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ABSTRACT
Mode-locked fiber lasers have attracted significant scientific and commercial interest since
they offer a compact and highly stable platform with straightforward operation for
exploiting ultrafast and nonlinear phenomena. They have enabled a vast range of
applications that span from distinct disciplines such as medical diagnostics, molecular
spectroscopy, and high-power precise mechanical cutting, to optical metrology. Various
gain media have been utilized to achieve laser emission at different wavelengths. We have
developed unique thulium/holmium (Tm/Ho) doped mode-locked fiber laser systems to
address the needs of low-noise ultrafast optical sources in the wavelength vicinity of 2 Im
at higher repetition rates. Since the 2 Im wavelength regime has recently attracted more
attention with the emergence of thulium gain fibers, the rich underlying cavity dynamics,
novel pulse operation regimes and nonlinear phenomena in compact fiber configurations
have not been fully explored yet. In this thesis, research is conducted on novel Tm fiber
laser cavity configurations and on the formation of unique, polarization-based pulsing
regimes. Particularly, this research is focused on the exploration of novel ultrafast and

nonlinear phenomena, and the development of optical sources emitting unprecedented
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ultrafast pulse trains beyond conventional equal-intensity distribution using Tm/Ho doped
gain media.

The research presented features four main results: 1) development of a high
repetition rate and low-noise Tm/Ho doped mode-locked fiber laser platform as an
attractive optical source for a wide variety of applications 2) investigation of a novel mode-
locked state in which the ultrafast pulse train is composed of co-generated, consecutive,
equal intensity and orthogonally polarized pulses in order to achieve dual RF comb
generation for dual-comb spectroscopy applications, 3) exploration of controllable ultrafast
waveform generation utilizing vector soliton and harmonic mode-locking mechanisms for
optical telecommunication applications, and 4) demonstration of unique transitional mode-
locked states showing exceptional features such as powerful irregular bursts of ultrafast
pulses and rogue wave behavior without damaging the laser elements.

The aim of these projects has been to explore the novel optical properties of Tm/Ho
co-doped fiber lasers in order to achieve advanced functionalities in commonly practiced

applications such as telecommunication, metrology and spectroscopic applications.
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1.! Background & Motivation

This chapter includes the conceptual introduction of the fiber lasers systems proposed
throughout the thesis and the theory of the used techniques to achieve ultrafast pulsation.
Also, ultrafast pulsation in fiber lasers and the significance of utilizing Tm doped gain
medium in the presented ultrafast fiber lasers are discussed. The importance and need for
novel ultrafast sources based on Tm/Ho fiber lasers is outlined, which constitute the

motivation of the presented research.

1.1!  Fiber Lasers

Optical fibers are flexible and transparent waveguides mostly drawn from simple silica for
achieving low loss light transmission over very long distances [1]. Since they can be
utilized in compact and versatile platforms, a vast variety of applications has been enabled
spanning from optical telecommunications to chemical detection. The guided light in
optical fibers is spatially well defined, thus they become attractive for building compact
and efficient laser sources.

Conventionally, the optical fiber consists of a core segment surrounded by a
cladding material. The light is guided through the well-known optical phenomena, total
internal reflection, by means of having the cladding material with a slightly lower refractive
index compared to the fiber core. Thus, optical fibers become highly efficient flexible

optical waveguides.



Naturally, optical fibers are subject to guide light in numerous different propagation
paths, also known as transverse modes [1]. The number of allowed modes is dependent on
the operation wavelength and the dimensions of the fiber. Optical fibers that support many
modes, called as multi-mode fibers, require larger core sizes which result in decreased
optical density. Therefore, they are widely used in transmitting high power optical signals
without inducing damage on the host fiber material. However, due to the presence of
spatially different guided modes, they suffer from beam quality, which plays important role
in several applications, including stable and low noise optical sources, and high precision
Sensors.

Assuming the plainest form, the core and cladding portions are formed by bulk
materials in optical fibers, constituting a step-index profile [1]. For a fiber geometry
depicted in Fig. 1, the fiber can be optically characterized by two main parameters, $ and

V. $ is simply the relative refractive index difference between the core (n1) and cladding

(n2),

By &S

! "#‘
By

(1.1.1)

which defines the strength of the total internal reflection, i.e. guidance. Parameter V sets

the number of the allowed modes in the optical fiber, which is written as

(e )” - _} 0 _3 (1.1.2)



where " and a denote the wavelength and core radius, respectively. For a step-index fiber,
only a single mode can be supported if V is smaller than 2.405 [1]. The optical fibers
meeting this design criterion are called as single-mode fibers. For example, one of the most
used single-mode fiber (SMF) is SMF-28e (from Corning, Inc.), which has approximately
4.07 m of core radius. The standard radius of the cladding, b, for most of silica based
fibers is approximately 62.5 'm, which does not play a significant role of the light

propagation if b is sufficiently large to entirely confine the optical modes.

Protective Jacket (n,)

Cladding (n,)

Core (n,)

A Refractive Index

n;

S
\ 4
>
o

< >

Radial Distance

Figure 1. Schematic of a step-index optical fiber including a low refractive
index cladding and a high refractive index core region, both protected by a
jacket. The difference in the refractive indices ensures the guiding of the
optical signal in the fiber medium.



Although passive optical fibers can provide well-confined guidance for light with
low propagation losses, it is not solely enough to build a laser utilizing them. Doping
different materials into optical fibers is a well-known procedure, which is required to
achieve emission of new optical wavelengths from different host material acting as optical
gain medium. Thus, a low-loss optical cavity can be built, including a fiber doped with a
gain medium, which is necessary of continuous wave (cw) laser operation [2]. The
possible emission wavelength depends on the selection of the gain medium and laser cavity
elements.

Further, optical fibers feature enhanced nonlinearities which can be utilized as an
intensity-dependent transmission filter [1]. Intensity-dependent transmission can act as a
self-operating switching mechanism, which leads to a pulsed optical output rather than cw
emission. The conceptual and theoretical details of achieving ultrafast pulsation from fiber
lasers will be discussed in the following sections.

Silica based optical fibers are mainly doped with the rare-earth ions: ytterbium
(Yb), neodymium (Nd), erbium (Er), thulium (Tm), and holmium (Ho) which can be found
in the lanthanide series of the periodic table. All these rare-earth ions form trivalent cations,
i.e. Tm®*, where their ionic radius determines the general chemical properties [3]. These
ions serve as the active materials in the fibers to provide laser gain, thus such fibers
including these dopants are called gain fibers. As shown in Fig. 2, each gain fiber has
different bandwidths of spontaneous emission upon their optical pumping at their
absorption wavelengths, almost fully covering a pretty wide interval from 930 nm to 2.2

Im. Due to the overlap of their emission wavelengths at heavily studied applications



including telecommunications, Yb and Er doped gain fibers are mostly used. Consequently,
the required fiber-based laser cavity elements for those emission wavelengths are well
engineered and developed. On the other hand, development of Tm and Ho based fiber
lasers still remains a relatively emerging area [4]. In addition to higher insertion loss and
mostly still customized optical components for their emission wavelengths, the increased
propagation losses in silica-based fibers at longer wavelengths make efficient designs
challenging. The chemical and optical properties of gain medium for fibers will be

discussed in greater detail in the following sub-chapters.

S Ytterbium  Erbium  Thulium  Holmium
:’ Fiber Lasers Fiber Lasers Fiber Lasers Fiber Lasers
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Figure 2. The gain emission wavelength ranges of various fiber lasers based
on different gain medium with respect to their single-mode laser output
power. Tm and Ho ions provide gain emission wavelengths longer
compared to the others, in the vicinity of 2m wavelength which offer
intriguing applications spanning from medicine to spectroscopy.



Considering the well-confined low-loss optical propagation, enhanced
nonlinearities, and dopant materials, optical fibers become attractive candidates for
building pulsed lasers. Specifically, since fiber-based gain media exhibit wide emission
bandwidths with high gain coefficients, they have been extensively used to build fiber
lasers producing ultrafast pulsation.

Fiber lasers feature numerous advantages over their conventional counterparts,
such as solid state lasers, including compact, robust and versatile designs with small
footprint, alignment-free and straightforward operation, low maintenance and running
costs, high beam quality, and efficient cooling [5]. Thus, ultrafast fiber lasers have been
extensively utilized in a wide variety of applications requiring ultrashort pulse durations

and high peak power levels.

1.2!  Mode-locking Technique for Generating Ultrafast Pulses

The temporal scales for state-of-art electronics are in the order of nanosecond (ns) levels,
which is equal to 10 s, i.e. one billionth of a second. Although this is quite remarkable,
numerous physical and chemical interactions are known to happen at much shorter
durations as low as attosecond (as = 108 s) levels. Thus, the need for designing devices
which can controllably produce any form of shorter detectable signals is crucial. A
relatively new field has emerged in the last few decades, called as ultrafast optics, whose
scope is to generate and investigate optical pulses from laser sources in the order of
picosecond time scales or shorter [6].

Electromagnetic fields oscillate both spatially and temporally during their



propagation. Thus, any light has a signature of spatial oscillation dependent on its
wavelength components. Considering a cw light having an almost uniform power
distribution over time, theoretically, a single emission wavelength is sufficient. Naturally,
the optical power of a cw light can be manually modulated by several methods, such as
acousto- and electro-optic modulations, or even simple optical choppers, which suffers
both from the loss of optical power in each cycle and the speed of the device of modulation.
However, for a pulsed light (discontinuous) output from an optical source, as Fourier
transform dictates, the optical spectrum must consist of multiple wavelengths to have the
proper power distribution in time.

Thankfully, numerous gain media have been explored that produces very wide
emission bandwidths which are required for generating ultrafast pulses as short as in the
order of femtosecond (fs = 10 s) time scales. Thus, a new class of lasers has been
introduced, called as femtosecond lasers [7]. For example, titanium-sapphire (Ti:Al203)
crystals exhibit one of the widest emission bandwidths, which can support optical pulses
as short as 1-5 fs levels [8].

Femtosecond level optical pulses with high peak power levels feature several
superior properties, including high time and spatial resolution, wide optical bandwidth and
potential high optical intensity levels. Thus, ultrafast pulses have enabled numerous novel
scientific fields and applications, such as ultrafast spectroscopy, laser-driven chemistry,
high precision frequency metrology, high-speed electrical and telecommunication systems,
high power laser-plasma interactions and short wavelength generation, precise medical

surgeries, and cleaner material processing.



Ultrafast pulses can be generated from a laser source by utilizing a method called
mode-locking, which is based on holding all the allowed longitudinal laser modes at a fixed
optical phase [6]. As aforementioned, pulsed operation requires multiple wavelengths (i.e.
longitudinal modes) rather than a monochromatic single mode cw output. However, the
presence of multiple wavelengths is not sufficient, thus a fixed relationship between the
modes is needed to achieve a constructive interference leading to accumulated high

intensity bursts emitted from the optical source.

1.2.1! Mode-locking Theory

The electrical field in a laser oscillator, in the form of a single monochromatic mode

propagating in the z-direction, can be written as (adapted from [6])

1,34567" # "89:1."9<3=>&207) (1.2.1)

where Eo, ® and k denote the scalar amplitude (for simplicity), angular frequency and

wavevector, respectively. The wavevector, k, should follow the general dispersion relation,

and thus it is equal to

B #' = (1.2.2)



where n and c denote the refractive index of the medium and the speed of light,
respectively. Thereafter, the optical wavelength of the light, #, in the medium becomes
" ")* ")*C
D" #' - #" (1.2.3)
The possible laser modes can only be at certain wavelengths since the phase
condition of the cavity must be matched. The phase condition is the multiple integers of 2(
and corresponding supported angular frequencies have the relation of

EFG #' 2% (1.2.4)

where m and | are the mode order and cavity length, respectively. Thus, the supported

angular frequencies become

1, #= (1.2.5)

The supported optical frequencies can be found in a straightforward manner as

VZ 30
Ko #'SH#'SE (1.2.6)



Even though cw lasers accommodate single mode corresponding to a single optical
frequency, pulsed lasers require multiple modes, thus the mode spacing becomes a relevant

parameter. The mode spacing can be easily derived from Eqg. 1.2.6,
1K #"Ky,, 0"Ky #"% . (1.2.7)

which is directly related with the length of the cavity length. Also, for practical cavity
lengths, the mode spacing is very narrow compared to the pulsed emission bandwidth
resulting in a densely distributed modes.
After discussing all the relevant parameters playing a role, the total electric field
for a multi-mode propagation can be written as
134567"# "89:M 5 1 5"9<3=N>&?NOLONTA (1.2.8)
with the supported angular frequencies
I5#1.P'FI1L#1. P")‘J% (1.2.9)

and wavevectors of

By #' =N (1.2.10)
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The total electric field can be written in the form of a product of general complex

envelope and carrier function
134567"# "89 Q9<R3Q>&5Vw36 0"§7v (1.2.11)
where the complex envelope equals to
W36 0"% "#"QM5 15"9% 1=3&51LONTy (1.2.12)

This form of Eq. 1.2.11 shows a crucial information about the propagation of the
multiple modes: the carrier function oscillates with a period in the order of femtosecond
time scales and varies more than the envelope. However, since ultrafast pulses occupy
several optical cycles, the intensity is mostly detected from the envelope function. Also,
one should note that the carrier and envelope functions at the same speed, c.

Further, the envelope function has a certain temporal period, T, at a fixed z-position

in the cavity

X#"”')_:#"”)?H"#"% (1213)

where L denotes the round-trip time for a linear cavity and equals to 2I. Thus, the possible

generated pulses at the local maxima of the envelope function indicates formation of a
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single pulse per round-trip in the cavity.

So far, only the total electric field is discussed without any special considerations
on the relation between the modes amplitudes and phases. The mode-locking concept
becomes effective, when Eq. 1.2.11 and Eq. 1.2.12 are rewritten under the assumptions of
each mode would have the same amplitude, Eo, and a fixed phase of zero. Then, the total

electric field becomes

N S LA —ooal
134567"# "8921.9 4 Mo g3 I=0agV (1.2.14)

where N is the total number of the allowed modes. The total electric field can be

simplified to

~ ol vaely

_ T.
134567"# 89 71.9 P& —— (1.2.15)
; A QNE&T
if the summation is assumed as a finite decaying series in the form of
L ey /8&d®
- — n b / nm

Equation 1.2.15 shows the strength of the possible mode-locking mechanism,

which is the enhancement in the peak intensities of the discontinuous (pulsed) output
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achieved from the constructive interference of each longitudinal mode in the laser cavity.
Consequently, the optical intensity, I, averaged over one pulse cycle, which is
proportional to the square of the magnitude of the total electric field can be written as
.. E kIl

. V
£ g'h1343670 ' g "h1. " ':j_EQQﬁV (1.2.17)

E

while it should be noted that the peak intensities are dependent on N?Eo? instead of NEg?,
indicating the peak intensities encounter an enhancement factor of N rather than linear
superposition of the modes. Further, the output is in the form of a periodic signal with short
pulses featuring durations approximately $f/N implying that the pulse duration is inversely
proportional with the emission bandwidth.

The visual demonstration and comparison of mode-locking mechanism over the

case of random phase distribution is depicted in Fig. 3.
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Figure 3. The comparison of the longitudinal modes in a laser cavity when
they have random relative phases and locked phases. The overall
accumulative intensity of the longitudinal modes in a mode-locked
operation results in the formation of pulses where the modes with random
phases yields to a low intensity output without any clear pulsation.

To conclude, the possibility and strength of having a fixed phase and amplitude

relation between multiple longitudinal laser modes for the generation of ultrafast pulses,
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which is called as mode-locking technique [6], are discussed. The practical details and
further mechanisms involved in the ultrafast pulse shaping will be discussed in detail in the
following sections. Mode-locking of laser modes can be either achieved by active or
passive methods. Since active methods require bulky elements (acousto- or electro- optic
modulators) which limits the possible shortest attainable pulses and the speed of system,

we focus on passively mode-locked systems throughout this thesis.

1.3!  Passive Mode-locking in Fiber Lasers

As aforementioned, mode-locked operation in lasers can be achieved either actively (by
means of electro- [9] or acousto-optic [10] modulators) or passively (by means of utilizing
intracavity processes such as saturable absorption [11] or nonlinear polarization
rotation [12], etc.). Fiber lasers offer a compact and straightforward platform to efficiently
obtain mode-locking operation by the enhanced nonlinear and dispersion-based effects due
to the increased optical densities in the cavity.

In this chapter, the main processes contributing to the mode-locking operation in a
fiber laser will be discussed. The simultaneous effect of each optical process will be shown
and elaborated in a global expression, named as the Master-Haus equation [13]. Two of
the main processes beyond the gain and loss profiles of the laser cavity, nonlinearities (self-
phase modulation) and dispersion, will be investigated in detail. Particularly, the
conventional passive mode-locking operation in fiber lasers, known as soliton mode-

locking [14], will be explained.
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1.3.1! Main processes

Beyond the gain and loss dynamics which ensures the generation of new optical
wavelengths in fiber lasers, ultrafast pulsation is achieved by the interplay between the
nonlinearities and dispersion. Since the peak optical densities are increased in a pulsed
operation compared to the cw regime, nonlinearities will be more pronounced. Further, the
nonlinearities have higher coefficients in a fiber medium compared to a bulk laser cavity
due to small effective cross-sections for optical propagation.

Similarly, fibers offer more controllable and pronounced second- and higher- order
dispersion coefficients due to the faster changes in the refractive index sourced from the
small fiber medium.

In conventional soliton mode-locking in fiber lasers, nonlinearities and dispersion
simultaneously counteract to shape the optical pulsation further in order to achieve
ultrashort pulses in the time scales of tens or hundreds of femtoseconds.

This simultaneous effect can be modeled in a master equation for both depicting
the whole mechanism and solving the possible solutions depending on the mode-locking
mechanism in fiber lasers. The effect of each attractor will be discussed in the following

subsections in detail.

1.3.2! Master Equation

Figure 4. shows the main mechanisms applying to the mode-locking operation in
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laser cavity, assuming the medium as an optical fiber. All the mechanisms can be integrated
in to a single global equation, the modified nonlinear Schrodinger equation (NLS) [1],
written as

u'v

WO ITM' P n>0 =t P whmdhm # 0"2Y
Pq ) w u@

ruv

(1.3.1)

where A denotes the normalized amplitude of the pulses. g and | show the intracavity gain
and loss affecting on the amplitude, respectively. The second-order temporal change in the
pulse profile is dependent on the gain bandwidth of the laser cavity inversely, given as )q
in the NLS equation. In a similar fashion, the second-order dispersion, also known as the
group velocity dispersion (GVD) is a dominant factor determining and shaping the
temporal profile of the ultrafast pulses [1]. The GVD is plugged in to the NLS equation as
"2. The effect of the nonlinearities, which is dependent on the pulse intensity rather than
the amplitude, is added as the coefficient, #, in the NLS equation. All these effects cause a
phase shift in the pulse profile every pass in the laser cavity and it equals to the total change
in the phase shift which is the slowly-varying amplitude profile in the propagation of

direction, z.
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Figure 4. Main attractors for the mode-locked operation in a fiber laser
cavity. The gain and loss profiles are manipulated to achieve a
discontinuous optical output from the cavity. The saturable absorber enables
the modification of the loss profile. The further ultrafast pulse shaping is
achieved by the simultaneous interplay between the nonlinearities and the
group velocity dispersion.

