition will be disturbed and the laser will downgrade to
operate at fewer numbers of emission wavelengths, before the multiple peaks can shift

continuously together.

6.2 Switchable Multi-wavelength Mode Locking

Interestingly, the dual-wavelength mode locking can be switchable. Ether one of the
two peaks in the spectral domain can appear or both can appear when the polarization
state is changed by PCs. This functions as the switchable operation. If a peak in the
spectral domain is treated as a digital number “1” and no peaks means “0”, it is like a
two-bit binary control with the state of “00”, “01”, 107, “11”. Figure 6.3 shows two
examples of dual-wavelength mode locking with switchable operation.

Furthermore, tri-wavelength mode locking can be switchable. The peaks in the
spectral domain can appear either one-by-one or pair-by-pair when tuning PCs. This is
able to cover the full three-bit binary range, as shown in figure 6.4.

In our previous setup, the coupler is used as input and output port
simultaneously [94], which causes much loss. In the pair-by-pair switchable operation,
the pair of 1863/1885 nm does not appear as shown in state “101” in figure 6.5. The
first peak at the wavelength of 1861 nm is a CW laser emission instead of the expected
soliton mode at 1863 nm. This indicates the insufficient gain at around 1863 nm to
make it reach the mode-locked threshold. By adding wavelength-division multiplexer
as the input port and putting the 40:60 coupler as the output port, the cavity loss is
reduced so that the radiation at 1863 nm can obtain sufficient gain and reach the mode-
locked threshold.

The switchable operation is of much interest as it could act as an optical binary
system, which has potential applications in optical signal processing, optical switching

devices and optical communication.
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Figure 6. 3 Switchable dual-wavelength operation with wavelength at (a) 1864/1874 nm and
(b) 1875/1886 nm, from Tm-doped mode-locked all-fiber lasers enabled by NPE.
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from Tm-doped mode-locked all-fiber lasers enabled by NPE.
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Figure 6. 5. Switchable tri-wavelength operation with wavelength at 1863/1874/1885 nm,
from Tm-doped mode-locked all-fiber lasers enabled by NPE. The coupler is used as input and

output port simultaneously which causes much loss.

6.3 The Quasi-Five-Wavelength Q-Switched Mode Locking

By further tuning the PCs at the maximum pump power of 370 mW, the quasi-five-
wavelength laser emission can be observed, as shown in figure 6.6. The pulse train is a
Q-switched envelop in a large time scale as shown in figure 6.7 (a) with repetition rate
of 6.33 kHz. The width of each envelope is around 20 ps as shown in figure 6.7 (b).
Inside each envelop there are many pulses working at mode-locked state with
repetition rate of 2.6 MHz corresponding to the cavity length as shown in figure 6.7 (c).
Each pulse works at single-pulse regime as shown in figure 6.7 (d). The pulse train
indicates that the laser is working at Q-switched mode-locked regime.

The Q-switched mode-locked regime consists of mode-locked pulses underneath a
Q-switched envelope. The repetition rate of mode-locked pulses is determined by
cavity length and the typical Q-switched modulations have frequencies in the kilohertz
region. In order to switch the Q-switched mode-locked to the stable mode-locked state,

the intracavity pulse energy £, should satisfy the following equation for soliton

mode-locked lasers [95].

E

sat,L

gK’E, +E.>E, E AR, (6.3.1)

sat, L sat ,A
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where E

sat,L

is the saturation energy of the gain, g is the time-dependent round-trip
power gain, E , , is the saturation energy of the absorber, AR is the maximum

modulation depth of the absorber,

_4a
=5 (6.3.2)

with f = Av(Ep )/Avg , Which is the ratio of pulse bandwidth and gain bandwidth.
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Figure 6. 6.The spectra of quasi-five-wavelength Q-switched mode locking from Tm-doped
mode-locked all-fiber lasers enabled by NPE.

The formation of Q-switched mode-locked pulses is as follows: the energy of an
ultrashort pulse rises slightly due to the relaxation oscillations initially. The pulse
spectrum is broadened then by self-phase modulation and/or self-amplitude
modulation. The broadened spectrum reduces the effective gain because of the finite
gain bandwidth, which provides the negative feedback and decreases the intracavity
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pulse energy. If the intracavity pulse energy is less than the energy required for the
stable mode locking, the laser tends to work at Q-switched mode-locked regime.
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Figure 6. 7. The pulse train under different time scales of quasi-five-wavelength Q-switched

mode locking, from Tm-doped mode-locked all-fiber lasers enabled by NPE.