1.3.3! Nonlinearities (Self-phase modulation)

An intriguing feature of optical media is the intensity dependence of the refractive index
which is significantly enhanced in the fiber medium. This dependence leads to a nonlinear
effect occurring through self-phase modulation (SPM) [1]. SPM leads to the spectral
broadening of the optical pulses by further narrowing the temporal components of the
pulsed signal. The lower amplitude portions of the optical signal will be diminished if the
nonlinear phase shift is increased for the higher amplitude portions. In Eq. 1.3.1, the

nonlinear coefficient is denoted as * and it equals to

)*s-

+ Vny

w#"

(1.3.2)

where SPM is inversely dependent on the wavelength, #, and the effective modal area, Aer.
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The inverse dependence on the modal area confirms the more pronounced nonlinearities in
a fiber medium. SPM is also dependent on the nonlinear refractive index, n> which is a
material-based coefficient. Even though the conventional fiber medium, silica, does not
exhibit an extraordinary value for nz, the small modal area becomes sufficient for SPM to
be a key factor for the ultrafast pulse shaping in fiber lasers. Lastly, another useful

parameter to be introduced is the nonlinear length,

Zgy #"3w0]. 7% (1.3.3)

which defines the possible nonlinear phase shift per unit length of the fiber medium. Since
the SPM is the intensity dependent effect on the pulse shaping, the nonlinear length should
be smaller than the length of the fiber medium and any effective lengths defined due to the
contribution of any non-intensity dependent effect, such as GVD, to effectively reach a

balance:

Zgy ¥ 22 (1.3.4)

1.3.41 Dispersion

Second-order dispersion, also known as the group velocity dispersion (GVD) is a

remarkable future that optical material induces on the optical signal while propagation

through the medium. GVD causes different propagation velocities for each wavelength in
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the optical pulses due to the change in the wavelength-dependent refractive index. The
first-order dispersion is known as the material dispersion, which does not have the effect

on the pulse shaping. The first-order dispersion is written as

A, #"‘J—j (1.3.5)
where ® and k denote the optical angular frequency and propagation wave-vector,
respectively. The change in the rate of the material dispersion is called as GVD, and it

determines the velocity of the group of wavelengths constituting the optical pulse. The

GVD is written as

Ry #'S 2 (1.3.6)

The GVD plays a crucial role in shaping the temporal profile of the ultrafast pulses
in conjunction with the effect of the SPM. Depending on the overall net sign of the
dispersion, the behavior of the longer and shorter wavelength components of the pulse
changes. Net anomalous dispersion (means the net GVD has a negative value) leads to the
slower propagation of the longer wavelengths compared to the shorter components. The
effect is reversed when the GVD has positive value and called as normal dispersion. As
well as the sign of the net GVVD, the magnitude of the effect is also important in the ultrafast
pulse shaping dynamics. Thus, defining a parameter, dispersion length, depending on the

GVD coefficient, "', becomes very useful. The dispersion length is defined as,
20



z w5 (13.7)

where To is the initial pulse width before the effect of the GVD. The dispersion length
shows the effect of the GVD on the pulse width with respect to the magnitude of the

coefficient. For example, the temporal width of a Gaussian pulse increases by a factor of

CE if the pulse is propagated through a length of Lp in a medium which has a dispersion
coefficient of .. Also, the dispersion length hints at the importance of the initial pulse
width, which is also limited by the overall gain bandwidth of the laser cavity, on pulse
broadening. Since the global limit is set by the gain bandwidth, there is a counterbalancing
effect to protect the pulse shaping mechanism from any divergence or pulse breakage,
which is the SPM in this case. Thus, there is a relation between the cavity length, dispersion
length and the nonlinear length to sustain the existence of the optical pulses in a fiber laser
cavity. The dispersion length should be slightly longer than the cavity length and the

nonlinear length to achieve more pronounced dispersion effects on the ultrafast pulses.
z EzE"zgy (1.3.8)
1.3.5! Solitonic Operation
The conventional passive mode-locking is achieved when the net GVD is anomalous [11].

Under net anomalous GVD, the effect of the SPM can be balanced since they have opposite

signs. If these two effects are in balance, the ultrafast pulse is not distorted while its

21



propagation through the cavity. This implies a remarkable condition, which is achieving
stable and sustainable pulse operation in a laser cavity.

The NLS equation has a trivial solution for the pulse profile under the condition
where SPM and GVD is in balance. The trivial solution is known as the soliton pulse and

it is written as

5. 3/'LraT
m367 #"m. NOUéé"Sg?é (1.3.9)

where ! is the normalized pulse width. The FWHM pulse width is approximately equal to
ac # €ie€4. Ao denotes the amplitude of the soliton pulse. The soliton pulse also has a
factor affecting the chirp, given as +. The chirp, naturally, depends on the SPM and GVD.
The soliton pulse has a secant-hyperbolic profile in intensity.

Since solitonic pulses can preserve their shapes throughout their propagation, an

area theorem based on their energy can be expressed as

(1.3.10)

where E, is the pulse energy. This soliton area theorem indicates that the pulse energy can
be varied by the pulse width without distorting the secant-hyperbolic profile [15]. In other
words, if the solitonic pulses become more energetic, the pulse width is further narrowed

in order to preserve their shape.
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1.3.6! Saturable Absorption

Saturable absorption is a nonlinear optical phenomenon that provides reduced optical
losses for higher optical intensities impinged on a material [16]. Saturable absorption can
be observed if the ground state is depleted to the absorbing ions (or dopants) in a medium
under optical illumination. If the occupation of the absorptive states decreases with the
incoming optical intensity, then the total absorption decreases, which in turn results in

lower optical losses for brighter illumination.

Saturable absorption is an intriguing candidate for achieving pulse operation in a
laser configuration, since the higher intensity constituents of the intracavity laser light is
favored and the lower intensity constituents are diminished. This property provides the
required self-amplitude modulation in the cavity for pulsed operation. Thus, the resulting
accumulated optical signal will be in the form of narrow pulses only consisting of high
intensity constituents.

Saturable absorbers have been utilized in laser cavities in order to achieve either
passively mode-locked or g-switched pulse trains [16]. Also, they have been used in
nonlinear filtering of the resonator output, pulse shaping and optical signal processing
outside of the optical cavity.

There are certain parameters of the saturable absorbers that become important in
designing the mode-locked fiber lasers. Firstly, the modulation depth of the saturable

absorber, the maximum optical loss that can be induced by the absorber, plays an important
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role in optimizing the overall loss of the laser cavity. Non-saturable losses are the losses
that are not due to the saturable absorption but from the material properties. The saturation
fluence defines the minimum required optical input that ensures the saturable absorption
in effect, leading to the mode-locking operation. The damage threshold constitutes the
maximum optical fluence without inducing any damage on the saturable absorber. Lastly,
the recovery time is the decay time of the excited states due to the optical illumination,
which is one of the most crucial parameters to enable the repetitive operation for the pulsed
light output.

In the studies presented throughout this thesis, fiber laser cavities exhibiting net
anomalous dispersion have been built. Further, semiconductor based saturable Bragg
reflectors have been used as the passive mode-locking enabler. The recovery times of the
saturable absorbers used in the proposed laser designs are much longer than the pulse
widths obtained, which is called as the slow saturable absorbers [17]. Slow saturable
absorbers become more suitable in achieving ultrashort pulses in passively mode-locked
fiber laser systems due to easier self-starting operation and effective pulse shaping

mechanism through the interplay between SPM and GVD.
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1.4!  Gain Media for Passive Mode-locking in Fiber Lasers

1.4.1! Rare-earth lanthanides as gain media

Only a few materials are utilized as gain media doped in fiber media due to the limited
proper wavelength ranges of fluorescence required for the energy level transitions in laser
systems. All these materials are rare-earth lanthanides, which are defined by the
international union of pure and applied chemistry (IUPAC) since they tend to occur
together in nature and are difficult to separate from one another. Lanthanides are transition
metals with atomic numbers 57 through 71. They form trivalent cations, i.e. Tm*3, and their
chemistry is determined by the ionic radius.

The most common rare-earth lanthanides used in laser systems are erbium (Er),
ytterbium (Yb), thulium (Tm), holmium (Ho) and neodymium (Nd). Their significance
differs by the different energy levels of the fluorescence transitions which result in different
laser wavelength operation regimes. Er fiber lasers provide a possible laser wavelength
generation in a range between 1.4 'm and 1.6 'm, which makes them very attractive for
optical telecommunication systems. Yb fiber lasers can emit light between 1 'm and 1.1
Im, and they are advantageous due to providing a very simple 2-level laser transition
process with high conversion efficiency. Nd fiber lasers have recently become more
preferable since their emission wavelength cover a relative pristine range of 1.3 I'm and

1.4 Im.
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1.4.21 Tm and Tm/Ho as gain media for fiber lasers

Tm and Ho elements are particularly on demand for fiber laser designs since their emission
wavelengths cover longer wavelengths in the vicinity of 2 Im. 2 Im light emission is not
only relative novel optical wavelengths but also provide numerous possibilities for
attractive applications spanning from medical sciences to atmospheric sensing and light
detection and ranging systems (LIDAR) [4].

Tm ions provide possible laser light emission extended up to 2.1 'm in fused silica
glass. Fig. 5 shows the energy level diagram of the Tm ions. The main laser transition
occurs between the states 3Ha and He. There are three main peak pump wavelengths to
achieve this laser transition, around 790 nm, 1580 nm and 1210 nm. Among those, 1210
nm is not widely preferred due to both the lack of optical sources at this wavelength and
inefficient transition process between the states Hs and 3Hs. 790 nm pumping offers
intriguing possibilities and high efficiencies despite the significant difference between the
energies of the pump and laser photons which hints low conversion efficiency. The
underlying reason is the possibility of the utilization of the transition between the states 3F4
and 3H4 in an additional laser emission process rather than a conventional nonradiative
decay. Since the energy difference between the upper and the intermediate state is still
larger than the actual laser transition energy, it allows the generation of another laser
photon through stimulated emission. This process is called as cross-relaxation, which
enables increasing the quantum efficiency of the whole system and increasing the overall

laser efficiency. In short, even though the laser photons are much weaker than the pump
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photons in energy, the total optical input can be converted efficiently. Overall slope
efficiencies up to 64% can be achieved by 790 nm pumping in Tm fiber lasers [18].

The other popular pumping wavelength, ~1580 nm, also provides high efficiencies
since the energy difference between the pump and laser photons are smaller compared to
other possible pumping schemes. Further, since these pump wavelengths overlap with the
emission wavelengths of Er fiber laser systems, they open up a wide variety of possible
fiber based optical sources as pump light.

The main upper laser transition state in Tm fiber lasers is the 3Hs which is in the
form of numerous split energy states allows a broad emission wavelength range between
1.7 'm and 2.1 'm. This broad bandwidth is particularly important in supporting the

generation of ultrafast pulses as short as tens of femtoseconds.

Figure 5. The depiction of the energy levels of Tm ions. Three main pump
wavelengths of 790 nm, 1210 nm and 1600 nm are shown. For 790 nm
pumping, the possibility of the emission of two laser photons is shown
through the cross-relaxation process, yielding to quantum efficiencies
higher than 1. The gain emission spectrum covers optical wavelengths
between 1700 nm and 2100 nm.
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Holmium fiber lasers can even further extend the possible emission wavelengths,
between 2 'm and 2.1 'm. The energy levels for Ho ions are shown in Fig. 6. The main
transition for the laser emission is between the states °l7 and °ls. A simple 2-level laser
system can be realized in Ho fiber lasers if the pump wavelength is selected around 2 I'm
wavelength. This makes Ho lasers easily pumped with Tm based laser configurations.

Additionally, since Ho lasers can be pumped with Tm lasers, a single co-doped
laser system can be built instead of two different set-ups. Thus, a Tm/Ho co-doped fiber
can provide an even further extended emission bandwidth pumped with the wavelengths
that the Tm ions have high absorption. This co-doping mechanism has several advantages,
including the possibility of generating even shorter ultrafast pulses, and longer and newer

peak emission wavelengths.

Figure 6. The depiction of the energy levels of Tm and Ho ions. For the 790
nm optical pumping of Tm ions, the resulting gain emission covers the
absorption wavelengths of the Ho ions. This process further broadens the
whole gain emission spectrum of the Tm/Ho co-doped gain medium. The
whole gain emission spectrum covers optical wavelengths between 1700
nm and 2200 nm.
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1.5!  Thesis Motivation

Mode-locked fiber lasers have recently attracted a significant scientific interest due to
providing a compact and straightforward platform for exploiting ultrafast and nonlinear
phenomena. Further, since they can support very high peak power values within modest
average optical power ranges, applications requiring high optical energy favor mode-
locked fiber lasers. Tm fiber lasers stand out among the fiber lasers compared to other gain
medium as they cover the optical wavelength range around 2 'm. As aforementioned, 2
I'm wavelength range possesses significant advantages including the peak absorption levels
of water and other atmospheric gases for medical and spectroscopic applications,

low scattering cross-sections and overlapping with the eye-safe wavelengths for LIDAR
and atmospheric propagation applications, and high quantum efficiency for optical
telecommunication applications.

Even though Tm ultrafast fiber lasers have numerous superior optical features,
sophisticated mode-locked fiber laser designs are still limited due to the scarcity of
available commercial fiber-based components operating in the 2 'm. Thus, Tm fiber lasers
offer a pristine set of possibilities in developing attractive solutions for ultrafast optics.

In this thesis, I have developed several unique and innovative Tm based mode-
locked fiber laser designs which can be used in a wide variety of on demand applications.
Further, 1 have investigated novel ultrafast pulse dynamics for exploiting the relatively
unexplored optical dynamics of Tm based gain media. Also, we proposed novel methods

to achieve engineered ultrafast pulse trains without having any external modulators or
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attractors.

There are four main chapters throughout this thesis. In the first chapter,
development of a low noise Tm/Ho doped mode-locked fiber laser is discussed. One of the
lowest noise figures for Tm based ultrafast laser is achieved in a compact set-up and a
detailed characterization of the ultrafast pulse trains is demonstrated. Also, this proposed
design has been used as the platform of choice for consecutive Tm fiber laser designs.

The second chapter is dedicated to the investigation of a novel mode-locked state
in which the ultrafast pulse train is composed of co-generated, consecutive, equal intensity
and orthogonally polarized pulses for dual-comb spectroscopic applications. Beyond the
detailed characterization of the mode-locked state, an interferometric set-up is built to
achieve the proof-of-concept demonstration of the dual RF comb generation.

The third chapter includes the exploration of controllable ultrafast waveform
generation utilizing the wvector soliton and harmonic mode-locking mechanisms
simultaneously for achieving a modular laser system without the need of any external
modulators. Some theoretical considerations for the modulated ultrafast waveforms are
also developed. The practicability of such a set-up in optical telecommunication systems
is discussed by investigating the modulation depth of each achieved modulated ultrafast
waveform.

The last chapter is based on a unique transitional mode-locked state showing
unprecedented optical features such as powerful irregular bursts of ultrafast pulse bunches
without damaging the laser cavity elements. The temporal and RF spectral dynamics of the

irregularities have been studied. Further, the observed irregularities can be as increased
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such that chaotic optical rogue waves are generated. This chaotic behavior can lead to
achieve quasi non-deterministic optical outputs that can be an attractive candidate for

quantum cryptography applications.
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2.! High-repetition rate, low-noise Tm/Ho doped mode-locked fiber laser design

2.1! Introduction

Tm and Ho doped silica fibers feature a broad wavelength emission range between 1.7 pm
to 2.1 um, which can support the generation of ultra-short pulses and offers the potential
for wide wavelength tunability [4]. This is attractive for a broad range of applications in
LIDAR [19], eye-safe remote ranging and sensing [20] or atmospheric propagation and
testing. In addition, the high water absorption in this regime fuels several medical
applications, from clinical treatment in dermatology [21] to urology [22]. Furthermore,
these lasers are particularly interesting for gas sensing and spectroscopy [23,24], as well
as regenerative pulse amplification and seed systems for mid-IR generation [25-28].

Thulium based laser systems set themselves apart by their high quantum efficiency:
Exploiting cross-relaxation processes, theoretical efficiencies around 82% can be achieved
for 790 nm pumping, and experimentally efficiencies around 64.5% in cw operation [18]
were demonstrated. This is comparable to the theoretical quantum efficiency of up to 84%
with pumping at wavelengths around 1570 nm [29]. Thus, single-mode core-pumping with
erbium-doped fiber systems (e.g. [30,31]) is a popular approach for Tm based fiber
oscillators. Pumping with 790 nm light is attractive since the highest peak absorption falls
into this wavelength regime so that for gain fibers with comparable doping concentration

shorter cavities and thus higher repetition rates can be generated, compared to 1570 nm

pumping.
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However, due to the lack of compact single-mode high-power 790 nm pump
sources, limited core-pumping approaches have been reported [32]. Instead, most laser
configurations with 790 nm pumping have focused on multi-mode pumping schemes
(e.g. [33,34]) for cladding pumped laser geometries where the pump intensity in the core
is usually diluted by the cladding to core area ratio.

Here, a linear mode-locked Tm/Ho co-doped gain fiber laser cavity is presented
that utilizes the high peak absorption of 790 nm in a single-mode core-pumping
configuration to achieve good performance efficiencies with low noise and high beam
quality. With a fiber cavity length of ~40 cm, the overall net group delay dispersion can be
kept relatively low. This enables soliton mode-locking with shorter pulses and requires less
dispersion compensation to obtain transform limited pulses, compared to fiber systems
which rely on longer lengths of fiber.

Our approach features a self-starting linear laser cavity based on soliton mode-
locking with a semiconductor saturable absorber at a repetition rate of 253 MHz with 315
fs short pulses. A detailed noise characterization including both intensity and phase
information is conducted. To the best of the authors’ knowledge, this is the first report of
an ultrafast single-mode Tm/Ho co-doped silica-based fiber laser oscillator core-pumped
at 790 nm that combines good performance metrics with a full phase and intensity noise
analysis.

While Tm based femtosecond soliton mode-locked lasers have been demonstrated
in configurations with different saturable absorbers, semiconductor saturable Bragg

reflectors [35], graphene [36,37], carbon nano-tubes [30,38], repetition rates were below
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100 MHz. Although seminal work based on saturable Bragg reflectors at a repetition rate
of 334 MHz [39] and 1 GHz [40] was reported, corresponding pulse durations were closer
to picoseconds. 58 fs pulses were achieved at a repetition rate of 500 MHz with a graphene
based saturable absorber [41].

The versatile configuration of the presented laser cavity also allows for further
scaling of the repetition rate to higher values. Concerning the noise performance, so far
mostly the intensity noise characteristics have been investigated for Ho and Tm/Ho co-
doped fiber oscillators [42,43]. As relaxation oscillations and cw breakthrough are
frequently observed in Tm and Tm/Ho fibers-based lasers, their impact on the stability of
the femtosecond pulses is important to analyze, as shown in this letter.

An additional attractive feature of the presented laser system is the capability for
systematic wavelength tuning of the femtosecond pulses: A reproducible shift to longer
wavelengths that depends solely on increasing the pump power is observed without the
need for a wavelength selective tuning element. Moreover, the pulse parameters change
systematically over a tuning range of 11 nm and the RIN noise performance indicated
similar stability over this range.

Previously, tunability in Tm laser was reported by incorporating an additional
wavelength selective element into the cavity: The center wavelength was shifted by
stretching the fiber [44] or by adjusting the polarization in an additive pulse mode-locking
Tm laser [32], tunability was studied over a range of 100 nm. However, in general, the
pulse duration and parameters changed for each respective tuning point and center

wavelength due to modified cavity losses.
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In this project, we present a 790 nm core-pumped and low-jitter passively mode-
locked femtosecond Tm/Ho co-doped single-mode fiber laser. In a compact linear cavity
configuration with a semiconductor saturable Bragg reflector (SBR) a repetition rate of 253
MHz is demonstrated. The optical spectrum is centered at 1968 nm with a spectral full
width half maximum (FWHM) of 13 nm, corresponding to a transform limited FWHM
pulse duration of 315 fs. An average output power of 22 mW with 10% output coupling is
measured for a coupled optical pump power into the cavity of 205 mW. Stable, low noise
operation is confirmed through relative intensity noise (RIN) measurements with a low
root-mean-square (rms) intensity noise of 0.11% (from 10 Hz to 2 MHz) and a timing jitter
measurement of 20 fs over the interval of 100 Hz to 2 MHz. Wavelength tunability over

11 nm is demonstrated by varying the pump power.

2.2!  Ultrafast Laser Design

For a compact fiber laser configuration that can be scaled to higher repetition rates, a linear
laser cavity based on soliton mode-locking in combination with a semiconductor saturable
absorber is chosen. The experimental design of the Tm/Ho co-doped fiber laser is depicted
in Fig. 7(a). The actual experimental set-up is also shown in Fig. 7(b). The laser cavity
consists of a 37 cm long single-mode Tm/Ho co-doped gain fiber (Coractive, TH512) with
a core diameter of 9 um, a numerical aperture of 0.12 and 120 dB/m peak absorption at 790
nm. The gain fiber has a mode field diameter of 11 um, yielding a net anomalous dispersion

for soliton mode-locking. In Fig. 7(c), the blue fluorescence of the Tm doped gain fiber
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due to short wavelength emission after the multiple absorption processes in the higher
energy levels is shown. The gain fiber is spliced to 3.2 cm of single-mode fiber
(SMF-28e+) before being butt-coupled to the SBR. This prevents direct contact between

the hot gain fiber core and the SBR [45].
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Figure 7. (a) The design of the ultrafast Tm/Ho doped low noise mode-
locked fiber laser. DM, OC and SBR stand for the dichroic mirror, output
coupler and the saturable Bragg reflector, respectively. (b) the actual
experimental set-up of the ultrafast laser design. (c) the fluorescence of the
Tm/Ho doped gain fiber under the operation of soliton mode-locking.
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The SBR (BATOP GmbH) induces self-starting mode-locking operation and
features a modulation depth of 12%, a saturation fluence of 65 puJ/cm? and a relaxation time
of ~10 ps. The other end of the gain fiber is terminated with a dielectric mirror, which
serves as an output coupler. The output coupler transmits 10% of the intracavity power
with negligible dispersion. Optical pumping is provided by a cw Ti:sapphire laser tuned to
a wavelength of 790 nm to overlap with the Tm/Ho co-doped gain fiber absorption peak.
The pump is directly focused into the gain fiber core through an aspheric lens with a
coupling efficiency above 80%. An external dichroic mirror (DM) separates the laser

output from the pump wavelength.

2.3!  Optical characterization of the ultrafast laser

For low pump power values below 90 mW, the laser operates in a cw mode before it
transitions into a g-switched state. The threshold for cw soliton mode-locking resides at
130 mW of coupled pump power into the cavity. For coupled pump power values higher
than 130 mW, the cavity exhibits soliton mode-locking operation. For pump power values
higher than 215 mW, the laser switches in to the multi-pulsing state where the cavity
supports more than a single pulse in each round trip. Corresponding average output power

values for the input coupled pump power levels are shown in Fig. 8.
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Figure 8. Different operation regimes of the Tm fiber laser with respect to
the launched pump power levels. The single pulsing threshold is found as
130 mW. The cavity operates in the multi-pulsing regime for the pump
power levels higher than 215 mW.

The optical spectrum of the femtosecond pulse train is shown in Fig. 9. Stable
mode-locking for a center wavelength of 1968 nm with a 13 nm FWHM spectral bandwidth
is obtained for 205 mW of coupled 790 nm pump with a resolution bandwidth (RBW) of
0.05 nm. This corresponds to a transform-limited pulse duration of 315 fs for sech shaped

solitons.
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Figure 9. Optical spectrum of the Tm/Ho mode-locked laser with a 40 cm
long cavity. The optical spectrum is centered at 1968 nm with a FWHM of
13 nm, yielding to transform-limited pulse durations of 315 fs.

For the studied ultrafast pulse train in Fig. 9, the average output is measured as 22
mW. Thus, with a repetition rate of 253 MHz, the intracavity pulse energies correspond to
0.93 nJ. The sidebands sourced from the polarization-based effects and cw breakthrough is
suppressed by employing an in-line polarization controller on the gain fiber segment of the
cavity. In the optical spectrum, the visible side peaks are due to the characteristic Kelly
sidebands. The optical spectrum remains similar, verifying the long-term reproducible
stability of the generated ultrafast pulse train.

A detailed Kelly sideband analysis is applied to determine the group velocity
dispersion coefficients of the different fiber segments of the laser cavity. The optical
spectra of laser cavities with same gain fiber but different passive fiber lengths are studied.
From the spectral distances between the peak wavelength and the Kelly sidebands, the

group velocity dispersion coefficients for the SMF-28e+ and the gain fiber are found as -

40



85 fs?/mm and -150 fs?/mm, respectively. These calculated values are comparable with the
values previously reported for similar fiber laser configurations [16], [30]. The total cavity
dispersion is calculated as -0.06 ps?, considering the effects of the fiber segments and the
group delay dispersion induced by the SBR, which is approximately -100 fs? at the peak

emission wavelength of 1968 nm.

2.4  RF Spectral characterization of the ultrafast laser

The fundamental RF spectrum of the ultrafast pulse train is shown in Fig. 10(a).
The fundamental repetition rate is measured as 253 MHz, nicely matching with the cavity
length of 40 cm. The signal-to-background ratio is found larger than 70 dB, under the
measurement with high RBW of 10 kHz. The wide band RF spectrum is shown in Fig.
10(b), yielding the distribution of the harmonics with equal intensities. The RBW for the
wide band RF spectrum is 50 kHz. The wide band RF spectrum indicates that there is not
any visible modulation of multiple-pulsing effects on the ultrafast pulse train. Both Fig.

10(a) & 10(b) confirms the long-term stability of the generated ultrafast pulse train.
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Figure 10. (a) RF spectrum of the fundamental repetition rate of the Tm
mode-locked laser with a 40 cm long cavity, corresponding to a
fundamental repetition rate of 253 MHz with a RBW of 10 kHz. (b) The
wide band RF spectrum between the frequencies of 0 Hz and 2 GHz. The
high signal to background ratio and the RF harmonics with equal intensities
confirm long-term stability of the ultrafast pulse train.
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2.5 Temporal characterization of the ultrafast laser

Fig. 11 shows the temporal trace of the ultrafast pulse train (measured with an
Agilent 86100B oscilloscope). The pulse to pulse period is measured as 4 ns, which nicely
matches with the fundamental repetition rate of the laser cavity. The detector ringing and
impedance mismatches has a small effect on the oscilloscope trace, structured as intensity

fluctuations in the wings of the pulses.

Figure 11. Sampling oscilloscope trace of the Tm mode-locked laser with a
40 cm long cavity, corresponding to a pulse-to-pulse period of 4 ns. The
oscilloscope trace is measured between the duration of 0 ns to 50 ns with a
number of data points of 4096. The pulse-to-pulse period nicely matches
with the repetition rate measured with the RF spectrum analyzer.
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2.6! Intensity Noise Characterization

So far, there has been very limited information on the noise analysis of Tm based fiber
laser systems has been reported. In this study, we investigate the noise performance of the
ultrafast laser in a great detail. Fig. 12 shows a detailed measurement of the relative
intensity noise (RIN) of the mode-locked ultrafast pulse train as well as the RIN
measurements of the pulse train with significant cw breakthrough, the noise floors of the
employed photodetector (PD — Thorlabs PDA10D) and the measurement instrument (RF
spectrum analyzer). The attenuated laser light is focused onto the PD, which provides an
output voltage of 0.48 V under the 50 $ termination to match the impedances of the input
and the output system. The input optical power for the PD is adjusted such that the PD
operates at the linear regime and free from any nonlinear effects.

The long-term stability of the ultrafast pulse train indicated by the RF spectral
traces, is also confirmed by the RIN measurement and rms intensity fluctuation
calculations. For the interval frequencies of 10 Hz to 2 MHz, the rms intensity fluctuations
are calculated as 0.11%. Further, to confirm that the RIN trace is purely due to the ultrafast
signal, the shot noise level is calculated and shown in Fig. 12. For the given input optical
power, the shot noise level is found as -153 dB, which is significantly lower than the

instrumentation noise floor.
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Figure 12. Relative intensity noise trace of the Tm/Ho mode-locked laser
with a 40 cm long cavity (blue line). The dark red dashed line shows the
calculated integrated rms intensity fluctuations from the accumulative
integration of the blue RIN curve. The mode-locked laser has an integrated
rms fluctuations lower than 0.11% for the noise frequencies between 10 Hz
and 2 MHz.

Even though superior intensity noise performance is achieved, the intensity noise
for the noise frequencies higher than 10 kHz is limited by the noise floor of the PD. Thus,
the intensity noise can be further suppressed by utilizing different PDs. By increasing the
pump power value to 215 mW, a mode-locked state with significant cw breakthrough can
be achieved. The purple dash-dotted line in Fig. 12 shows the RIN behavior of the mode-
locked state with cw breakthrough. It is clearly seen that the RIN caused by the internal
processes between the energy levels (relaxation oscillations) are suppressed in the mode-
locking operation. Thus, the effect of the relaxation oscillations on the ultrafast pulse train

when cw breakthrough is present can be calculated.
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For the same interval of noise frequencies, the rms intensity fluctuations of the state
with cw breakthrough is found 8% higher than the pure mode-locked state. The cw
relaxation are directly observed in the RIN measurement, which is in the form of a hump
around 100 kHz for Tm ions.

Lastly, since the noise of the pump source also plays an important role in the overall
intensity noise of the ultrafast pulse train, the noise performance of the pump and the
utilized PD is investigated. The corresponding RIN traces are shown in Fig. 13. It has been
confirmed that the utilization of a low noise pump source aids achieving better noise

performances from the ultrafast fiber laser.

Figure 13. Relative intensity noise trace of the pump source (Ti:Sapphire
laser emitting at 790 nm wavelength) compared with the proposed ultrafast
laser. The low noise pump source aids achieving superior noise
performance from the proposed ultrafast fiber laser.
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2.7"  Temporal Noise Characterization

A faster PD (EOTech ET5000, 12.5 GHz) is utilized to analyze the phase noise (PN)
performance of the ultrafast pulse train. The electrical signal converted from the optical
input is electronically amplified to +10 dBm level in order to obtain the optimal PN
characteristics from the RF spectrum analyzer. Fig. 14 shows the PN trace of the
fundamental repetition rate of the ultrafast pulse train. Also, the timing jitter of the ultrafast
pulses are calculated for the offset frequencies between 10 Hz and 2 MHz. The integrate
time jitter is found as 20 fs. Similar to the RIN measurements, the timing jitter is also
limited by the noise floor of the PD used in experiment which can be further suppressed
by the temporal noise measurements in the optical domain such as optical cross-correlation

measurements.

Figure 14. Phase noise trace of the Tm doped ultrafast fiber laser (blue line).
The dark red dashed line shows the integrated pulse jitter of 20 fs.
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2.8!  Wavelength Tunability

Another important functionality of the proposed ultrafast fiber laser, the peak emission
wavelength tunability, is investigated in detail. The tunability is achieved by altering the
input pump power values without employing any additional intracavity element. The total
shift of the peak wavelength is over a range of 11 nm under the change in the pump power
from 130 mW to 215 mW. The evolution of the wavelength tunability is shown in Fig. 15.

The wavelength tunability is reproducibly observed and the overall polarization
state of the cavity is kept the same for each optical spectrum studied. Since the input power
is altered, the average output power evolves from 14 mW to 22.6 mW. Also, due to the
soliton area theorem, the FWHM of the optical spectrum is increased from 8 nm to 13.5
nm during the tunability studies by the increase of the pump power. The FWHMSs yield to
transform limited pulse durations of 500 fs to 300 fs, respectively. The peak emission
wavelength has shifted from 1957.5 nm to 1968.5 nm from the lowest pump power value
to the highest one. For the highest pump power value of 215 mW, the optical spectrum

indicates the emergence of the cw breakthrough at the wavelength of 1970.1 nm.
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Figure 15. The evolution of the optical spectrum of the ultrafast pulse trains
for different input pump power values. The FWHMs increase from 8 nm to
13.5 nm, corresponding to the transform limited pulse durations of 500 fs
to 300 fs, respectively. The peak emission wavelength shifts from 1957.5
nm to 1968.5 nm, yielding to a full tunability of 11 nm.

For the pump power of 215 mW, the optical spectrum shows a small peak
corresponding to the cw breakthrough. Even though the effect on the optical spectrum is
miniscule, its effect is much more pronounced in the intensity noise measurement, as
previously discussed. The cw breakthrough also indicates that the widening of the optical
spectrum is not possible due to the limited responses of the cavity elements. Thus, with the
further increase of the pump power, it is expected that the single pulsing mode-locked states

cannot be supported, but multi-pulsing states are achieved.
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2.9!  Conclusions

To conclude, a detailed characterization of a novel Tm/Ho doped soliton mode-locked
ultrafast fiber laser is demonstrated. To induce soliton mode-locking, a semiconductor
based saturable absorber is employed. Stable ultrafast pulsing in the single-pulsing regime
is shown at a peak emission wavelength of 1968 nm. The optical spectrum features a
FWHM of 13 nm, yielding to transform limited pulses of 315 fs. The repetition rate of the
ultrafast pulse train is found as 253 MHz, which is nicely matching with the length of the
fiber laser cavity, 40 cm.

As proposed, the ultrafast fiber laser features superior intensity and temporal noise
performance. The rms fluctuations and timing jitter are calculated as 0.11% and 20 fs for
the noise and offset frequencies of 100 Hz to 2 MHz, respectively. The effect of the extreme
pump power values leading to cw breakthrough on the noise performance is also
investigated and the contribution of the relaxation oscillations are shown.

Another intriguing feature of the proposed ultrafast fiber laser design, the
wavelength tunability, is also studied. The total shift in the peak emission wavelength of
11 nm is achieved by altering the pump power values. The presented tunability is
reproducible and stable over long-term. Thus, the proposed fiber laser configuration is an
attractive candidate for a wide variety of applications by providing superior noise
performance and ripple-free optical spectrum in a compact and small footprint set-up with

a low mode-locking pump power threshold.
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3.! Dual RF comb generation from a Tm/Ho doped mode-locked fiber laser with

orthogonally polarized interlaced pulses

3.1! Introduction

Laser frequency comb spectroscopy with a recent focus on dual comb spectroscopy has
emerged as a powerful, ultra-high precision and sensitivity technique for non-intrusive gas
detection, sensing and biomedical diagnostics. Dual comb spectroscopy [46-50]
commonly relies on two mode-locked laser sources with slightly different repetition rates
that are stabilized with complex feedback electronics and overlapped in a temporal
interferometer for a heterodyne measurement. The optical characteristics are thus down-
converted in a photodetector into a RF signal at high sampling speeds without requiring
any moving optical parts.

However, the need for complex infrastructure consisting traditionally of two
stabilized frequency combs with good phase-locking and thus high relative coherence
properties can limit dual-comb spectroscopy to specific research applications. Thus, to
achieve the full potential of this real-time analysis method, has stimulated a quest for
innovative laser sources without requiring multiple oscillators nor complex stabilization
configurations.

In this project, we present a robust fiber laser in the eye-safe thulium wavelength
regime: A novel polarization vector soliton operation in a frequency-halved state with

orthogonally polarized interlaced pulses is demonstrated that can be utilized as a compact
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source for dual-comb spectroscopy without requiring any free-space alignment. In this
configuration, common noise is suppressed and good coherence can be obtained since the
pulses are co-generated in the same cavity.

Passively mode-locked fiber lasers offer a compact, highly stable and
straightforward operation for exploiting ultrafast and nonlinear phenomena [51]. While
various mechanisms have been studied to induce mode-locking, the combination of soliton
mode-locking with a saturable absorber features a simple and flexible cavity
construction [11,52-55]. In fiber lasers mode-locked with nonlinear polarization rotation
(NPR) [56] or nonlinear loop mirrors (NOLMSs) [57], the inserted polarization sensitive
elements generally lead to linearly polarized pulse train generation [58].

However, in saturable absorber mode-locking, usually the cavity does not
incorporate any polarization discriminating elements: It is well known that in fiber lasers,
the asymmetrical nature of the fiber core geometry, combined with strain and bending,
induces birefringence in single mode fibers (SMF). Thus, two degenerate orthogonal
polarization modes [59] can propagate in the fiber that interact with each other through
nonlinear polarization coupling and cross phase modulation.

Depending on the cavity parameters, including the fiber birefringence, the two
polarization eigenmodes can be locked to emit stable, elliptically polarized solitons that
propagate as a single entity with the same group velocity, resulting in polarization-locked
vector solitons (PLVS) [60-65]. They can evolve with an overall rotating polarization
ellipse at multiples of the round trip time, whose periodicity is described by a polarization

evolution frequency (PEF).
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Vector solitons with different polarization states can fuel new applications based
on polarization sensitivity in the telecommunication field, e.g. polarization division
multiplexing, quadrature phase shift keying or other polarization modulation schemes [64—
66]. For effective optical trapping of atoms or manipulation of nanoparticles, strong control
and switching of polarization are a key enabler. As coherent energy transfer between the
orthogonally polarized constituents of vector solitons has been reported [63], these sources
can be of interest for a polarization entangled photon source.

While vector soliton studies have predominantly been conducted in erbium or
ytterbium fiber lasers with semiconductor based saturable absorbers [61-63,67], similar
effects were observed in fiber lasers with graphene and carbon nano-tube saturable
absorbers [65,68,69].

With the emergence of low-loss thulium (Tm) gain fiber, selective studies of vector
solitons in Tm based fiber lasers [70,71], e.g. simultaneous switching between scalar and
vector solitons with 3 ps duration and period-doubling behavior [72], have been
demonstrated. The broad emission wavelength of Tm based laser sources in the eye-safe
region, from 1.7 umto 2.1 um [4], makes them particularly attractive for applications such
as remote ranging and sensing, atmospheric propagation, LIDAR, gas spectroscopy and
biomedical diagnostics and treatment. The high achievable quantum efficiency [18] offers
an advantage over erbium fiber lasers which is the other eye-safe fiber laser. Thus, a Tm
laser source providing ultrafast pulse trains with controllable polarization dynamics can be
a strong candidate for comparative measurements in optical metrology, Fourier-transform

spectroscopy and dual comb spectroscopy.
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The presented vector soliton dynamics with their inherent two orthogonal
polarization eigenstates lend themselves naturally to a design of a dual-comb laser source:
By incorporating two quarter-wave plates into a solid-state Nd:YAG laser, two
independent pulse trains with orthogonal polarization states [73] were demonstrated for
the first time, however for pulse durations around 20 ps. Upon insertion of a birefringent
crystal into an external cavity semiconductor based disc laser with pulse durations around
15 ps, the slight difference in the effective refractive indices for the fast and slow axis and
the resulting difference in repetition rate was utilized to generate microwave beat
combs [74,75].

A multi-pulse unidirectional Er fiber ring laser with simultaneous femto- and
picosecond pulse durations was demonstrated [76] and dual wavelength operation [77].
Exploring bi-directional propagation in a free-space Ti:sapphire solid-state ring laser [78]
and in a free-running erbium fiber ring laser [79], it was recently shown that dual
microwave beat combs could be generated due to the slight repetition rate difference of the
optical pulse trains. Vector soliton generation in a double external cavity with vertical-
cavity surface-emitting lasers has also been achieved [80] which can pave the way to
achieve unique vector soliton states in semiconductor lasers.

While this selective work on dual-comb sources based on vector solitons paves a
promising pathway towards compact single-sources for high precision spectroscopy, most
configurations rely on special birefringent cavity elements in a free-space alignment laser.
In this study, for the first time, we show an ultrafast vector soliton pulse train with

femtosecond pulse duration, which is composed of co-generated, consecutive, equal
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intensity and orthogonally polarized pulses, without requiring any external birefringent
materials. Instead, the fiber birefringence is adjusted with an inline polarization controller.
This novel vector soliton state is achieved when the PEF is locked at exactly half of the
repetition rate of the fiber laser. In this particular case, the vector soliton can be fully
decomposed into two independent and orthogonally polarized interlaced pulse trains with
similar pulse energy and pulse duration, which are co-generated in the fiber laser cavity.
However, due to inherent fiber birefringence, a slight repetition rate difference between the
orthogonally polarized counterparts is induced.

In this study, a successful generation of a wide-band dual microwave frequency
comb by the interference of the orthogonally polarized constituents of the frequency-halved
vector soliton state is shown. This marks the first demonstration of such a frequency half
state in a fiber laser cavity without the need for any external birefringent components and
without cross-coupling between pulses within the cavity. While the current implementation
with a thulium-holmium co-doped gain fiber in the 2 um wavelength regime is particularly
relevant for sensing and spectroscopy applications, the general concept can be applied to
any fiber laser design. Thus, this configuration can provide a practical and simple laser
source for dual comb spectroscopy that does not require complex feedback schemes since

both pulse trains originate in the same oscillator.
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3.2 Frequency-halved state analysis

3.2.1! Dual output ultrafast laser design

The linear laser cavity design is illustrated in Fig. 16(a): A 70 cm long thulium-holmium
(Tm/Ho) co-doped silica based single-clad gain fiber (TH512, from Coractive) is spliced
to a5 cm long passive fiber piece (SMF-28e +). The SMF fiber end of the cavity is directly
buttcoupled to a semiconductor saturable Bragg reflector (SBR, SAM-2000-20, from
Batop GmbH), for details compare [81].

The SBR features a modulation depth of 10%, a saturation fluence of 65 pJ/cm?
and a relaxation time of 10 ps with a peak modulation around a wavelength of 1960 nm.
The other end of the cavity is coupled to an output coupler (OC) with 10% transmission.
A single-mode cw Ti:Sapphire laser is focused into the gain fiber to pump the fiber laser
at a wavelength of 790 nm, corresponding to the peak absorption wavelength of the gain
medium.

The laser output signal is separated from light at the pump wavelength with an
external dichroic mirror (DM). The cavity is optimized for single-mode operation in an
anomalous dispersion regime (total group velocity dispersion of 0.11 ps?) so that ultrafast
pulses are generated based on soliton mode-locking operation in a self-starting operation
facilitated by the saturable absorber. An inline polarization controller (PC) is used to
control the net birefringence of the cavity. An external linear polarizer (LP) in the output
path decomposes the pulse train into its orthogonal polarization constituents, as depicted

in Fig. 16(b).
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Figure 16. (a) Design of the proposed mode-locked fiber laser. The linear
laser fiber cavity is composed of a section of 70 cm long Tm/Ho doped
single mode gain fiber and 5 cm of passive SMF-28e+, which is coupled to
the SBR. An inline polarization controller (PC) controls the cavity
birefringence. The output is obtained through a 10% output coupler (OC)
and separated from the pump light through a dichroic mirror (DM). A linear
polarizer is placed in the output pulse train to characterize the polarization
constituents of the mode-locked pulse train, as shown for the frequency-
halved state in (b).

3.2.2! Spectral and Power Analysis

Once the mode-locking threshold at 90 mW of coupled pump power is surpassed, mode-
locking (ML) operation is achieved in a self-starting, reproducible and turn-key fashion.
As shown in Fig. 17, a single pulsing ML state is achieved for a coupled power of 100 mW,

producing an average output power of 6 mW at intracavity pulse energies of 0.44 nJ. For
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the characterized state, the PC is adjusted such that the output signal features linearly

polarized scalar soliton pulses.