In order to get stable mode locking with multi-wavelength emission, the intracavity
pulse energy should be increased by broadening the gain bandwidth to avoid the
negative feedback, by enlarging the pump power, or by reducing the cavity loss. What
is more, in this case the net gain profile also should be flat, to make sure the power
distributed on multiple potential lasing peaks equally. From figure 6.6 we can see the
power fails to distribute equally on multiple peaks. If further increased the pump
power, the lasing peak with more net gain tends to emit meanwhile other potential
lasing peaks are suppressed. Thus it is hard to get the five-wavelength mode locking

with such an unflat gain.
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Chapter 7

The Extended Results and Discussions

This chapter discusses the extended results on the peak and dip sidebands on soliton

spectrum and the noise-like pulses, the laser stability and repeatability.

7.1 Soliton Dynamics

7.1.1 The Peak Sidebands

There are two types of peak sidebands of soliton, classified by different formation
mechanisms. One kind of peak sidebands is Kelly sideband. It is due to the
constructive interference between dispersive waves and solitons. The position of Kelly
sidebands in the spectral domain is related to the cavity dispersion, cavity length, and
pulse width. It does not have a threshold characteristic. The other kind of peak
sidebands is modulation instability based sidebands. It is generated due to modulation
instability inside the laser cavity. It appears with a threshold effect.

We begin with the Kelly sideband. We know that soliton is a balance effect of fiber
dispersion and the nonlinear effect. When soliton propagates along a lossy fiber, the
soliton pulse energy reduces. The decrease of soliton pulse energy results in the
decrease of nonlinearity. Thus the balance of fiber dispersion and nonlinear effect is
disrupted and soliton propagation cannot be kept. In order to maintain the soliton
propagation, the soliton needs to be amplified. With our ring fiber laser cavity, the
soliton circulates inside the cavity, and it is amplified and experiences loss periodically.
The parameters of soliton change during amplification and after amplification it is
required to readjust the parameters to the input value by shedding away a part of its
energy as dispersive waves. The shed energy is a continuum radiation, and it forms
discrete sidebands in the soliton spectrum. Average soliton model is used to analysis
the sideband generation in the present of periodical loss and gain [96,97].

The generated dispersive waves each period will interfere constructively with the
solitons when the phase-matching condition is achieved at particular frequencies.
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Otherwise they will interfere destructively and disappear. With phase-matching
condition, the periodic perturbation which is related to the amplifier spacing or laser

length Z, with propagation constant k, makes up the difference between the
propagation constant of soliton &, and the propagation constant of dispersive waves

k, . The phase-matching condition is expressed by [29,36]:

Z,(k,~k,)=27m, (7.1.1)

(=2 (712)
Tor

k, =—@Aa)2, (7.1.3)

where m is an integer, £, is the group-velocity dispersion, 7, is the pulse width.
Here the pulse width 7, =0.567X Ty, Tryen, 1S the full width at half maximum of

the pulse. Aw is the angular frequency offset between the peak of the soliton and the

adjacent dispersive waves. Aw is expressed as:

1 [ 8z,

Ao=+t— [m=2-1, (7.1.4)
L\ 2,
where Z; is the soliton period with
T2
z,=2p, =22 (7.1.5)
2 2 5

In our setup, Ty, =3.11ps , T,=0567x3.11ps=1.76ps , Z =80m

B, =67.13ps” [km . The calculated results are: L, =46.15m, Z,=72.49m. With the
center wavelength of 1884.05nm for the soliton we obtained in the experiment, the
calculated Aw and the corresponding wavelength of the peak sidebands with
m=1,2,3,4 are shown in table 7.1.

The soliton spectrum with the center wavelength of 1884.05xm of our laser setup is

shown in figure 7.1. The calculated wavelength of peak sidebands in table 7.1 matches

well with the experimental result in figure 7.1.
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Table 7. 1. The calculated Aw and the corresponding wavelength of the peak sidebands with

m=1,2,3,4. The center wavelength is 1884.05nm .

Aw The corresponding wavelength of the peak
Aw(l Af =—(1
m sellps) of 27 (/ps) sidebands (nm)

[

1.42 0.23 1881.38 & 1886.73

2 2.09 0.33 1880.12 & 1888.00

3 2.59 0.41 1879.19 & 1888.94

4 3.01 0.48 1878.40 & 1889.74

L B B B B
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-40 4+ ke

Intensity (dBm)
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Figure 7. 1. The soliton spectrum with center wavelength at 1884 nm, from Tm-doped mode-
locked all-fiber lasers enabled by NPE.

For the modulation instability based sidebands, it is generated through a parametric
coupling process between dispersive waves and soliton, when the energy of a soliton
reaches a certain threshold value [98]. It is a result of soliton modulation instability.