Figure 17. Optical spectrum of the proposed mode-locked ultrafast fiber
laser. The peak emission wavelength is at 1975 nm with a FWHM
bandwidth of 9.8 nm. The FWHM corresponds to 400 fs of transform-
limited solitonic pulses.

!

The optical spectrum (measured with an optical spectrum analyzer, Yokogawa AQ6375)
is centered at a wavelength of 1975 nm with a 3 dB full-width at half-maximum bandwidth
(FWHM) of 9.8 nm, yielding a transform-limited pulse duration of 400 fs, assuming a sech

shaped soliton. Characteristic Kelly sidebands of soliton operation are observed.
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3.2.3! RF spectrum Analysis

In Fig. 18(a), the fundamental laser repetition rate at 135.2 MHz is depicted, which matches
the overall length of the laser cavity (measured with a RF spectrum analyzer from Rohde
& Schwarz, FSUP50 and a 12.5 GHz photodetector Eotech ET5000). This high-resolution
bandwidth (RBW at 5 kHz) RF spectral trace shows a signal-to-background ratio greater
than 70 dB, without any polarization induced side peaks. A wider RF spectrum trace (RBW
of 50 kHz) is shown in Fig. 18(b) up to 25" RF harmonic, underlining a good stability of

the pulse train.
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Figure 18. (a) RF spectrum of the proposed ultrafast fiber laser at a
fundamental repetition rate of 135.2 MHz. The signal-to background ratio
is greater than 70 dB. (b) wide band RF spectrum up to 25" RF harmonic
peak.

60



3.2.41 Temporal Analysis

The temporal trace of the ML state is measured with a sampling oscilloscope (HP53480A),
cf. Figure 19: The pulse spacing is periodic at 7.4 ns, which corresponds directly to the
repetition rate of 135.2 MHz. Stable ML operation for longer than 24 hours was observed
combined with good reproducibility of the same ML state when operating the laser under

the same conditions.

Figure 19. The sampling oscilloscope trace of the proposed Tm/Ho mode-
locked laser with a 75 cm long cavity, corresponding to a pulse-to-pulse
period of 7.4 ns.
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3.3!  Frequency-halved state methodology

For a small range of polarization controller settings, scalar soliton states are achieved, as
previously shown [81,82]. However, since the fibers in the cavity feature a natural
birefringence, the majority of ML states for different PC orientation settings feature
elliptically polarized vector soliton trains. The level of the ellipticity, i.e. the distribution
ratio of the orthogonally polarized eigenstates in each pulse, is characterized by the
PEF [62]. The PEF is resolved after decomposing the orthogonally polarized components
with the external LP, which translates into the RF spectrum as an additional RF side-peak,
as seen in the second column of Fig. 20.

The evolution of the optical and RF spectrum of the vector solitons states with
respect to the PC orientation and setting is shown in Fig. 3. Here, the impact of the PC
rotation setting is captured in the following by the angle & which represents the twist
imposed on the fiber with respect to the natural position of the fiber. An almost linear
mapping between the PEF and the fiber twist & can be deduced based on the RF
measurements.

The novel state we report here is that the PC setting can be modified so that the
PEF is locked at the half of the fundamental repetition rate of the cavity, corresponding to
a maximum polarization rotation at every other pulse. What is unique in this particular state
is that both orthogonally polarized eigenstates feature the same amplitude, different from
elliptically polarized states. Since the PEF is locked exactly at the half of the repetition
rate, corresponding to 67.6 MHz, the orthogonal polarization eigenstates can be fully
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attributed to consecutive pulses.

Changing the angle of the LP confirms that each pulse solely is composed of only
one orthogonal eigenstate and the same polarization eigenstate repeats itself for every
second pulse, as illustrated in Fig. 16(b). The angle % of the external linear polarizer
represents one of the polarization eigenstates of this pulse train. In this case, an absolute
value of % = 54° is found which describes the amount of rotation of the LP in clock-wise
direction along the propagation direction of the pulses from an initial state where the lines
of the LP are vertical with respect to the optical table.

Thus, for an LP angle of % + 90° the same RF trace is recorded. Since two equal
intensity pulse trains are generated at half of the repetition rate whose polarization switches
between the two orthogonal eigenstates from pulse to pulse, we refer to this novel pulse

train as a frequency-halved state in the following sub-chapters.
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Figure 20. The evolution of the mode-locked vector soliton states with
respect to the angle adjustment of the inline polarization controller. First
column shows the optical spectrum with identical FWHMs for all states.
Second column shows the RF spectrum with altered PEFs.

3.4!  Frequency-halved state evolution

Figure 21 shows the detailed optical, RF and temporal spectrum of the frequency-halved
state for different external LP setting so that different projections of the orthogonally
polarized eigenstates are captured. The optical and RF spectrum without any
decomposition into eigenstates is shown in Fig. 21(a), yielding a 9.8 nm FWHM at a
repetition rate of 135.2 MHz. The sampling oscilloscope trace confirms the 7.4 ns
periodicity between pulses. With the introduction of the external linear polarizer, the
optical spectrum parameters of center wavelength, FWHM and Kelly sideband positions

all remain the same.
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When introducing the LP at the angle of %, as shown in Fig. 21(b), the resulting
pulse train is a linearly polarized pulse train with a repetition rate of 67.6 MHz. The uniform
RF trace verifies stability of the decomposed pulse train both in amplitude and time.
Similarly, for an LP angle of % + 90°, the measured signal is the orthogonal counterpart of
the other pulse train at a LP angle of %, shown in Fig. 21(c). In Fig. 21(d), the special case
is shown where the LP angle is adjusted to % + 45°. This results in a pulse train that contains
an equal decomposition of both orthogonal polarization eigenstates.

The pulse train features comparable RF and temporal properties as in the original
state without LP, cf. Figure 21(a), except that the eigenstates are decoupled. As discussed
in previous studies [67], since the polarization eigenstates are coupled to each other at the
rate of the PEF, introduction of a polarization sensitive element can lead to an inhibition
of any possible coherent energy transfer between the eigenstates of the pulses. This
phenomenon is confirmed by the sharp dip at the polarization induced side peak in the
optical spectrum around a wavelength of 1989 nm. This spectral dip is maximized for an
LP angle at % + 45° where the orthogonal polarization components have equal magnitudes,
as shown in Fig. 21(d). The coherent energy transfer is less significant for LP angles at %
and % + 90° since under those conditions, mostly single polarization eigenstates are

recorded.
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Figure 21. The optical, RF domain and temporal characterization of the
frequency-halved state proposed in the Tm/Ho mode-locked laser, (a)
without utilizing the LP. (b) LP adjusted at different angles of %,
corresponding to a linearly polarized pulse train. (c) LP at an angle of
% + 90°, corresponding to counterpart of the linearly polarized pulse
obtained in (b). (d) LP angle at % + 45°, resulting in an equal distribution of
the studied orthogonal polarization constituents.

The measured optical FWHM are almost identical for the projected polarization
eigenstates, changing only from 9.75 nm to 9.85 nm, which corresponds to a change in the
transform-limited pulse duration of 10 fs. The spectral locations of the polarization and
Kelly sidebands between Figs. 21(b) and 21(c) are in a good agreement with each other,
showing that the difference in the effective refractive indices for the fast and slow axes is
very slight. All the pulse trains reveal a signal-to-background ratio greater than 70 dB,

verifying the stability of each pulse train.
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3.5 Stability and Noise Performance

3.5.1! Intensity Stability

Further stability analysis of the frequency-halved state is performed with relative intensity
measurements, shown in Fig. 22(a). The relative intensity noise (RIN) measurements are
conducted with a photodetector (Thorlabs PDA10D from DC to 15 MHz), at an attenuated
optical power of 300 UW to avoid any possible saturation and nonlinear effects,
corresponding to an output voltage of 0.45 V for a 50 Ohm termination.

The RIN curves for each eigenstate combination are measured along with the
detector and RF analyzer floor. As the shot noise level for the given optical power level is
&155 dB, the noise measurements are not limited by the instrument noise floor. The rms
intensity fluctuations are calculated based on the RIN curves over a frequency interval of
10 Hz to 2 MHz, as shown in Fig. 22(b).

The scalar pulse train from Fig. 19 is characterized by a root-mean-square (rms)
intensity fluctuation of 0.14% (for a frequency interval from 10 Hz to 2 MHz). An upper
limit for the pulse-to-pulse timing jitter is found as 20 fs (for a frequency interval from 10
Hz to 1 MHz, measured at the fundamental repetition rate, but limited by contributions
from the instrument noise floor).

The frequency-halved state features an rms relative intensity noise (RIN) of 0.2%,
which is slightly higher than for the scalar soliton state. However, the decoupled eigenstate

combinations show lower rms intensity fluctuation values between 0.1% and 0.15%. This
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result shows that the relative intensity fluctuations in the pulse train are higher when there
is a coherent energy coupling between the polarization eigenstates. This offers new insights

and a potential pathway how to obtain ML pulse trains with better intensity stability.

Figure 22. (a) Relative intensity noise of the mode-locked state and its de-
composed variations. (b) calculated rms intensity fluctuations for the noise
frequency interval of 10 Hz to 2 MHz.
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3.5.21 Temporal Stability

For phase noise (PN) measurements, an attenuated optical power of 0.5 mW is focused on
the photodetector (ET5000) and the electrical signal is amplified to +10 dBm value. The
single sideband (SSB) PN analysis is performed for the fundamental repetition rates of

each pulse train, as shown in Fig. 23(a).

Figure 23. (a) Phase noise measurement of the mode-locked state and its de-
composed variations. (b) calculated rms timing jitters for the offset
frequency interval of 10 Hz to 2 MHz.
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The timing jitter is integrated over the frequency interval of 10 Hz to 2 MHz, where
the measurements are normalized with the corresponding repetition rate values, see Fig.
23(b). The frequency-halved state features an upper limit for timing jitter of 25 fs for the
given frequency interval. The timing jitter measurements also confirm the trend noticeable

in the RIN measurements that the decoupled pulse trains have slightly better PN stability.

3.6! Dual RF comb generation

3.6.1! Frequency Counting

The frequency stability of each polarization eigenstate in the frequency-halved state is
further analyzed with a frequency counter. Over a timespan of 100 s with the step size of
10 ms, the peak repetition rates are recorded with a frequency counter resolution of 100
mHz for each pulse train. As illustrated in Fig. 24, the histograms show frequency drifts of
110 Hz and 120 Hz for the peak repetition rates of 67,622,100 Hz and 67,622,610 Hz for
the orthogonally polarized pulse trains, respectively. These drifts can be explained by

thermal and mechanical fluctuations in the free-running laser cavity.
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Figure 24. Frequency counting of the de-composed orthogonally polarized
pulse trains over a frequency counting sampling size of 10000 showing the
width of the frequency drift.

From the histograms, the repetition rate difference is determined as 510 Hz for the
given frequency-halved state. The difference in the repetition rates is caused by the fiber
birefringence, i.e. the slight difference in the refractive indices for the slow- and fast- axis
of the single mode silica fiber. These frequency drifts are also confirmed by the Allan
deviation (2'10&7 for a gating time of 100 ms) derived from the timing jitter values given

in Fig. 23(b) for the short and long time spans, respectively.
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3.6.2! Optical interferogram Set-up

To generate an optical interferogram, the frequency-halved state is decomposed by a
polarizing beamsplitter, oriented at the angle of %, into its two orthogonally interlaced
polarized pulse trains with equal power. Since the pulse trains feature orthogonal
polarizations and are offset by one round trip time of the cavity, one pulse train is delayed

by the cavity round trip time of 7.4 ns to optimize the overlap for optical interference.

Figure 25. Schematic of optical interferogram set-up. A half wave plate and
a variable delay stage are utilized to maximize the interference among the
two orthogonally polarized interlaced pulse trains.
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As shown in Fig. 25, for the delayed pulse train, the polarization is rotated by 90°
with a half-wave plate (HWP) so that both pulse trains feature the same polarization
orientation. The pulse trains are combined in a fiber coupler and simultaneously focused

on the photodetector (Thorlabs PDA10D).

3.6.3! Wide band demonstration of the RF combs

The two resulting microwave beat RF combs in comparison to the fundamental repetition
rate signal are shown in Fig. 26, where the microwave background signal (denoted as
baseline) is due to the RF amplifier. This microwave beat signal is only generated when
the beams have the same polarization for a strong optical interference. Thus, in this case,
the optical frequency comb is directly down-converted so that the individual beat notes can
be measured in the microwave domain. With a 40 MHz low pass filter and DC block, the
signal contribution from the fundamental repetition rate and its harmonics is reduced and

the microwave comb signal is amplified with a +40 dBm RF amplifier.
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Figure 26. RF spectrum of the microwave beat comb generation after low-
pass filtering at 40 MHz and RF amplification.

3.6.4! High resolution demonstration of the RF combs

A high-resolution bandwidth RF trace (RBW = 10 Hz) of the beat combs is plotted in Fig.
27(a): The microwave beat combs are centered around 31.2 MHz and 36.4 MHz,
corresponding to the respective difference between the carrier-envelope offset frequencies

of the two pulse trains.
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Figure 27. (a) RF spectrum trace of the beat combs with a high-resolution
bandwidth of 10 Hz, (b) line resolved RF trace of the combs for a narrow
RF window of 3 kHz showing the individual line structure centered at a

frequency of 31.25 MHz.
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The individual line structure is shown for a narrow frequency interval of 3 kHz
centered at 31.254 MHz, as shown in Fig. 27(b). Here, the fine spectral lines with a
separation of around 510 Hz are resolved.

As the individual frequency drifts are much smaller than the repetition rate
difference of the interfered pulse trains, a continuous and stable microwave beat comb is
generated. The long-term stability of the beat combs is confirmed for a period over than 24

hours.

3.7!  Conclusions

In conclusion, we demonstrated a novel mode-locked operation regime, a frequency-halved
state, which is composed of co-generated, equal intensity and orthogonally polarized
interlaced pulses. In a compact, fiber-based linear cavity with an inline polarization
controller, we demonstrate that for a special polarization locked vector soliton state an
ultrafast pulse train is generated that is fully decomposable into its two orthogonal
polarization eigenstates.

This frequency-halved state is induced without requiring any active modulation,
any additional birefringent materials nor any specific stabilization schemes. As both pulse
trains are co-generated in the same laser cavity, good coherence properties are obtained
and common noise is reduced. As the two pulse trains at twice the round trip time are

interlaced with one round trip offset, no pulse crossing occurs within the cavity that could
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otherwise induce nonlinearities and cross-coupling.

Due to slight differences in the encountered refractive index for both orthogonal
polarizations, the two decomposed orthogonally pulse trains are characterized by slightly
differing repetition rates. This leads to a stable microwave RF beat comb generation when
optically interfering the two pulse trains.

Since the frequency drift of the orthogonal pulse trains is smaller than the repetition
rate difference, continuous and stable generation of wide bandwidth RF beat combs has
been achieved. The fine and dense RF lines of the combs, as well as the compact and single
source configuration, can make the proposed frequency-halved state a strong candidate for
comparative measurements in optical metrology and spectroscopic applications.

While most dual-comb spectroscopy set-ups rely on two individually generated
pulse trains, which need to be stabilized in complex feedback schemes, the demonstrated
interlaced pulse trains are generated directly from the same cavity, exposing both pulse
trains to the same drift and environmental fluctuations. Thus, this can provide an enabling
technology for dual-comb spectroscopy from a compact, fiber laser source without

requiring any intracavity free-space components.
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4.1 Controllable ultrafast waveform generation in Tm/Ho mode-locked fiber lasers

41! Introduction

Soliton mode-locked (ML) fiber lasers offer an alignment-free, compact and stable
platform for generating ultrafast optical pulse trains [51]. Single pulsing mode-locking at
the fundamental repetition rate in soliton lasers is usually limited to a certain pump power
range. Beyond that pump power threshold, multiple pulses [83-86] can be generated,
either in the form of bunched solitons, bound solitons, harmonically mode-locked pulses
or other transition states. Soliton energy quantization can lead to pulse splitting with
equidistant pulse spacing [87-90] for stable harmonic mode-locked (HML)
operation [59,60,91,91], which has been well recorded and studied in near-infrared
wavelength fiber lasers.

However, for fiber cavities without a polarizing element, orthogonal polarization
constituents can stably co-exist and propagate as a single entity in the form of a group
velocity locked vector soliton [59,67,82] or a polarization locked vector soliton [62,82,92]
due to the birefringent nature of optical fibers. Based on the cavity dynamics, a stable,
elliptically polarized pulse train with rotating polarization constituents can be obtained for
group velocity locked vector solitons, which have also been referred to as polarization
rotation vector solitons (PRVS) [63,68,93]. Such PRVSs are characterized by a
polarization evolution frequency (PEF) [62], which represents the periodicity of the

polarization evolution between individual pulses over multiple round trips. In the RF
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domain, the PEF can be measured as a sideband RF frequency offset from the repetition
rate that is linked to the rate at which the polarization ellipse evolves.

While vector solitons have been studied theoretically and experimentally and the
vector soliton nature in multi-pulsing regimes has been demonstrated [71,94], few studies
have focused on the polarization dynamics of vector solitons with a rotating polarization
ellipse in near-infrared wavelength lasers. A polarization resolved characterization
demonstrated bunched vector solitons in an erbium-doped (Er) fiber laser for the first
time [66] and the generation of PRVS in higher order HML states was recorded together
with bunched solitons and bound states depending on the polarization controller setting in
an Er ring laser [95]. Stable, precessing and chaotic polarization dynamics of vector
solitons in an Er fiber laser for HML operation were characterized by polarization
attractors [96].

However, more detailed studies of the vector soliton nature in harmonically mode-
locked systems can help improve the performance and stability of the laser cavities. While
these effects can in general be applied to various fiber laser systems, for thulium-doped
fiber lasers, vector soliton studies were solely conducted for fundamental mode-locking
operation [70] and stable bunched vector solitons [71] were recorded. By adjusting the
intracavity nonlinear polarization evolution, vector and scalar solitons were generated in
the same cavity [72]. In one of our recent studies, a unique vector soliton state was utilized
for dual comb generation based on a pulse train with orthogonally polarized pulses [97].

Thus, by conducting systematic studies in a thulium-doped soliton fiber laser, new

polarization evolution behavior is revealed. Also, thulium lasers [4] have emerged as an
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attractive source for LIDAR, gas spectroscopy, biomedical diagnostics and treatments, as
well as optical metrology.

In this project, we study the polarization dynamics in harmonically mode-locked
vector soliton states in a thulium/holmium (Tm/Ho) ultrafast fiber laser cavity. It is shown
for the first time that, for increasing pump power values, higher order harmonically mode-
locked states are stably induced without any transition states or instabilities. For a specific
birefringence setting, the HML states are characterized by the same PEF, enabling binning
of different numbers of femtosecond pulses with periodicities set by the PEF. Thus,
temporal tuning at multiples of the repetition rate and intensity modulation of ultrafast
pulse trains with different periodicities is achieved. In addition, we report a novel vector
soliton state whose polarization evolution is characterized by two distinct PEFs leading to
a more intricate pulse train.

The theoretical analysis of the modulated pulse trains is also presented and a close
agreement with the experimental results are achieved. Detailed relative intensity noise
characterization is performed for the first time in HML PRVS, confirming low integrated
noise performance <0.4%.

The combination of HML and PRVS can pave the way for temporal and intensity
modulation of femtosecond pulse trains without utilizing any external modulators or
reference signals. This concept presents a straightforward alternative for femtosecond pulse
train shaping compared to systems utilizing spectral de-multiplexing [98-101], and
multiple soliton interaction by injection of additional pulse trains or cw light [102-105].

Overall, the presented results can fuel potential applications in fiber optical
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communications, polarization based de-multiplexing schemes and advanced optical

communication systems.

4.2!  Experimental set-up

A Tm/Ho-doped soliton linear fiber laser cavity with singlemode operation is presented.
The laser cavity, similar to previous configurations [81], shown in Fig. 28, is optically
pumped at a wavelength of 1565nm from an Er doped fiber amplifier (EDFA) seeded with
a narrow-linewidth cw fiber laser source. The pump light is transmitted through a dichroic
mirror (DM), which serves to separate the pump light from the output femtosecond pulse
train. The laser cavity consists of a 10% output coupler (OC) and a single mode Tm/Ho
doped gain fiber (TH512, from Coractive) spliced to a short section of passive fiber (SMF
28e+), which is connected to a saturable Bragg reflector (SBR, SAM- 2000-20, from Batop
GmbH). The SBR features a modulation depth of 10%, a saturation fluence of 65 pJ/cm?

and a relaxation time of 10 ps.
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Figure 28. The schematic of the proposed Tm/Ho doped single-mode
ultrafast fiber-based laser design with polarization resolved output. The net
cavity birefringence is controlled with the utilization of an in-line
polarization controller (PC).

The total fiber cavity length is 130 cm. Since the fibers used are non-polarization-
maintaining and the cavity is designed without a polarization discriminating element, the
ML operation is subject to generating vector solitons. An in-line polarization controller
(PC) is embedded into the fiber laser cavity to control the net cavity birefringence. Both
gain and passive fibers are characterized by anomalous dispersion for the emission
wavelengths (total group velocity dispersion of 70.18 ps? for a wavelength of 1960 nm)
for soliton ML operation. The elliptically polarized ML output is projected via an external

linear polarizer onto a linear polarization.
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4.3!  Optical and RF Spectral Analysis

Figs. 29(a)-(b) show the characterization of single-pulsing ML operation for the cavity.
The ML threshold is at 90 mW of coupled pump power. Self-starting and stable single-
pulsing ML operation is achieved for coupled pump power values up to 120 mW. Fig.
429a) displays the optical spectrum of the ML operation for a coupled pump power of 105
mW with an average output power of 6.1 mW.

The ML spectrum is centered at a wavelength of 1961 nm with a full-width at half
maximum (FWHM) of 7.2 nm, corresponding to a transform-limited sech shaped pulse
duration of 550 fs. Fig. 29(b) and the inset feature the radio frequency (RF) spectrum of
the optical ML pulse train (from a photodetector EOtech 5000). The fundamental repetition
rate of the ML pulse train is 77.5 MHz, matching the total cavity length as well as
oscilloscope measurements with a pulse spacing of 13 ns. High signal to background ratio
levels larger than 70 dB for the fundamental RF peak, measured with a resolution

bandwidth (RBW) of 10 kHz, and uniform RF harmonics confirm the stable pulsing.

83



Figure 29. (a) Optical spectrum of the ML state with a peak emission
wavelength at 1961 nm. The full width half maximum is found as 7.2 nm,
corresponding to 550 fs of transform-limited solitonic pulse durations. (b)
RF spectrum of the fundamental repetition rate at 77.5 MHz with signal to
background ratio greater than 70 dB under a RBW of 10 kHz. The inset
shows the wide band RF spectrum of the mode-locked pulse train up to 30™
harmonic under a RBW of 100 kHz.
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4.41  Harmonic Mode-locking Operation

When increasing the coupled pump power beyond a value of 120 mW for the single-pulsing
ML regime, multiple pulse formation is observed, where pulses are no longer necessarily
distributed symmetrically within the cavity. However, for specific settings (limited angle
range) of the intracavity polarization controller and thus a specific range of birefringence
values, continuous increasing of the pump power induces higher harmonically mode-
locked states. Once a HML state is generated for a given intracavity polarization controller
setting, other higher harmonic states are achieved by solely increasing the pump power

without any additional adjustments of the polarization controller.

Figure 30. Repetition rate and output power for the increasing coupled
pump power values up to the 6 harmonically mode-locked state up to a
repetition rate of 464.8MHz. The measured output power values and
repetition rate values are shown by red dots and the black line, respectively.
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In Fig. 30, the measured output power values and the repetition rates up to 6th HML
state are shown and discrete transitions between harmonically mode-locked states are
observed in a ladder structure. Once a certain pump power threshold is passed, the laser
jumps directly from one HML state into the next higher order HML state without any
instabilities in between or any transition regime. This occurs for almost every 45 mW of
added pump power, and generation up to the 8th harmonic has been observed.

While the HML states can be induced reproducibly, the presented data is measured
by starting from a pump power value corresponding to the highest harmonic and then
decreasing the pump power values. Repetition rates up to 464.8 MHz are achieved for the
6th harmonic, corresponding to a pulse spacing of 2.2 ns. The output power increases
monotonically from 4.3 mW in the fundamentally mode-locked state up to 28.6 mW for
the 6th HML state. The intracavity pulse energy supported for each HML state ranges from

around 0.55 nJ to 1.05 nJ.
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Figure 31. Optical spectrum of the harmonically mode-locked states up to
the 6™ harmonic for the same output pulse energies of 90 pJ.

The optical spectrum for each HML state is shown in Fig. 31, for respective pump
power levels so that the output pulse energies are 790 pJ for each state. The FWHM, center
emission wavelength and spectral shape and sideband positions remain fairly constant,
confirming similar properties of the pulses in each HML state.

The RF spectral traces for each HML state up to the 6™ harmonic are shown in
Fig. 32 with signal to background ratios for the fundamental RF peaks higher than 60 dB
for a RBW of 10 kHz. The insets show uniform RF traces up to 5 GHz, confirming the
stable pulsing operation for each state with a supermode suppression higher than 30 dB.
RF and oscilloscope traces indicate that self-organized soliton pulses are circulating in the

laser cavity that are essentially equally spaced temporally.
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Figure 32. (a)—(e) RF spectrum of each harmonically mode-locked state
featuring signal to background ratios greater than 60 dB with a RBW of 10
kHz. The repetition rates are found as 154.9 MHz, 232.4 MHz, 309.9 MHz,
387.4 MHz and 464.8 MHz for the 29, 3, 4t 50 and 6™ harmonically
mode-locked state, respectively. The wide band RF spectrum for each state
is shown in the insets.
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4.5!  Modulated ultrafast pulse train generation

In this project, we focus on the characterization of harmonically mode-locked states with
polarization rotation vector solitons. These group velocity locked vector soliton pulses are
equally distributed within the cavity and are characterized by a polarization evolution
frequency that is specific for each laser cavity setting and constant with long-term laser
operation. For a given polarization controller setting, increasing the pump power will
generate HML states with equidistant pulse spacing.

To study the polarization dynamics, an external linear polarizer is included in the
output beam path. The orientation of the linear polarizer is kept at an angle where the
optical power is maximized, corresponding to the projection of one of the orthogonal
polarization components. Thus, all HML states are analyzed with regards to the same
polarization state.

Fig. 33 shows the RF and oscilloscope traces of each HML state for the projected
linear polarization component of the PRLVS states. Since the polarization dynamics of the
vector solitons are dependent on birefringence, the PEF can be controlled by the
polarization controller embedded in the laser cavity. For this particular laser configuration,
it is found that a PEF with a value of 724 MHz can lead to the generation of stable HML
states. By fixing the setting of the polarization controller and then increasing the pump
power, it is found that the PEF remains constant for each HML state. High resolution RF
traces show that the PEF peaks are as narrow as the repetition rate peak, confirming that

the polarization evolution is stable and constant over the pulse train.
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Figure 33. (a)-(e) Polarization resolved RF and oscilloscope traces (dark red
— experimental, green-theoretical) for each HML state for the 130 cm long
fiber laser cavity. The polarization evolution frequencies are the same
(124.1 MHz) for the given PC angle.
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In Fig. 33(a), the ratio between the repetition rate of the 2nd HML state and the
PEF is equal to a value of 6.4. This value represents an upper limit for the number of integer
pulses that are modulated within one full evolution of the polarization evolution. Thus, in
the corresponding oscilloscope trace, N = 6 pulses are binned together and provide the
periodicity within an intensity modulation envelope. Since the PEF is not a full integer
fraction of the repetition rate, the orthogonal polarization eigenmodes feature non-zero
values and between two consecutive sinusoidal modulation envelopes, corresponding
individual pulses have slight differences in intensity.

Since the PEF is similar for each HML state, the binning of pulses into the full
rotation period of the polarization monotonically increases with each HML state. For each
HML state, another additional three (or four) pulses are binned together so that the 3rd
HML state features a periodicity of N = 9 pulses with up to N = 19 pulses for the 6" HML
state. The modulation depth for binning of the pulses into the PEF is higher than 64% for
our experiments and can vary slightly based on the external linear polarizer setting. In order
to validate the experimental results with an analytical approach, the polarization evolution
of the photodiode intensity is modeled based on a sinusoidal function [62].

The modulated pulse intensity can be described by the following expression:

f# ", Ti"TA'6013G6Ky55 70" . (4.5.1)

Here, % denotes the intensity coefficient based on the relative strength of the PEF to the

main RF peak, which is determined experimentally from Fig. 33 with % = 0.985 f 0.005.
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The variables t and feer characterize the time and the polarization evolution
frequency, respectively. The theoretical results are shown as dotted green lines representing
the modulation envelope in the oscilloscope traces in Fig. 33. A strong agreement between
the analytical envelope and the measured pulses is obtained (better than <4% averaged
pulse-by-pulse intensity difference), where small discrepancies can be due to the limited

oscilloscope speed and averaging effects.

4.6!  Theoretical and experimental analysis of modulation depth

For a broader perspective on the effect of the net cavity birefringence and the cavity
parameters on the intensity modulation, the polarization controller settings and
birefringence in the cavity is varied. The presented PEF forms a singular solution where
stable mode-locking across all harmonics can be achieved. Within a limited birefringence
range, the PEF can be adjusted by 50-100 kHz. For the remaining polarization controller
angles and settings, predominantly stable multi-pulsing states are observed without
equidistant pulse spacing.

Tunability of the PEF can be achieved by controllably adjusting the coupling
between the SBR and the corresponding fiber tip. Under these conditions, the center
wavelength of the optical spectrum (compare [81]) can be tuned while the spectral shape
is maintained. When the optical spectrum is shifted over a wavelength range of 6.2 nm, the
PEF can be modified up to a maximum value of 1.15 MHz before the mode-locking quality

deteriorates. For shorter optical center wavelengths, a larger PEF value is found.
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Figure 34. The experimental and theoretical modulation depth analysis for
the ultrafast pulse trains depending on the PEF. The PEF tuning is achieved
by controlling the coupling of the SBR. A maximum modulation depth
change of 7% is observed for a PEF variation of ~1.15 MHz.

In Fig. 34, the modulation depth over the measured tunability range of the PEF is

compared to the analytically calculated modulation depth for the same respective values.
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In both cases, the minimum modulation depth/ lower bound value is presented. Changes in
the SBR coupling can affect the net cavity birefringence and the repetition rate due to slight
differences in the overall cavity length.

However, over the range of interest, the repetition rate changes by less than 20 kHz
and can thus be neglected compared to the shift in the PEF. Tuning of the PEF induces
changes in the modulation depth, up to a value of 7%, as the modulation depth depends on
the ratio between the repetition rate and the corresponding PEF. Strong agreement between
the analytically derived data points and the measurements is illustrated. In addition, it can
be seen that the laser automatically converges into stably harmonically mode-locked states

close to the maximum modulation depth values.

4.7"  Second laser cavity design for the validation of the concept

To validate the observed results, the polarization dynamics of a second fiber laser cavity
are characterized. A 150 cm long cavity with the same gain and passive fiber types is
designed with a 67.2 MHz fundamental repetition rate. The laser efficiencies and
generation of HML states follow similar trends as shown in Fig. 31.

However, the pump power thresholds are slightly higher (single pulsing mode-
locking regime for coupled pump power values from 95 mW to 110 mW) due to the longer
gain fiber experiencing some reabsorption effects. Instead of fixing the polarization
controller setting, the PC is adjusted for each HML state with the aim to maximize the

supermode suppression in the RF trace. Similarly, it is found that there is only a limited
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range for which stable higher order harmonic mode-locking with equidistant spaced pulses

IS supported.

Figure 35. (a)-(b) Polarization resolved RF spectrum and oscilloscope traces
(dark red — experimental, green — theoretical) for the 3@ and 6" HML states
for the 150 cm long fiber laser cavity. Number of binned pulses of N = 6
and N = 13 into the whole polarization rotation, respectively.

In Fig. 35, the polarization resolved RF and oscilloscope traces for the 3rd and 6th
HML states are shown for the 67.2 MHz fiber laser. Even with additional polarization
controller adjustment, the PEF converges towards a similar value that is specific for each
laser configuration. For the 3rd HML state (at a repetition rate of 203.1 MHz) N = 6 pulses
are binned within one polarization evolution period for a PEF of 30.6 MHz. Likewise, for
the 6th HML state at a repetition rate of 406.2 MHz a periodicity in the temporal pulse train
is described by N = 13 for a PEF of 30.3 MHz. While similar PEFs have been observed in
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the same laser cavity for a specific alignment, the temporal modulation periodicity is not
always as clear as in the discussed cases so far. This is presented in Fig. 36 (a) where the
RF spectrum features two sets of RF sidebands offset by 29.6MHz and 36.5MHz from the
repetition rate for the 2nd HML state of the 150 cm fiber laser cavity with a 67.2 MHz

repetition rate.

Figure 36. (a) Polarization resolved RF spectrum and (b) oscilloscope trace
of the 2" HML state for the 150 cm long fiber laser cavity. Two different
PEFs are measured at 29.6 MHz and 36.5 MHz leading to an intricate
modulation. (c) Theoretical solution of the modulated pulse train based on
the superposition of two sinusoidal functions.

While the second set of RF sidebands in Fig. 35(a) and (b) is >20 dB lower than
the other PEF peak in intensity, the second set of RF sidebands in Fig. 36(a) is 79.8 dB
lower than the PEF peak. This hints at a non-negligible contribution to the polarization
evolution of the vector solitons. Thus, the resulting projection of the elliptically polarized

pulse train on the given linear polarizer setting in the output features a more intricate
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intensity modulation with two different PEFs contributing. For changes in the external
linear polarizer setting, both PEF contributions decrease or grow simultaneously, keeping
the relative intensity difference of 16 dB constant. For the two PEFs, the ratio between the
repetition rate of 135.4 MHz and the PEFs amounts to 4.6 and 3.7. Thus, the polarization
resolved pulse train, shown in Fig. 36(b) can be interpreted as being modulated by the
superposition of two corresponding sinusoidal functions with different PEFs, which results
in a more complicated pulse train. The calculated pulse train from our theoretical model
based on the superposition of two sinusoidal functions with their respective intensities,
corresponding to the two PEFs is plotted in Fig. 36(c):
YU
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with n being an integer number representing individual pulses in the pulse train (compare
[17]). The intensity modulation and the pulse binning matches well the polarization
resolved measured output in Fig. 36(b). Based on this evaluation, any second set of RF
sidebands with less than 715 dB difference to the main PEF peak ( 72.4% difference in
intensity) can start influencing the sinusoidal modulation from a single PEF and lead to
more complex pulse modulation patterns. This straightforward analytical approach can be

used to design arbitrary waveforms based on spectral and intensity parameters of the PEFs.
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4.8! Intensity stability of the generated ultrafast waveforms

To demonstrate the long-term stability of the generated pulse trains, relative intensity noise
(RIN) measurements are performed for the harmonically mode-locked states. All
measurements are conducted for the same optical power levels (attenuated to 7400 pW)

impinging onto the photodetector (Thorlabs PDA10D, DC to 15 MHz).

Figure 37. The relative intensity noise of each harmonically mode-locked
state with the detector and instrument noise floors (the gray line denotes the
shot noise level) for the noise frequencies between 10 Hz and 2 MHz.

In figures 37 and 38, the RIN and the corresponding integrated root-mean-square
(rms) intensity fluctuations of each HML state are shown. The shot noise level (calculated
with respect to the optical input power), detector noise (measured without any optical
power input) and instrument noise floor (measured without any circuitry connected to the

signal analyzer) are all lower than the RIN of the HML states, confirming that the
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measurements are not limited by instrumentation. For the frequency interval of 10 Hz to 2
MHz, the RIN levels for all the harmonics are almost similar, with only slight increases for

each higher harmonic state, cf. Fig. 37.

Figure 38. The calculated integrated rms intensity fluctuations of the
harmonically mode-locked states for the noise frequencies between 10 Hz
to 2 MHz.

The corresponding integrated rms intensity fluctuations for the same frequency
interval are given in Fig. 38, showing that the overall fluctuations are lower than 0.4% for
the free-running lasers. The fundamentally ML laser features an rms RIN of 0.22% which
increases for the 2nd HML to 0.27% and up to 0.39% for the 6th HML state. Phase noise
measurements confirm the equidistant spacing between consecutive pulses and the timing
jitter for all harmonically mode-locked states is smaller than 50 fs for the interval of 10 Hz

to 2 MHz.
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49!  Conclusions

In conclusion, we studied the polarization rotation dynamics of vector solitons in
harmonically mode-locked fiber lasers to achieve a temporal and intensity modulation of
the ultrafast pulse trains without any external modulator. Compared to some other laser
cavities that require a careful adjustment of the polarization state to induce harmonic mode-
locking [91,106], in the presented system the harmonic mode-locked operation is
reproducibly initiated for higher pump powers for a specific range for the intracavity
polarization controller setting.

The same polarization evolution frequency is reported for all measured higher
harmonically mode-locked states, indicating that the net birefringence in the cavity does
not change. The intensity and temporal modulation of the femtosecond pulses are achieved
by the decomposition of the orthogonal polarization constituents of the vector solitons. For
higher HML states, more pulses are binned into the same full polarization rotation, thus
increasing sampling points within the same modulation envelope. It is also observed that
with adjustment of the intracavity polarizer settings, the HML states tend to converge
towards similar PEFs for different harmonically mode-locked states, and thus a singular
solution. Modification of the cavity parameters based on coupling of the saturable absorber
mirror or the fiber configuration can lead to different stable PEFs within a certain range for
the same fiber laser, which provides a tuning mechanism for different modulation depths.

This indicates that from a global optimization perspective for all supported HML

states, only limited stability points or attractors exist. Based on the number of RF sidebands
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and their ratio, it is reported that more intricate modulation schemes can be induced. A
novel vector state with two PEFs is presented, leading to a more complex pulse train
modulation. Analytical studies show a close match with the measured modulated pulse
trains and provide a global perspective on the modulation parameters.

All the HML states show similar low relative intensity noise levels confirming the
high stability of the modulated pulse trains. While these studies are conducted in a compact,
single-mode Tm/Ho doped fiber laser in a linear cavity configuration for soliton mode-
locked operation, this concept can be translated to any other fiber laser system. For the first
time, the evolution of PEFs between harmonically mode-locked states is linked, which can
be used for improved laser performance and enhanced designs. The presented technique
for the generation of the temporally and intensity modulated femtosecond pulse trains can

be an attractive tool for advanced optical communication systems.
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5.! Controllable extreme optical pulsation in Tm/Ho mode-locked fiber lasers

5.1! Introduction

Passively mode-locked fiber lasers have attracted significant scientific attention during the
past decades as a compact and highly stable platform to explore novel ultrafast
phenomena [51,52,55]. Since passively mode-locked fiber lasers employ a rich set of
optical effects such as gain and loss dynamics, group velocity dispersion and nonlinearities
during their operation, numerous unprecedented ultrafast pulsation schemes have been
explored beyond the conventional stable solitonic pulses with equal intensities and uniform
temporal distribution. More disordered ultrafast pulses and pulse trains have been achieved
by the studies including polarization disorder [107], stochastic pulsation [86], noise like
pulses [108,109], rogue waves [110], and soliton molecules [66,111], rains [112,113],
bunching [114,115] and explosions [116,117]. The increased disorder is caused by
operating the mode-locked fiber laser in a dissipative regime that the pulses undergo
significant amplitude shaping before their final form obtained [118]. Noise-like
pulsation [108,109] can be achieved through the strong manipulation of the cavity loss
profile, resulting in quasi-stable pulses with a wide pedestal formed in the autocorrelation
traces due to a coherence spike. The encountered enhanced nonlinearities generally lead to
wider optical spectrum bandwidth. Soliton condensation, including the generation of
soliton molecules [66,111],rains [112,113], bunching [114,115] and explosions [116,117],

generally emerges from extended noise background from pronounced nonlinearities and
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the manipulation of the overall cavity loss profile. These condensed states can lead to the
generation of solitons composed of either paired or aggregated pulses. These changes in
the intrapulse shaping can be imprinted on the optical spectrum as fringes or additional
side peaks, and deviation from the conventional sech or parabolic spectral profile,
dependent on the overall net cavity group delay dispersion. Further, their autocorrelation
traces usually feature wide pedestals or wings.