As shown in figure 7.2, when the pump power increases, some new sets of peak
sidebands appear. This is the modulation instability based sidebands. Mostly these
sidebands appear symmetrically on the side of the spectrum. We observed this

phenomenon with solitons of different center wavelengths. For the solitons with
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different center wavelengths, the threshold pump power of the modulation instability
based sidebands is different too. In addition, the process of generating modulation
instability based sidebands is reversible. When decreasing the pump power, the
modulation instability based sidebands is removed from the spectrum and when

increasing the pump power the sidebands appears again.
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Figure 7. 2. The soliton spectra of Tm-doped mode-locked all-fiber lasers enabled by NPE,

measured with different pump strengths, and with center wavelength at (a) 1932 nm and (b)
1945 nm.
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7.1.2 The Dip Sidebands

The dips in the sidebands are due to the water absorption in atmospheric air, which
spectral regime is located from 1.8 to 1.95 um. Both amplified stimulated emission
(ASE) and soliton show the dips at their spectra, and each dip of ASE and soliton is at
the same positions, as shown in figure 7.3. For a clear illustration, the strength of ASE
is reduced by 10 dBm in order to make it un-overlapped with the soliton spectra. The
dip sidebands of soliton will not change the position when tuning the polarization
controllers or changing the pump power. The more spectral dips due to water
absorption can be referred to the high-resolution transmission molecular absorption
(HITRAN) database [99].
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Figure 7. 3. The dips on the spectra of ASE and soliton which are due to the water absorption.
Each dip of ASE and soliton is at the same position.

7.2 The Observation of Noise-Like Pulses

With the highest pump power at 370 mW and tuning the polarization controllers (PCs),
we were able to get the noise-like pulses. The noise-like pulses have some
characteristics. In the spectral domain, the noise-like pulses have a broad and smooth

spectrum, compared with the peaks in the sidebands of a soliton spectrum [100]. In the
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time domain, it works at multi-pulse regime. There are hundreds or thousands
subpulses in one pulse envelope and the pulse width and peak power of subpulses are
varying randomly [101-103].

Figure 7.4 shows the spectra of noise-like pulses with different polarization states.
When tuning the PCs, the bandwidth and center wavelength of noise-like pulse is
changed. Here we can get two spectra with bandwidth of around 60 nm and 40 nm,

respectively.
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Figure 7. 4. The spectra of noise-like pulses with different polarization states, from Tm-doped

mode-locked all-fiber lasers enabled by NPE.

The repetition rate of noise-like pulses is 2.6 MHz, the same with that of single-
pulse, which corresponds to the cavity length. We can see from the pulse train of
noise-like pulses in figure 7.5 that one pulse envelope contains many subpulses, and
the subpulses are with different pulse width and peak powers. The number of
subpulses inside one pulse envelope also varies. In this laser setup, the pulse envelope
is around 40 ns. However we cannot get the pulse width of subpulses due to the

limitation of sensitivity on our oscilloscope.
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The noise-like pulse is formed in a long cavity and with strong pumping [104]. The
possible mechanisms are soliton collapse effect [105], the nonlinear effects such as
self-phase modulation, cross-phase modulation, and Raman [106], and the fiber
birefringence combined with nonlinear polarization evolution (NPE) induced cavity
transmission modulation and the gain response of the fiber amplifier [107].

The noise-like pulses are with higher pulse energy and have potential applications

in supercontinuum generation [108-112].
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Figure 7. 5. The pulse train of noise-like pulses from Tm-doped mode-locked all-fiber lasers
enabled by NPE. (a) and (b) are measured with one polarization state but with different time

scales, (c) and (d) are measured with the other polarization state but with different time scales.

7.3 The Laser Stability and Repeatability

For the laser emits at short-wavelength and long-wavelength of tunable range, it
usually contains some noise so that exhibits spectral content at other wavelengths. For
the laser stability, the laser away from the edge of the tunable range (e.g. 1860 — 1960
nm) is the most stable. It produces the stable pulse trains, keeps single-pulse emission
over several hours, is insensitive to environmental perturbation, and has a broad pump

power range to stay in single-pulse regime. While the laser near the edge of the
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tunable range is less stable, and the mode locking is less insensitive to the
perturbations.

The tunable, switchable and multi-wavelength mode locking can be repeatable in
the experiment, with the center wavelength maybe shifts a little from the values shown
in this thesis, which is due to the NPE effect. If we want the laser emitting at shorter or
longer wavelength range, the PCs are squeezed more, to change more on the refractive
index of the fibers inside PCs. As different modes react differently to the change of
refractive index, in this way the modes emitting at shorter or longer wavelength are
selected to be emitted [113].