The level of disorder in the pulse train can be further elevated, reaching chaotic
pulsation with similarities to optical rogue waves (RWs). RW were first observed and
characterized in oceanography as giant ocean waves exhibiting at least two times higher
amplitudes than the surrounding average waves [119]. The occurrence of extreme events
in a stable solution set is well described in dynamical-statistical theories including the
effects of modulational instabilities [120], linear space-time focusing [121], optical
feedback leading to bifurcations [122] and weak nonlinear attractors [123]. Since optical
fibers are an attractive test beds for enhanced nonlinear effects, RW behavior in optical
signals have been widely studied [124-128]. Optical RW generation has also been
achieved in nonlinear optical cavities [129] and Raman fiber amplifiers [130]. Optical
RWs have also been observed in passively mode-locked fiber lasers, which all featured
ring cavity configurations, generated by different mechanisms including soliton explosions
and collisions [131,132], chaotic pulse bunching [115], enhanced Raman dynamics [128]
and spectral filtering [133]. Optical RWs can form an interesting operational regime to
better understand the complex and rich nonlinear dynamics of mode-locked lasers and

enhance performance stability of new laser cavity designs.
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While seminal research on optical RW generation has been presented in
erbium [115,131,132] and ytterbium [124,133,134] based mode-locked fiber lasers, only
selective studies have been conducted in thulium (Tm) fiber lasers [135]. Since Tm based
laser fibers provide a broad emission wavelength in the eye-safe region, from 1.7 um to
2.1 um, they have become in demand for numerous applications including LIDAR, remote
sensing, optical metrology, nonlinear mixing [27] and biomedical surgeries and
treatment [4,97]. Thus, our focus in this paper is to study induced chaotic states in a thulium
fiber laser system. Since ring cavity configurations have been exclusively investigated in
previous studies regarding extreme events in mode-locked fiber lasers, the repetition rates
usually hovered around the order of tens of MHz. In this study, for the first time, we present
the generation extreme optical pulsation in a mode-locked linear cavity laser at a repetition
rate of 135 MHz. This is a factor of 7.86 higher than in previously demonstrated ring cavity
lasers with repetition rates up to 17.2 MHz which were chosen to increase the effect of the
weak nonlinear attractors [115]. The optical extreme events can be partially attributed to
modulational instabilities caused by the excessive intracavity power which does not
contribute to the ultrafast pulse formation due to the gain and soliton pulse dynamics. The
laser cavity includes a longer gain segment, so that overall reabsorption of the laser light
is more pronounced, resembling a more dissipative system. The level of extremities is
controlled with the manipulation of the net cavity birefringence. Further, the ultrafast
pulses in the chaotic regime do not feature any soliton condensation (i.e. bunching,
explosions or collisions) nor noise like pulsing. Instead, the conventional solitonic pulse

shape is preserved. The level of the chaos (the occurrence of the extreme events) is
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reproducibly controlled by employing an inline polarization controller in the fiber laser
cavity. For the first time, in order to further understand the effect of the molecular laser
transitions in the extreme event generation process, the noise characterization of the optical
extreme states in a mode-locked fiber laser is performed in great detail. This extreme
optical pulsation regime also shows resemblances with rogue wave behavior based on a
statistical behavior. We believe that the generation of controllable chaotic states in a
compact Tm based mode-locked fiber laser can pave the way towards the design of novel
laser systems for burst pulse applications, can improve laser noise and stability operating
regimes based on fundamental insights into the cavity dynamics. Moreover, the optical
system can serve as a testbed for controlled generation of chaos and can thus contribute to
insights into the underlying mechanisms beyond the occurrence of extreme events in

optical sources but also ocean waves.

5.2 Experimental Setup

In order to achieve transitional chaotic states (TCs), a 75 cm long fiber laser cavity is
constructed, as illustrated in Fig. 39. The linear fiber laser cavity includes a Tm/Ho doped
silica based single-clad fiber (70 cm TH512, from Coractive) as the gain medium. A
passive fiber segment (5 cm SMF-28e+) is spliced to the gain segment that is coupled to
the saturable Bragg reflector (SBR). Self-starting mode-locked (ML) operation is induced
by the SBR. The SBR (SAM-2000-20, from Batop GmbH) features a peak saturable

modulation at a center wavelength of 1960 nm with a relaxation time of 10 ps. The selected
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SBR has relatively high saturation fluence of 65 pJ/cm? and a modulation depth of 10%.
These high values can support more pronounced intensity fluctuations in the fiber laser
cavity. The fiber cavity is optically pumped at the peak absorption wavelength of the gain
fiber, corresponding to a wavelength of 790 nm. The pump source is provided by a cw
Ti:Sapphire laser. The pump light is directly focused into the gain fiber core through an
aspheric lens. An output coupler (OC) is coupled to the gain fiber segment of the cavity for
an output coupling ratio around 10%. An external dichroic mirror (DM) serves to separate
the different wavelengths of the pump and laser light. In order to control the net cavity
birefringence, an inline polarization controller (PC) is utilized on the gain fiber segment of
the cavity. The conventional solitonic ML operation is ensured by a net anomalous group

velocity dispersion of -0.11 ps? in the cavity.

Figure 39. Proposed Tm/Ho doped mode-locked linear cavity fiber laser
configuration. The cavity birefringence is manipulated with an inline
polarization controller.
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5.3 Characterization of the mode-locked and transitional chaotic states

Based on the coupled pump power, the ultrafast laser operates in different regimes: The
fiber laser features an initial cw lasing threshold of 21 mW. The fiber laser operates in cw
and g-switched pulsing states for the coupled pump power levels below the ML operation
threshold of 90 mW. For these states, the laser experiences either a noisy continuous or
irregular longer pulse duration output. Stable single-pulsing ML operation is reproducibly
achieved in a self-starting manner for pump power values beyond the ML threshold until
the coupled pump power exceeds 115 mW. However, contrary to the conventional ML
laser studies, the multi-pulsing state with the equi-temporal pulse spacing (known as
harmonic mode-locking (HML) regime) is not observed until the coupled pump power
levels are increased to 180 mW where the output power is approximately twice the ML
threshold. This agrees with prior observations [88],where generation of transitional states
between single- and multi-pulsing regimes have been observed. Between the single-pulsing
and harmonically ML states, the laser switches into an intermediate state, which will be
defined as the transitional chaotic (TC) states for this study. The TC features a single-
pulsing ML state with strongly pronounced amplitude fluctuations, despite its average
output power showing an almost linear growth with respect to the increase in the coupled
pump values. The progression of the average laser output power with respect to the coupled

pump power levels is shown in Fig. 40(a).
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Figure 40. (a) Different operational regimes encountered in the laser cavity
with respect to the coupled pump power levels. (b) The comparison between
the optical spectrum of the ML and TC states. TC state features a
significantly broader bandwidth compared to the ML state.

The evolution of the optical spectrum from the single-pulsing ML to TC states is
shown in Fig. 40(b). The ML state is studied for a coupled pump power of 105 mW
providing an average output power of 6.8 mW. The optical spectrum of the ML state has a
peak emission wavelength of 1970 nm with a full width half maximum (FWHM) of 9.9
nm, corresponding to a transform-limited pulse duration of 410 fs. The conventional
solitonic sech shape optical spectrum is maintained until the laser switches in to the TC
state. The TC state features a much broader optical spectrum with a wider FWHM of 16.1
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nm, when pumped with a coupled power level of 150 mW, which would indicate shorter
pulse durations. The optical spectrum of the TC state continues to resemble most closely
to a sech shape, as the profile is wider than a Gaussian and narrower than a parabola. Both

the ML and TC states feature characteristic Kelly sidebands due to periodic perturbations.

Figure 41. The comparison between wide band RF spectrum (a-b) and RF
spectrum of the fundamental repetition rates (c) of the ML and TC states.
The TC state has a fluctuating wide band RF spectrum. The fundamental
RF peak of the TC state features a wide pedestal indicating increased
temporal pulse-to-pulse instabilities.

The wide band RF spectral comparison of the ML and TC states are shown in Fig.

41(a) and Fig. 41(b). While the ML state features a conventional uniform and equal
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intensity distribution of the higher RF harmonics, the RF spectrum of the TC state is
characterized by intensity fluctuations on top of the conventional RF peaks. These
fluctuations imply an overall intensity fluctuation is experienced by the ultrafast pulse train
in the TC state. The analysis of the RF trace of the fundamental repetition rate at 135.2
MHz, matching the 75 cm long cavity, as shown in Fig. 41(c), features a marked difference
between both states: the TC state features a wide pedestal around the RF peak, while the
fundamental RF trace of the ML state has a single peak with a signal to background ratio
greater than 70 dB. The lower signal to background ratio of ~35 dB still confirms the
formation of ultrafast pulsation for TC state, while the wide pedestal indicates the increased

pulse-to-pulse jitter.
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Figure 42. The comparison between the long-range oscilloscope traces (a),
and the interferometric autocorrelation traces (b-c) of the ML and TC states.
A strongly fluctuated ultrafast pulse train is observed for the TC state. The
TC state is composed of significantly shorter ultrafast pulses, confirming
the wider optical spectrum compared to the ML state.

Long range temporal characteristics of the ML and TC states are given in Fig. 42(a)
for a time span of 100 !s, including more than 13,500 femtosecond pulses. The ML state
has conventional uniform and equal intensity distribution of the ultrafast pulses with a
periodicity of 7.4 ns, agreeing well with the fundamental repetition rate. The TC state still
maintains the single-pulsing formation, though a strong intensity fluctuation is clearly
visible.

The single pulse temporal characteristics of ML and TC states are measured with a
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custom-built interferometric autocorrelation (IAC) configuration, cf. Fig. 41(b) and Fig.
41(c). The ML state has an IAC trace yielding 465 fs long sech pulses with a minimum to
maximum intensity ratio of 1/8. The TC state features a short pulse duration of 342 fs,
while the intensity fluctuations slightly deteriorate the average autocorrelation response
from the pulse trains. The IAC trace for the TC state does not show any pedestals and
wings, which rules out any formation of noise-like pulses or soliton condensation (i.e. in
the form of soliton bunching, molecules or explosions). Also, the IAC features a similar
intensity profile to the ML state which is broader than a corresponding IAC trace of a
Gaussian pulse, indicating that the pulse profile has not deviated significantly from the

sech shape.

5.4  Route to extreme optical pulsation

The proposed fiber laser configuration has an energy gap where multi-pulsing states are
not supported when the pump power is increased beyond the upper limit of the single-
pulsing ML operation. The lower and the upper bounds of the supported pulse energy levels
in the laser cavity are dictated by the saturation threshold of the SBR and the combined
gain emission bandwidth of the cavity elements, respectively. Unique to the studied
configuration, the single-pulsing regime does not extend up to a level where enough
intracavity pulse energy is accumulated to split into two pulses with energies corresponding
to the ML threshold. This can be deduced from Fig. 41(a), which indicates that a minimum

of 90 mW of coupled pump power is required to achieve ultrafast pulse formation whereas
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the allowed upper limit for steady-state solitons within the cavity is 115 mW.
Consequently, a harmonically mode-locked multi-pulsing state that is governed by soliton
energy quantization does not exist for pump power levels between 115 mW and 180 mW.
Thus, TCs states are observed between the single-pulsing and multi-pulsing ML regimes.

These TC states thus feature an excessive intracavity energy beyond the soliton
formation energy, which results in the intensity fluctuations superimposed on a stable pulse
train, cf. Fig. 42(a). Since this additional power will be coupled to either a cw wave or an
irregular g-switching pulsation, significant increase in the pulse train instability is

expected.
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Figure 43. The evolution of the optical spectrum for the TC states under
different net cavity birefringences at the PC angles of 0°, 30°, 60°, and 90°.
The optical spectrum undergoes significant changes for different PC
settings.

Since the energy gap sets a global limit, it is predicted that the net cavity
birefringence influences the TC states without any formation of multi-pulsing states. To
investigate the dynamics of TC states under different birefringence levels, an inline PC is
incorporated on the gain fiber segment. The optical, RF spectral and temporal properties
of the ultrafast pulse trains are shown in Fig. 43, Fig 44 and Fig. 45. In Fig. 43, the evolution
in the optical spectrum of the TC states for different angle adjustments of the inline PC is

demonstrated. The optical spectral shape and bandwidth are impacted by the PC angles,
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while the location of the sidebands remains fairly constant. The overall intensity profile is
still best described by a sech shape (i.e. wider than a Gaussian and narrower than a
parabola). This indicates that the excess pump power does not have a significant effect on
the intrapulse shaping mechanism. Also, the overall spectral emission bandwidth is
enhanced beyond the soliton spectral bandwidth of the ML state. The spectral FWHM
varies between 9.8 nm up to a maximum value of 16.1 nm for a PC angle of 90°. All these
TC states feature almost similar output average power levels, spanning between 8.3 mW
and 8.6 mW. Additional emerging structures on the optical spectrum, which diverge from
the conventional sech intensity profile, also point towards the irregularity of the generated

pulse trains.
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Figure 44. The formation of the pedestal in the RF spectrum of the
fundamental repetition rates for the TC states under different net cavity
birefringences at the PC angles of 0°, 30°, 60°, and 90°.

The RF spectrum of the fundamental repetition rates are studied in Fig. 44, showing
the formation of the pedestal step by step, also implying the increase in the ultrafast pulse

train instability.
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Figure 45. The evolution of the interferometric autocorrelation traces for the
TC states under different net cavity birefringences at the PC angles of 0°,
30°, 60°, and 90°. The pulse widths have an inverse relation with the spectral
bandwidths of the TC states.

In Fig. 45, the 1AC traces present the formation of stable ultrafast pulses with
temporal durations shorter than the ML state. Femtosecond pulses as short as 342 fs are
achieved, which are shorter than the pulse duration in the single- pulsing ML regime. The
average response from the autocorrelation of multiple pulses shows a noisier temporal
profile for the femtosecond pulses, confirming the increased instability in the pulse train
and the amplitude fluctuations. None of the IAC traces deviates from the sech pulse profile,

also confirming the intrapulse shaping mechanism is not manipulated by the excessive
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pump power. Also, IAC traces do not feature any pedestals or wings, confirming

conventional single soliton pulse formation as the fundamental pulse shaping mechanism.

Figure 46. The evolution of the long-range oscilloscope traces of the TC
states for different net cavity birefringences. The occurrence of the extreme
events features higher frequencies with the increase in the PC angle

To quantify the increased intensity fluctuations, a detailed characterization of the
long-range temporal domain, as well as the statistics of the fluctuation behavior is
investigated in Fig. 46, Fig. 47 and Fig. 48. The changes in the intensity fluctuations for a

temporal window of 100 !s are shown in Fig. 46. Both the widths and the frequencies of
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the optical waves undergo a significant change with respect to the PC angle. Further, with
a larger PC angle, it is observed that the modulation depth and the frequencies of the waves
increase. This indicates that the number of unexpected (or explosive) events also increases,
which in turn leads to the generation of more chaotic ultrafast pulse trains.

Therefore, the statistical analysis of the number of events with respect to the pulse
intensities is studied in detail. In Fig. 47, the occurrence of explosive events is shown and
evaluated based on a conventional statistical analysis in histogram plots, accounting for
more than 2-10° ultrafast pulses. The histograms feature a distribution resembling to rogue
wave behavior due to the longer tail of higher amplitudes. With the increase in the PC
angle, it is observed that the significant height (Hs, the average amplitude of the highest
one third of the pulses in the ultrafast train) is surpassed by at least two times for the PC
angles higher than 30°. The existence of pulse amplitudes higher than Hs is the conventional

figure of merit in defining the rogue behavior for optical or ocean waves.
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Figure 47. Distributions of the pulse energies in the TC states. For the PC
angles higher than 30°, the TC states feature rogue wave behavior due to
formation of pulses with energies exceeding twice of the significant height.

Therefore, the generated ultrafast pulse trains for PC angles of 30° and larger clearly
indicate an increased level of chaos and amplitude fluctuations that resemble rogue wave
behavior. This is further supported by the RF domain statistics presented in Fig. 48, where
the frequency constituents of each wave are decomposed into the intensity fluctuations.
While the generated waves exhibit a narrower frequency range for PC angles lower than
30°, the frequency bandwidth widens and partially splits for larger angles. The partially
split frequency components of the waves correspond to an approximate frequency doubling
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scheme or bifurcation, which is another indicator for increased irregularities in linear
systems. Further, the broadened frequency constituents conform to the formation of the

pedestal observed in the RF spectrum shown in Fig. 44.

Figure 48. The distribution of the frequency components of the intensity
fluctuations observed in the TC states for different net cavity birefringences.
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5.5! Influence of the transitional chaotic states on the noise performance

Another important conclusion from the RF domain statistics of the intensity fluctuations is
the overlap between the frequencies of the fluctuations and the relaxation oscillations of
the Tm/Ho based gain media. Thus, a detailed investigation in the noise characteristics is
conducted. Fig. 49(a) shows the relative intensity noise (RIN) measurements conducted for
each TC state under different PC settings as well as for the ML state for the frequency
interval of 10 Hz to 2 MHz. The RIN measurements are performed with a photodetector
(PD-Thorlabs PDA10D) at optical power levels around 400 W to maintain a PD response
in the linear regime. The RIN traces for the detector and instrument noise floor are
illustrated as well. Combined with a corresponding shot noise level of -153 dB, all
measured TC RIN curves are not limited by any noise floor. The RIN noise curve indicates
that relaxation oscillations are strongly pronounced for the TC states. Further, the
bifurcations in the wave frequency distribution shown in Fig. 48 are imprinted as peaks in
the RIN curve for the TC states. The rms intensity fluctuations, see Fig. 49(b), reveal that
the TCs states are one order of magnitude noisier than the ML state. However, the overall

rms intensity fluctuations still remain below 1.3% for the TC states.
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Figure 49. Intensity noise characteristics of the TC states under different net
cavity birefringences. (a) Relative intensity noise. (b) Corresponding
integrated rms intensity fluctuations. The elevated noise levels for the noise
frequencies in the vicinity of 100 kHz indicates the influence of the
relaxation oscillations in the formation of optical rogue waves.

To further ensure the long-term single-pulse formation (also confirmed by the
interferometric autocorrelation measurements) under the strong intensity fluctuations,
single side-band phase noise (PN) measurements are conducted with an input optical power
levels of 0.5 mW focused on the photodetector (EOTech ET5000 with a 12.5 GHz
bandwidth). The PN analysis for the TC states are compared with the ML state in Fig.
50(a). The TC states feature an increased PN level for the offset frequencies with respect
to the fundamental repetition rate of 135.2 MHz, in the vicinity of 100 kHz matching the

RF pedestals observed in Fig. 44.
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Figure 50. Temporal noise characteristics of the TC states under different
net cavity birefringences. (a) Phase noise. (b) Corresponding pulse timing
jitters. Even though TC states encounter higher timing jitters than the ML
state, the low jitter values confirm the long-term formation of the ultrafast
pulses.

The TC states feature an increased level of pulse jitters as high as 95 fs over the
interval of 10Hz to 1 MHz whereas the ML state has a jitter values of 25 fs as shown in
Fig. 50(b). These measurements are conducted on a free-running laser. Thus, the low offset
frequency noise can be further suppressed with additional stabilization and feedback
circuitry. The overall pulse jitter values in TC states show that the long-term single-pulsing

is well preserved, even though they exhibit more temporal noise than the ML state.
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Figure 51. The persistence test of the ML and TC states for a temporal
window of 80 ms, capturing ~10800 pulses.

Lastly, in order to show the long range temporal ultrafast pulse fluctuations, a
persistence test is applied to the ML and TC states. The persistence of the studied
waveforms is measured with a sampling oscilloscope using the electrical signal converted
from the optical input via the PD. Fig. 51 shows the persistence of the ML and TC states
for a temporal window of 80 ms, capturing ~10800 pulses. The temporal fluctuations are

more pronounced for the TC state while the ML state is composed of less noisy pulses.
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5.6!  Conclusions

Chaotic optical pulsation with controllable level of the occurrence of extreme events are
demonstrated for the first time in a Tm/Ho doped soliton mode-locked linear cavity fiber
laser. Unique to our observations, for the given cavity configuration, the laser enters into a
chaotic pulsing regime immediately that seems to have an underlying single pulsation
formation at the fundamental repetition rate. Thus, the extreme events occur due to
excessive intracavity energy that is being shed in a disordered manner as it cannot
contribute to a single soliton anymore while the energy range is significantly below the
harmonically mode-locking threshold. While such instability regimes have been analyzed
based on energy rate equations depending on the nonlinear gain dynamics [136], the
existence of transition regimes with chaotic, periodic and multi-pulsing behavior has been
demonstrated experimentally as well [88,137]. However, in these systems, usually
bifurcation behavior as onset for multi-pulsing was observed before chaotic operation was
recorded. And the statistical analysis on these states has not been conducted in great detail
so far, offering new insights into pulse operating regimes. Similarly, previous studies on
rogue wave and extreme event generation have been observed frequently through soliton
condensation including intrapulse shape deviations from the conventional solitonic profile
or through noise-like pulses. Thus, we show and analyze for the first time that extreme
events can be obtained while a single solitonic pulsing structure is preserved. Further
investigation of the exact pulse profiles and spectral buildup is ongoing to shine more light
into the intricate and complex dynamics. This study further represents the generation of
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extreme events in a relatively short linear cavity at a high repetition rate compared to prior
studies which have been exclusively conducted in ring laser cavities. Thus, our proposed
configuration opens the pathway for the occurrence of extreme events in a compact linear
cavity fiber laser without requiring additional components providing artificial nonlinear
attractors.

By changing the net cavity birefringence, the generation of the optical extreme
events can be controlled. As the cavity does not feature any polarization selective
component aside from the PC, nonlinear polarization dynamics and vector soliton
generation are modified accordingly. Initial characterization measurements imply that the
chaotic behavior occurs in both orthogonal polarization eigenstates. Detailed studies of the
polarization dynamics are however beyond the scope of this manuscript. Here, we focused
on a detailed analysis of this transient chaotic state with an underlying single pulsing
structure, as confirmed by the long-term temporal traces as well as the interferometric
autocorrelation measurements. The deviation from conventional wave statistics confirms
chaotic behavior that can resemble rogue waves, depending on the net cavity birefringence.

Detailed intensity and phase noise performance of the extreme optical pulsations
offer some insight into the underlying pulse shaping mechanisms and competing
phenomena occurring in the TC state. The presence of enhanced noise as known from
relaxation oscillations and modulation instability, and the interplay of reabsorption with
the molecular laser level transitions has been explored by the noise measurements. This
indicates that the combination of the quality factor of the cavity and the gain fiber length

exceeding its optical length for steady-state gain saturation can be considered interesting
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factors in the design of lasers with chaotic instabilities.

Thus, we have presented a net anomalous based linear fiber laser cavity with a
saturable absorber operating under fundamentally soliton mode-locking that can be pushed
into a transient chaotic state based on the combination of pump power and intracavity
birefringence settings. This marks a unique approach to generate extreme optical events
whose statistical analysis indicates behavior similar to rogue waves while showing distinct
features that are different from previous studies. Thus, this novel method offers a rich
analysis ground for generating extreme optical pulsation and can fuel a better
understanding of the formation of chaotic ultrafast pulse trains. This effect is expected to
be of general nature and thus not limited to the presented Tm laser cavity as it can be
translated to other fiber laser systems. By studying these instabilities that compete with
stable cw mode-locking operation, knowledge into the contributing pulse shaping
phenomena can be gained, enabling innovative cavity designs with improved performance
and broader stability operating regimes. In addition, the chaotic pulse behavior that is
induced through control of the birefringence, supports extreme high peak intensities
occurring with a certain probability which can be of interest for burst pulse amplification
and applications in micromachining or imaging. Further, it can boost applications where a
degree of randomness and non-predictability is desired as for example in optical

cryptography methods.
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6.! Outlook

6.1! GHz repetition rate Tm/Ho doped mode-locked fiber laser design

Sophisticated optical disciplines such as arbitrary waveform generation, high speed
sampling and frequency metrology requires high repetition rate optical signals. Therefore,
passively mode-locked ultrafast fiber lasers can be intriguing alternatives since their
repetition rates are inversely scaled with respect to the cavity lengths. Further, the repetition
rate of the mode-locked lasers can be further increased by the manipulation of the pulse
dynamics such as harmonically mode-locked (HML) operation. However, conventional
single-pulsing ML operation provides better intensity and temporal stability compared to
the ultrafast lasers with manipulated pulse dynamics. Thus, single-pulsing ML fiber lasers
with high repetition rates become very attractive for their low rms intensity fluctuations
and pulse timing jitters in a simple and low-cost design.

However, scaling to high repetition rates in the order of GHz levels feature certain
challenges including the reduced pulse energies and peak powers, smaller nonlinearities
and group velocity dispersion due to the shorter fiber cavity lengths. In a linear cavity
configuration, ~10 cm of cavity lengths is required to achieve GHz repetition rate ultrafast
pulse train generation. Utilization of semiconductor saturable Bragg gratings (SBRs), as
proposed in the previous chapters, is the most convenient method to realize such short
cavities emit mode-locked pulses.

Current commercial SBRs provide sufficiently low saturation fluences to initiate
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ML operation under low energy femtosecond pulses. As long as the nonlinearities and the
intracavity dispersion is maintained at a simultaneous balance, the ML operation can be
realized. Further, the decreased group velocity dispersion offers the generation of
femtosecond pulses with pulse widths very close to the transform-limited pulse durations,
yielding to a very efficient utilization of the emission bandwidths.

GHz repetition rate Tm based doped fiber lasers operating in the vicinity of 2 I'm
eye-safe wavelength are particularly attractive for various applications, including high-
precision frequency metrology, particle accelerators, remote ranging and biomedical
imaging[ref]. Compared to the Er and Yb based GHz fiber laser systems [45,138], Tm
fiber lasers had a crucial drawback towards achieving high repetition rates due to the lack
of optimized gain fibers. Since the commercial Tm gain fibers had low pump absorption at
the relevant wavelengths, only a few designs were proposed based on custom made gain
fibers [139,140]. However, such designs suffer from the different ultrafast laser dynamics
due to the fabrication tolerances.

Recently, highly absorptive commercial Tm gain fibers with low core radii (SM-
TSF-5/125 from Nufern) emerge, promising more reliable gain characteristics. With
utilizing the compact fiber laser set-ups proposed throughout the thesis, GHz level
repetition rates can be achieved after a thorough analysis of the design parameters including

the dispersion management and decreased fiber segment radius mismatches.
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6.2!  Supercontinuum generation with the proposed Tm/Ho fiber lasers

Supercontinuum generation is the collective effect of different enhanced nonlinear effects
in highly nonlinear optical fibers resulting in significant spectral broadening of the pump
light with high peak power densities. Also, the careful management of the group velocity
dispersion leads to the uniform distribution of the intensities in each generated wavelength.
Thus, supercontinuum generation has attracted a significant scientific interest for decades
due to providing a promising straightforward method to achieve broadband optical sources
in pristine optical wavelength regimes.

Thus far, since high repetition rate ultrafast fiber lasers carry low energy pulses,
even though they can be amplified through fiber amplifier systems, repetition rates of kHz
and low MHz levels has been utilized in supercontinuum generation. Particularly for Tm
doped mode-locked fiber lasers as the pump can provide an unprecedented wavelength
regime to be explored with high repetition rate ultrafast pulsation.

Recently, ultrahigh numerical aperture (UHNA) fibers have been introduced with
small fiber core radii, exhibiting normal group velocity dispersion in the 2 I'm wavelength
regime. Since supercontinuum in normal dispersion results in flatter spectral
features [141], utilization of UHNA fibers can lead to efficient broadband optical sources.
Also, since UHNA fibers have small fiber core radii, the nonlinearities will be more
pronounced due to higher peak power fluences.

A recent study recently shows the utilization of UHNA fibers as the

supercontinuum generation medium with Tm based ultrafast fibers with low pump peak
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power levels at modest level of repetition rates [142]. To conclude, the high repetition rate
low noise Tm/Ho doped mode-locked fiber lasers can be utilized as the pump source for
realizing efficient broadband optical sources at novel wavelengths through supercontinuum

generation in UHNA fibers.

6.3!  Further improvements in the dual RF comb generation

In chapter 3, dual RF comb generation from a single ultrafast fiber laser design without
employing any feedback and referencing mechanism has been shown. Remarkably, the
dual RF comb generation is achieved since the generated ultrafast pulse trains with slightly
different repetition rates encounter experience a common noise suppression, leading to a
self-referencing mechanism. However, this self-referencing is not as powerful as it can be
achieved through external referencing mechanisms. Thus, an analysis on the self-
referencing mechanism can pave the way for an improved performance of the proposed
dual RF comb generation.

The dual RF comb structure is generated through the interference of the two slightly
different ultrafast pulse trains. The efficiency of the interference determines the quality of
the structuring of individual RF lines in the dual comb formation. The optical interference
relies on the exact temporal matching of the pulse intensity profiles.

Even though the intensity profiles of the ultrafast pulses with similar durations can
be matched quite perfectly, the interference still requires optimization since the phase

profiles may not be overlapping. The phase profile of an ultrafast pulse is dependent on the
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field distributions, i.e. the temporal distribution of the oscillating electric-field which
undergoes a phase shift in each pulse. The total phase shift has a certain frequency, called
as the carrier-to-envelope offset (CEO) frequency.

Thus, a referencing mechanism can be applied to increase the overlapping of the
CEO frequencies in each pulse train to improve the RF comb generation performance. One
of the most common methods is to use an external optical source as a common reference.
The external optical source must show excellent stability both in optical and temporal
domain. Since the reference does not have to be a pulse source, a cw fiber laser with a very
narrow linewidth can provide the required stability.

In conclusion, the analysis of the CEO frequencies of each generated pulse train in
chapter 3 can be performed, and a common external referencing mechanism can be
designed with the utilization of a narrow linewidth cw fiber laser in order to achieve a better

resolved dual RF comb generation.
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Appendix A — Characterization of ultrafast pulse trains

The conventional optical output of an ultrafast fiber laser is an optical pulse train with a
certain repetition rate depending on the cavity length. The repetition rates typically vary
between tens of Hz to GHz levels. The amplitudes of the pulses are equal to each other in
steady state. The temporal pulse widths are on the order of tens or hundreds of
femtoseconds, again depending on the spectral bandwidth of the emission. The spectral
peak wavelength of the emission is determined by the gain and loss dynamics of the laser
cavity. Since the pulse widths are very short in time, the pulses get affected by the group
velocity dispersion accumulated in the cavity which determines the actual pulse width.
Since the ultrafast output signal has unique properties both in the optical and
temporal domain, sophisticated measurement techniques are required to fully characterize
their dynamic properties. In this section, the measurement techniques for the
characterization of ultrafast pulse trains will be discussed in detail. Several crucial steps in
the whole characterization of the ultrafast pulses will be introduced: Optical spectrum,
Radio Frequency (RF) spectrum, temporal domain, intensity and temporal noise

characterization, and single pulse temporal analysis.

134



A. 1! Optical Spectrum

Optical spectrum analysis is the measurement of an input optical power as a function of its
wavelengths [143]. It plays a crucial role in the characterization of the ultrafast optical
pulse trains since the peak emission wavelength, and the spectral shape and bandwidth are
determined through this measurement.

Typically, an optical spectrum analyzer(OSA) is used to perform the spectral
analysis of the ultrafast fiber laser output. Two main architectures for OSAs are designed
for different optical signals, including interferometric and diffraction-grating based ones.
Diffraction-grating based OSAs are suitable for the ultrafast optical signals since they
provide a relatively fast measurement for broad bandwidth emission [143].

Diffraction-grating based OSAs employ a diffraction grating to separate different
wavelength constituents of the optical signals at different reflection angles. The assessment
of different wavelengths can be achieved by both scanning the grating and changing the
width of the aperture in front of the detection arm. The basic schematic of a diffraction-

grating based OSA is shown in Fig. 52.
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Figure 52. Basic schematic of a diffraction grating based optical spectrum
analyzer. The incoming angles of different wavelength components of the
input signal are manipulated by the scan of the diffraction grating. The
corresponding intensity power transfer function is determined by the
reflection coefficients of the grating. Different electrical output is converted
for each wavelength component.

The wavelengths are quantized by the normalization of the detection of the
diffracted optical signal by the internal photodetector. The optical bandwidth of the
diffraction-grating determines the operation wavelengths of the OSA. Similarly, the
scanning speed of the grating determines the speed of the spectral analysis. The resolution
of the spectral analysis is dependent on the sensitivity of the electrical detection. Since
diffraction-gratings also produce higher order diffraction angles from the input optical
signal, optical filters are internally applied in OSAs to eliminate the possible misdetection
of non-existing wavelengths which can be measured as the integer multiples of the actual

wavelength constituents of the optical signal.
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A typical optical spectrum of the mode-locked ultrafast Tm fiber laser is shown in
Fig. 53. The OSA (Yokogawa AQ6375B, 1200-2400 nm) used for the measurement has a
maximum resolution of 0.05 nm. The optical spectrum has a center wavelength of 1983
nm with a secant hyperbolic (sech) intensity profile. Sech profile confirms the conventional
solitonic mode-locked operation.

There are narrow side-peaks (also known as Kelly sidebands) present in the optical
spectrum, corresponding to dispersive waves due to practical periodic perturbations in the
laser cavity. The narrow width confirms the insignificant amount of the power carried by
those dispersive waves. However, dispersive waves become very useful in determining the
overall dispersion accumulated to the optical signal in the cavity. By using the overall
dispersion, it becomes possible to find the dispersion coefficients of the fiber segments
used in the fiber laser experimentally (the theoretical approach will be discussed in the

following chapter in great detail).
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Figure 53. Typical optical spectrum of a Tm/Ho mode-locked laser with a
75 cm long cavity. The optical spectrum is centered at 1983 nm with a
FWHM of 11 nm, yielding transform-limited pulse durations of 375 fs. The
sidebands are generated by the formation of dispersive waves due to the
periodic perturbations in the cavity.

The optical spectrum given in Fig. 53 features a full-width half-maximum (FWHM)
of 11 nm. As aforementioned, the width of the optical spectrum determines the possible
shortest attainable ultrafast pulses from the fiber laser, which is called as the transform-
limited pulse duration. For a soliton with a sech intensity profile, the relation between

spectral bandwidth and transform-limited pulse duration [6] can be express as

B ' (A.1.1)
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where ¢, "o and (" denote the speed of light, the peak emission wavelength and the FWHM,

respectively. The coefficient 0.315 is due to the normalization of the actual pulse width
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from the sech intensity profile. Transform-limited pulse duration corresponds to the pulse
width without any dispersion affected. For short cavities, the effect of the group velocity
dispersion is less pronounced compared to longer cavities. The theoretical relation between
the transform-limited pulse duration and the actual pulse width propagated in a media with

total group velocity dispersion (D2) [6] can be approximately written as
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where the group velocity dispersion is expressed in the form of

 #OLEL (A.1.3)
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Experimentally, the actual pulse width can be measured with sophisticated optical
methods such as optical autocorrelation. For the given optical spectrum in Fig. 53, the
transform-limited pulse duration equals to 375 fs where the actual pulse width is measured
as 410 fs.

Optical spectrum of the ultrafast pulse train corresponds to an average response due
to the high repetition rates of the pulsed operation compared to the speed of the OSAs scan.
Since the ultrafast pulse trains in a conventional solitonic operation feature almost identical
pulses in each round trip, the average response from the optical spectrum is sufficient to

characterize the optical properties. However, further characterization techniques are
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required to determine the long-term stability and overall intensity uniformity of the

ultrafast pulse train.

A. 2.! Radio Frequency Spectrum

Radio Frequency (RF) spectrum analysis is the measurement of an input electrical power
as a function of its frequency components. The electrical signal is obtained by the
conversion of the optical ultrafast train through a photodetector (PD). The optical output
of the mode-locked laser is composed of ultrashort pulses with a uniform intensity and
repetition rate, thus the signal can be approximated as a train of delta functions in time.
Since the Fourier transform of a train of delta functions also corresponds to a same function
only modulated with a constant coefficient, the PD should have a sufficiently large
bandwidth to cover the repetition rate (which corresponds to the fundamental RF peak in
the RF spectrum) and multiples of the fundamental RF peak, which are also known as the
harmonics.

The RF spectrum analysis provides a higher dynamic range for the intensity
components of each radio frequency. This high dynamic range becomes useful to determine
the signal to background ratio more precisely, leading to a better assessment of the ultrafast
pulse formation. Further, the repetition rate of the pulse train can be very precisely defined
due to the high resolution provided by the RF spectrum analyzer. The resolution of the RF
spectrum analyzer can be as high as tens of Hz. High dynamic range also aids to evaluate

the overall uniformity of the RF peaks which confirms the long-term stability of the
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ultrafast pulse train. Lastly, the high frequency resolution and dynamic range can be
utilized to achieve very sensitive intensity and temporal noise measurements with the RF
spectrum analyzer.

Typically, an RF spectrum analyzer can be built by using two main architectures,
swept-tuned or FFT-based [144]. Swept-tuned RF spectrum analyzers have a working
principle based on the down-conversion of a certain portion of the electrical input signal
spectrum to the center radio frequency of a bandpass filter by sweeping an externally
controlled oscillator through different ranges of frequencies of interest. This method offers
both a higher resolution and a controllable frequency range. The resolution then becomes
dependent on the total sweep time of the signal rather than the full temporal duration.
Consequently, the relation between the sweep time (ts) and the resolution bandwidth

(RBW) can be expressed as

6, #'—= (A.2.1)

where k and (f correspond for the proportionality constant and the frequency span,
respectively.

A typical RF spectrum of the mode-locked ultrafast Tm fiber laser with a 75 cm
long cavity is shown in Fig. 9. The RF spectrum analyzer (Rohde & Schwarz FSUP26)
and the PD (EOTech 5000) used for the measurement have measurement and detection
frequency ranges of 50 GHz and 12.5 GHz, respectively. The RF spectrum in Fig 54. is
measured between the frequency of 0 Hz to 2 GHz covering numerous harmonics of the
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fundamental repetition rate. The sweep time is optimized to have a resolution bandwidth
of 50 kHz, providing a clear depiction of the uniformity of the RF peaks. The uniform RF

peaks confirms the long-term stability of the ultrafast pulse train.

Figure 54. Typical RF spectrum of a Tm/Ho mode-locked laser with a 75
cm long cavity, corresponding to a fundamental repetition rate of 135.2
MHz. The RF spectrum is measured between the frequencies of 0 Hz to 2
MHz with a resolution bandwidth of 50 kHz. The RF spectrum includes
higher harmonics of the fundamental repetition rate due to the periodic pulse
train in the temporal domain. The uniformity of the higher RF harmonics
confirms the long-term stable pulse formation.

Fig. 55 shows the zoomed RF spectrum of the first RF peak corresponding to the
fundamental repetition rate of the pulse train. The repetition rate of the pulse train is
measured as 135.2 MHz. Since the conventional solitonic mode-locked operation supports
a single ultrafast pulse in one round trip in the cavity, the relation between the cavity length

(d) and the repetition rate (frep) can be expressed as

142



w C o
oz #'55 (A.2.2)

for a linear cavity configuration. ¢ and n correspond for the speed of light and the refractive
index of the medium. The measured repetition rate matches well with the theoretical result
under the assumption of the refractive index of the silica fiber as 1.47.

The resolution bandwidth of the spectrum is increased to 10 kHz to better assess
the signal to background ratio. The pulse train shows a signal to background ratio larger
than >70 dB which is typical value for highly stable ultrafast pulse trains. Also, it confirms

the stable formation of independent ultrashort pulses from the mode-locking operation.

Figure 55. Typical RF spectrum of the fundamental repetition rate of the
Tm/Ho mode-locked laser with a 75 cm long cavity, corresponding to a
fundamental repetition rate of 135.2 MHz. The RF spectrum is measured
between the frequencies of 134.4 MHz to 136 MHz with a resolution
bandwidth of 10 kHz. The RF spectrum features a signal to background
ratio higher than 70 dB confirming the long-term stability of the ultrafast
pulse train.
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A. 3. Temporal Spectrum — Oscilloscope Trace

The electrical signal obtained by the conversion of the optical ultrafast train through a
photodetector (PD) can also be visualized with an oscilloscope in the temporal domain.
Even though the pulse train carries important information in the frequency domain, the
temporal domain depiction can provide substantial information regarding the pulsing
formation and pulse-to-pulse period in a relatively short measurement time.

Since the studied pulse train is periodic, a sampling oscilloscope can be used by
triggering with a small portion of itself to achieve higher temporal resolution. Similarly, a
high resolution real-time oscilloscope can also be used, but it should be noted that the
overall measurement time will be longer.

A typical oscilloscope trace of the mode-locked ultrafast Tm fiber laser with a 75
cm cavity is shown in Fig. 56. The sampling oscilloscope (HP 83430A) and the PD
(EOTech 5000) used for the measurement have measurement and detection frequency
ranges of 20 GHz and 12.5 GHz, respectively. The temporal trace in Fig. 56 is measured
for a time duration of 50 ns with a collection data points of 4096. The measurement clearly
shows the pulse formation with a pulse-to-pulse period of 7.4 ns, nicely matching with the
repetition rate of the pulse train by the RF spectrum analyzer. Since the pulses are much
shorter than the bandwidth of the PD and the oscilloscope, the peak amplitudes of the pulses
are the projections depending on the resolution of the measurement system. Since the
measurement provides a resolution much higher than the repetition rate of the pulse train,

the amplitudes are well projected to have almost equal intensities.
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Figure 56. Typical sampling oscilloscope trace of the Tm/Ho mode-locked
laser with a 75 cm long cavity, corresponding to a pulse-to-pulse period of
7.4 ns. The oscilloscope trace is measured between the duration of 0 ns to
50 ns with a number of data points of 4096. The pulse-to-pulse period nicely
matches with the repetition rate measured with the RF spectrum analyzer.

Fig. 57 shows a long trace real-time oscilloscope trace at a lower resolution
bandwidth of 1 GHz. Since the bandwidth is still significantly larger than the repetition
rate, almost equal intensity projections for each pulse are obtained. More precise
experimental evaluation of the amplitude stability of the pulses can be performed with the

intensity-based noise measurements in the frequency domain.
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Figure 57. Typical long real-time oscilloscope trace of the Tm/Ho mode-
locked laser with a 75 cm long cavity, corresponding to a pulse-to-pulse
period of 7.4 ns. The RF spectrum is measured between the duration of 0 I's
to 100 !s. Long-term intensity stability of the ultrafast pulses is clearly
visible.