In this setup, the mode locking has many working states, including Q-switched
mode-locked state, single-pulse state, multi-pulse state, and noise-like-pulse state. If
other researchers implement a similar laser, they may observe the working states listed

above.
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Chapter 8

Conclusion and Future Works

8.1 The Conclusion

In conclusion, we have designed and demonstrated a thulium (Tm) doped mode-
locked all-fiber laser with widely tunable operation and multi-wavelength emission
based on nonlinear polarization evolution (NPE) technique.

Tm fiber is chosen as the gain medium as it has broad gain bandwidth, with higher
pumping efficiency with 793 nm pumping, and the laser emission is in the eye-safe
regime. The bidirectional pumping scheme, the NPE-induced transmission modulation
on the net gain (saturated gain minus cavity loss), and the cavity loss management
were implemented to enable the widely tunable operation. The NPE-induced
transmission modulation is also responsible for the multi-wavelength emission and
mode locking. The transmission of couplers and isolators are studied in order to know
how it affects the net gain.

With this setup, we can achieve the tunable single-wavelength mode-locked all-
fiber laser ranging from 1842 to 1978 nm. It is with 136 nm tunable range, which is
the widest in such kind of laser, as far as we know. The tunable operation is enabled
by NPE-induced transmission modulation, which forms spectral filters. By tuning the
PCs, the emission wavelength of mode-locked laser will be tuned accordingly.

We also realize the tunable multi-wavelength mode-locked all-fiber laser. The
tuning range is 52 nm, from 1864 to 1916 nm for dual-wavelength mode-locking, 49
nm, from 1863 to 1912 nm for tri-wavelength mode-locking, and 55 nm, from 1860 to
1915 nm for four-wavelength mode-locking, respectively, which is also the widest in
such kind of laser. The multi-wavelength emission is enabled when the net gain has
multiple peaks, functioning as a periodic band-pass filter, and the optical power was
equally distributed among two or three or four peaks, to reduce the mutual mode
competition. This multi-peak net gain is formed by the periodic modulation of cavity

transmission, induced by NPE effect.

78



The dual- and tri- wavelength mode locking can be switchable with the full two-bit
and three-bit binary control, respectively. This switchable operation is firstly
demonstrated in such kind of laser. This could act as an optical binary system, which
has potential applications in optical signal processing, optical switching devices and
optical communication.

The quasi-five-wavelength Q-switched mode locking is working on the Q-switched
mode-locked state, due to the insufficient intracavity pulse energy. To switch the Q-
switched mode-locked state to stable mode-locked state, the intracavity pulse energy
should be increased by either increase the pump power or avoid the gain filtering
effect.

What is more, we study the sidebands of solitons in this laser cavity. There are two
types of peak sidebands, one is Kelly sidebands due to the constructive interference
between dispersive waves and solitons, and the other is modulation instability
sidebands due to the parametric coupling between dispersive waves and solitons,
which is a nonlinear effect and has the threshold pump power. The dip sidebands are
due to the water absorption.

The noise-like pulses are also observed with a broad and smooth spectrum. There
are many subpulses inside one pulse envelope, with different peak powers and pulse
widths.

Various applications by this widely tunable multi-wavelength Tm-doped mode-
locked all-fiber laser can be found in optical communications, spectroscopy, time-

resolved measurement, and among others.

8.2 The Future Works

The tunable range and the number of emission wavelength can be further improved by
engineering the gain profile of the gain fiber, to make it wide and flat. For the Tm-
doped silica fiber, the short wavelength end of the tuning range is limited by
reabsorption associated with the three-level nature of the Tm ion. At longer
wavelengths, performance is limited by a lower thulium emission cross section and
background absorption losses in the silica glass host material [114]. These issues need
to be solved during the fabrication of Tm fiber. Meanwhile the gain profile should be
flat, to reduce the gain difference between different longitudinal modes, to enable

more laser emission at multiple wavelengths.
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A high power tunable multi-wavelength Tm-doped fiber laser can be developed in
some applications such as remote sensing and nonlinear spectroscopy. The power level
in this setup is limited by the pump source. To increase the power, high power 793 nm
laser diode can be adopted, or a master oscillator fiber amplifier system is adopted by
using this setup as a seed laser. When building a high power system, the use of high-
power optical components, and the cooling of this components and fibers, and the
safety issue should be taken into consideration.

Technique to suppress the peak sidebands of solitons should be developed as it
could cause the soliton instability, limit the further pulse narrowing [115], and reduce
the amplification efficiency in an amplification system.

The tunable and multi-wavelength operation can be further extended to mid-
infrared (mid-IR) regime, to enlarge the spectral range of current applications. Now
the optical components used to construct a fiber laser cavity in mid-IR regime is only
available with free-spaced form, and the pump source for the mid-IR laser emission is
also limited. The development of a tunable and multi-wavelength mid-IR all-fiber
laser will drive the development of fiber-based mid-IR components such as isolators

and couplers.
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