A. 4! Intensity Noise

Another important measurement for the stability of the output ultrafast pulse train is the
relative intensity noise (RIN) [145]. The instability in the laser light intensity can be
described in a great detail with RIN measurements. The RIN of the optical signal can be
measured in a similar fashion for either cw or pulsed operation. However, different optical
dynamics become more pronounced for each operation. Particularly for mode-locked
lasers, it has been found that certain inherent sources of noise are significantly suppressed
due to the phase locking of each longitudinal mode oscillating in the laser cavity since the

resulting ultrashort pulses are much shorter than the molecular level gain laser dynamics.
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A RIN measurement relies on the assessment of the power spectral density (PSD)
of the optical input. Different than the optical spectrum analysis, the PSD checks the
changes in the optical power for each noise frequency rather than optical frequencies. Since
the intensity fluctuations in an ultrafast laser system are much slower than the repetition
rate, relatively low frequencies are in the interest of the PSD measurement. Since PDs offer
electrical bandwidths in the order of tens of GHz, performing the PSD measurement for
the electrical signal converted from the optical input provides a clear depiction of the
intensity fluctuations for the frequencies of interest. Thus, the RIN measurement can be
applied in the electrical domain with an RF spectrum analyzer.

The power of the ultrafast pulse train can be assumed as the intensity fluctuations
on top of constant power (corresponding to the average power of the pulsed signal). The

total power can be written as
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where Payg and ,P(t) correspond for the constant average power and the power fluctuations
for the conventional solitonic mode-locked pulse train, respectively.
The RIN then becomes the average power divided by the average power. The

relation can be expressed as

8fk #+ Jdm (A.4.2)
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Since the RIN is statistically described by the noise frequency components, the
corresponding PSD for RIN is deducted from the Fourier transform of the autocorrelation

function of the normalized power fluctuations. The PSD can be expressed as
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where the factor 2 is added to achieve a one-sided PSD function by eliminating the pseudo
negative frequency components appear from the Fourier transformation. Since PSD is a
function of per noise frequencies, the unit is Hz™X. However, PSD is conventionally given
in logarithmic units to achieve a better depiction of the small fluctuations, thus the unit
becomes dB/Hz.

Fig. 58 shows a typical RIN measurement for a mode-locked ultrafast pulse train
for the noise frequency interval of 10 Hz to 2 MHz. The RIN of the ultrafast pulse train is
normalized with respect to the input voltage of the electrical signal. Also, the RIN is
compared with the RIN of the instrument. The instrument shows a much lower RIN
compared to the optical signal, thus it verifies the proper measurement of the noise due to
the input signal. Also, the RIN of the PD does not exceed the RIN of the optical signal,
which shows that the RIN measurement is not limited by the RIN of the detection device.
Lastly, the shot noise level is shown in Fig. 58. Optical shot noise is the fundamental limit
for the intensity related noise in optical sources, and obtained by the calculation of the
probability for an absorption of a photon during the propagation.

Thus, the shot noise is linearly dependent on the average power of the optical signal.
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In short, any optical signal has a shot noise limit related to its intensity. The shot noise can

be calculated as

1,,3KT # "E'AA Iy 0" (A.4.4)

under the single-sided PSD assumption. For the RIN of laser system given in Fig. 58, the
shot noise level is found as -154 dB for an input average power level of 0.4 mW. The shot
noise is also much lower than the measured RIN, thus the intensity noise is not limited by

any non-deterministic source of noise.

Figure 58. Typical relative intensity noise trace of the Tm/Ho mode-locked
laser with a 75 cm long cavity (blue line). The RIN is measured between
the noise frequencies of 10 Hz to 2 MHz. The RIN is compared with the
RIN of the photodetector (green dash dotted line), the instrument noise floor
(black line) and shot noise for the given optical input power (gray dotted
line). The impact of relaxation oscillations with emerging cw breakthrough
(MLL w cw) is shown as the pink dashed line.
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The RIN of the ultrafast pulse train is also compared to the RIN of the optical signal
under cw breakthrough corresponding to a significant continuous laser power present on
top of the ultrafast pulse train. As aforementioned, mode-locking suppresses the intensity
fluctuations in the vicinity of the frequencies around 100 kHz [18]. The suppressed
intensity fluctuations for the mode-locked signal is caused by the imperfection of the
transitions between the relevant energy states in the stimulated emission process for cw
emission. These fluctuations are known as the relaxation oscillations. The peak frequency
of the relaxation oscillations, naturally, differ for each gain medium, and amounts to around
100 kHz in Tm based gain media. The relaxation oscillations are significantly suppressed
for the mode-locked operation due to the locking of the optical phases of each longitudinal

mode in the laser cavity.

Figure 59. Typical relative intensity noise trace of the Tm/Ho mode-locked
laser with a 75 cm long cavity (blue line). The red dashed line shows the
calculated integrated rms intensity fluctuations from the accumulative
integration of the blue RIN curve. The mode-locked laser has an integrated
rms fluctuations lower than 0.11% for the noise frequencies between 10 Hz
and 2 MHz.
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Figure 59 shows another useful demonstration of the RIN measurement, which
shows the overall percentage of the root mean square (rms) intensity fluctuations. Since
PSD is the fluctuation distribution per noise frequencies, the square root of the
accumulative integration of the PSD function with respect to frequency over the interval

of interest corresponds for the rms fluctuations. The rms fluctuations can be expressed as
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The overall rms intensity fluctuations are found to be lower than 0.11% in the
ultrafast pulse train for the frequency interval of 10 Hz to 2 MHz. It should be noted that
the RIN is dominated by the pink noise for the lower frequency components. Pink noise is
the noise process having an inversely proportional relation with the noise frequency and
mostly related to the noise caused by the electrical devices used in the measurement. Thus,
the RIN portion with a constant slope can be further decreased by employing additional

feedback mechanisms to the laser and measurement systems.

A. 5. Temporal Noise

Beyond the intensity stability of an ultrafast pulse train, the evaluation of the stability in
the temporal domain is crucial in determining the quality of the ultrafast pulsation. The
temporal noise can be measured through checking the changes in the electrical phase of the

converted signal from the optical input. This measurement is known as the phase noise
151



(PN) measurement [145]. Since PDs have much larger resolution than the repetition rate
of the pulsed train, PN measurement can provide sufficiently precise information on the
pulse-to-pulse dynamics in the temporal domain. The temporal stability of the repetition
rate of the pulse train becomes significant for sophisticated applications of ultrafast lasers
such as in telecommunications, spectroscopy and frequency metrology.

Since PN is used for determining the pulse-to-pulse dynamics, the measurement
only becomes relevant for pulsed optical signals. Consequently, the measurement focuses
on the phase information of the noise frequencies close to the fundamental repetition rate
of the system. In other words, the frequencies of interest are the offset frequencies with
respect to the fundamental RF peak.

PN relies on the phase deviations of the PSD used in the RIN measurements. Thus,
the PN has the units of Rad?/Hz and since radians are dimensionless, the unit becomes
1/Hz. In a similar fashion with RIN measurements, PN is also evaluated in the logarithmic
scale and the conventional unit is dBc/Hz.

PN is directly related to the noise frequency, and the temporal derivation of the
phase of the instantaneous frequency of the repetition. The PSD corresponding for the

phase deviation can be directly linked to the timing deviation of the repetition as [146]
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where &, liot and Tyt correspond for the spontaneous emission factor, the total loss in a single

round trip of the laser cavity and the round trip time of the cavity, respectively. Even though
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the expression does not yield any experimental ease for the measurements, it gives
important implications regarding the trend of PN with respect to the round trip time and
the noise frequencies. The PN is inversely proportional to the round trip time and the noise
frequencies.

A practical description of the timing deviation PSD is directly related with the

power PSD. The timing deviation PSD can be expressed as follows [146]
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Thus, the PN can be measured with an RF spectrum analyzer derived from the RIN curve.

Figure 60 shows a typical PN measurement for a mode-locked ultrafast pulse train
for the noise frequency interval of 10 Hz to 2 MHz. The PN of the ultrafast pulse train is
normalized with respect to the electrical gain provided by the RF spectrum analyzer. The
PN curve shows two distinct features for the measured frequencies, the uniform constant
portion for the high frequencies and an almost linear portion for the lower frequencies.
Similar to the RIN measurement, lower frequencies are mostly dominated by the noise of
the electrical devices used in the measurement (i.e. photodetectors and spectrum analyzers)
can be further suppressed with the utilization of feedback mechanisms. The constant
portion defines the level of the timing deviation and a sufficiently large frequency width
can capture the PN. Since the PN gets relatively lower with the increase of the noise
frequency, the PN value gets saturated for longer frequency values. The RF spectrum

analyzer used in the measurement has a PN detection threshold of ~179 dB which shows
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that the PN measurement is not limited by the measurement instrument. However, the
measurements are performed by using the electrical signal converted by the optical input
thus the results mark an upper bound for the laser noise. The optical noise measurements

would reveal even lower noise figures [147].

Figure 60. Typical phase noise trace of the Tm/Ho mode-locked laser with
a 75 cm long cavity (blue line). The PN is measured between the offset
frequencies of 10 Hz to 2 MHz with respect to the fundamental repetition
rate of 135.2 MHz. The red dashed line shows the rms jitter of the ultrafast
pulses calculated by the accumulative integration of the PN trace. The rms
jitter of the mode-locked laser is found to be 22 fs.

Another useful demonstration of the PN is also shown in Fig. 60. The accumulative
integration of the PN curve leads to the total timing deviation, which is called as timing
jitter. The timing jitter means the total deviation of the temporal pulse location from the

expected pulse-to-pulse period. The timing jitter can be expressed as
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where frep corresponds for the repetition rate of the ultrafast pulse train. The factor of 2(
originates from the idea that the phase change due to each pulse formation is a full round
of 2(.

For the offset frequency interval of 10 Hz to 2 MHz, the timing jitter for the
measured ultrafast pulse train is found as 22 fs without the effects of the instrumentation.

The total timing jitter without any feedback mechanism is 60 fs.
A. 6.! Temporal Analysis — Autocorrelation

Since the fastest response times of even the state-of-art PDs and electronic devices are
limited to picosecond durations, it is not possible to determine the actual width of an
ultrafast pulse (hundreds of femtoseconds) by means of conventional methods. Thus, it
requires to find a more sophisticated method, possibly in the optical domain to achieve
resolutions as high as femtosecond levels. The basic logic behind any measurement is to
find a reference unit or quantity that is much shorter than the quantity of interest. Thus, the
best choice would be choosing optical entities (since they have optical frequencies much
faster than any electrical frequency) as the reference.

Optical interferometry is a common method to down-convert the optical
frequencies in to temporal (i.e. electrical) frequencies with respect to the length of the

interaction of optical signals. In other words, the interference of two ultrafast pulses can be
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used to achieve measurable temporal quantities which has a certain scaling ratio with their
actual pulse width. To achieve the actual pulse width, the interaction must cover the whole
pulse duration, thus a moving mechanism is required to scan at least one pulse over the
fixed pulse.

This method is known as the optical autocorrelation (AC) [148]. Optical AC is
based on the interference of two ultrafast pulses composed of a delayed fix arm and a
movable arm for the whole scan. However, the interference of two optical signals cannot
provide any information regarding the higher-order group velocity dispersion effects
during the pulse propagation. Since the transform-limited pulse duration can be calculated
from the optical spectrum of the mode-locked pulse in a straightforward manner, the first-
order autocorrelation still lacks the information of the actual pulse width.

If the interference of the pulses can be achieved in the higher order optical domain,
i.e. through second-harmonic generation, the actual pulse width can be precisely found.
This means a utilization of a material which is able to provide frequency-doubled photons
upon the excitation of the optical input is required. Two main AC architectures have been
proposed: intensity and interferometric autocorrelation. Even though intensity AC can
provide precise information, it only can yield a signal to background ratio of 2, and it can
only be very sensitive for a certain range of optical wavelengths due to the low values of
nonlinear coefficients of the second harmonic generation (SHG) crystals. Since the
ultrafast lasers designed throughout this thesis are based on Tm based gain media and
generation high repetition rate pulse trains, the overall pulse energy required for an efficient

SHG process becomes insufficient.

156



Alternatively, interferometric autocorrelation (IAC) can utilize the two-photon
absorption of the PDs, which can yield higher efficiencies for the generation of frequency-
doubled photons [149]. Further, IAC has 1:8 background to signal ratio which enables to

achieve the AC signal with lower input pulse energies.

Figure 61. Basic schematic of the custom interferometric autocorrelation
set-up. The input ultrafast pulse train is divided in to two arms by a thin
beamsplitter. Two arms are interfered with a linear scan provided by the
movement of the mirror glued on a subwoofer. The IAC signal is collected
from the photodetector.

The basic IAC configuration is depicted in Fig. 61. We have built a custom-made
IAC set-up including a mirror glued on a subwoofer to achieve the period scan of one of
the ultrafast pulses equally divided in to two arms through a thin beam splitter. The delay
arm is used to achieve the maximum interference signal among the ultrafast pulses. The

total movement range of the subwoofer defines the total scan, or delay, range of the AC

157



signal. By this configuration, it is possible to measure ultrafast pulses as long as 4 ps. An
amplified silicon PD is utilized to achieve the SHG signal from the interference of two
arms, which is covered by the optical detection bandwidth of the PD. Further, since the
silicon PD does not cover the actual wavelength range of the Tm fiber laser, the detected
signal has to be related to the SHG signal. Thus, the proposed set-up does not require any
additional optical filters or external electronic subtraction to achieve the IAC signal.

If the electric field component of the pulses is expressed as

1367 # m3679<=v>g<A" (A.6.4)

where A(t) is the complex amplitude, the autocorrelation function between E(t) and E(t-!)

can be written as

oL ¥4
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The long form of the expression becomes

L%,
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Assuming I(t) = —-E(t)-2, the autocorrelation function will have four main constituents as

follows
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The autocorrelation function will have a constant background signal on top of an
intensity autocorrelation signal, an oscillating term with the down-converted optical
frequency ) and another oscillating term with the second harmonic frequency, 2). The
overall autocorrelation function can be normalized with respect to the constant background
intensity:
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This expression implies that the resulting IAC function will have a background value of 1.

For certain cases of delay, *, the IAC function has certain important values:

fevilaao # ey 307 # 0
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Thus, IAC function is expected to have a background of 1 with an oscillation peaking at a
maximum of 8 and a minimum of 0. Since the PD used in the experiment does not cover
the optical wavelengths of the first-order signal, only the oscillating terms with the
frequency of 2) is detected. The temporal distance between the fringes at this oscillation
can define the scaling ratio between the optical wavelength and the temporal delay caused

by the subwoofer. The total delay out of this scaling operation will enable finding the width
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of the intensity AC portion of the IAC function. The width of the intensity AC portion also
has another scaling factor with respect to the actual pulse width, which is dependent on the
pulse shape. For sech shaped pulses, the scaling factor is 1.54. The intensity AC portion of

the IAC function can be expressed as

f.387 # "GO 36736 P &7%6" (A.6.10)

&%Ya
The maximum value of the intensity AC portion occurs when ! = 0, which equals to 2 times
of the background signal. Thus, the intensity AC portion is expected to have a minimum
value of 1 and a maximum value of 3. The whole intensity AC portion can be found by
numerically computing the best fitting sech function to the IAC signal with the given
minimum and maximum values above.

Fig 62. shows a typical IAC signal of a mode-locked pulse train from the Tm based
fiber laser. The signal has a background value of 1 with a signal to background ratio of 8.
The fitted intensity AC function has a temporal width of 630 fs corresponding to an actual

ultrafast pulse duration of 410 fs.
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Figure 62. The interferometric autocorrelation signal of the ultrafast pulses
obtained from the Tm/Ho mode-locked fiber laser with 75 cm long cavity.
The corresponding optical spectrum has a center emission wavelength of
1983 nm with a FWHM of 11 nm. The transform-limited pulse durations
are calculated as 375 fs. The actual pulse duration is measured as 410 fs,
showing the effect of the group velocity dispersion accumulated by the fiber
medium in the cavity.

161



References

List of Abbreviated Journal Titles

Adv Opt Photonics
ANZIAM J

Appl Opt

Appl Phys B

Appl Phys Lett

Dermatol Surg

Electron Lett

IEEE J Quantum Electron

IEEE J Sel Top Quantum Electron

IEEE Photonics J
IEEE Photonics Technol Lett

IEEE Trans Geosci Remote Sens

IEEE Trans Signal Process
J Appl Phys

J Endourol

J Light Technol

J Opt

J Opt B Quantum Semiclassical Opt

J Opt Soc Am B

Advances in Optics and Photonics
The ANZIAM Journal

Applied Optics

Applied Physics. B, Lasers and Optics
Applied Physics Letters

Dermatologic Surgery

Electronics Letters

IEEE Journal of Quantum Electronics

IEEE Journal of Selected Topics in Quantum
Electronics

IEEE Photonics Journal
IEEE Photonics Technology Letters

IEEE Transactions on Geoscience and Remote
Sensing

IEEE Transactions on Signal Processing
Journal of Applied Physics

Journal of Endourology

Journal of Lightwave Technology

Journal of Optics

Journal of Optics. B, Quantum and Semiclassical

Optics

Journal of the Optical Society of America. B,
Optical Physics

162



J Phys Oceanogr Journal of Physical Oceanography

JOSA B Journal of the Optical Society of America. B,
Optical Physics

Jpn J Appl Phys Japanese Journal of Applied Physics

Light Sci Appl Light, Science & Applications

Nat Commun Nature Communications

Nat Photonics Nature Photonics

Nat Phys Nature Physics

New J Phys New Journal of Physics

Opt Commun Optics Communications

Opt Express Optics Express

Opt Fiber Technol Optical Fiber Technology

Opt Lett Optics Letters

Phys Lett A Physics Letters. A

Phys Rev A Physical Review. A

Phys Rev E Physical Review. E

Phys Rev Lett
Proc SPIE

Sci Rep

Physical Review Letters

Proceedings of SPIE

Scientific Reports

163



10.

11.

12.

13.

14.
15.

G. Agrawal, Nonlinear Fiber Optics, (Elsevier, 2012).

J. Limpert, F. Roser, S. Klingebiel, T. Schreiber, C. Wirth, T. Peschel, R. Eberhardt,
and A. Tunnermann, "The Rising Power of Fiber Lasers and Amplifiers," IEEE J.
Sel. Top. Quantum Electron. 13, 537-545 (2007).

C. W. Rudy, M. J. F. Digonnet, and R. L. Byer, "Advances in 2-um Tm-doped
mode-locked fiber lasers," Opt. Fiber Technol. 20, 642—-649 (2014).

S. D. Jackson, "Towards high-power mid-infrared emission from a fibre laser,"” Nat.
Photonics 6, 423-431 (2012).

V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, Springer
Series in Optical Sciences (Springer International Publishing, 2014).

A. M. Weiner, Ultrafast Optics, (Wiley Publishing, 2008)

C. Rulliere, ed., Femtosecond Laser Pulses: Principles and Experiments, (Springer-
Verlag, 2005).

R. Ell, U. Morgner, F. X. Kértner, J. G. Fujimoto, E. P. Ippen, V. Scheuer, G.
Angelow, T. Tschudi, M. J. Lederer, A. Boiko, and B. Luther-Davies,
"Generation of 5-fs pulses and octave-spanning spectra directly from a
Ti:sapphire laser,” Opt. Lett. 26, 373-375 (2001).

H. A. Haus, "Modelocking of Semiconductor Laser Diodes," Jpn. J. Appl. Phys. 20,
1007-1020 (1981).

L. E. Hargrove, R. L. Fork, and M. A. Pollack, "Locking of He-Ne laser modes
induced by synchronous intracavity modulation,” Appl. Phys. Lett. 5, 4-5 (1964).

F. X. Kartner, I. D. Jung, and U. Keller, "Soliton mode-locking with saturable
absorbers," IEEE J. Sel. Top. Quantum Electron. 2, 540-556 (1996).

M. E. Fermann, M. J. Andrejco, Y. Silberberg, and M. L. Stock, "Passive mode
locking by using nonlinear polarization evolution in a polarization-maintaining
erbium-doped fiber," Opt. Lett. 18, 894-896 (1993).

H. Haus, "A theory of forced mode locking," IEEE J. Quantum Electron. 11, 323—
330 (1975).

L. F. Mollenauer and R. H. Stolen, "The soliton laser,” Opt. Lett. 9, 13-15 (1984).

L. F. Mollenauer, R. H. Stolen, and J. P. Gordon, "Experimental Observation of
Picosecond Pulse Narrowing and Solitons in Optical Fibers,” Phys. Rev. Lett. 45,
1095-1098 (1980).

164



16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

B. K. Garside and T. K. Lim, "Laser mode locking using saturable absorbers," J.
Appl. Phys. 44, 2335-2342 (1973).

H. Haus, "Theory of mode locking with a slow saturable absorber," IEEE J.
Quantum Electron. 11, 736-746 (1975).

P. F. Moulton, G. A. Rines, E. V. Slobodtchikov, K. F. Wall, G. Frith, B. Samson,
and A. L. G. Carter, "Tm-Doped Fiber Lasers: Fundamentals and Power Scaling,"
IEEE J. Sel. Top. Quantum Electron. 15, 85-92 (2009).

R. J. De Young and N. P. Barnes, "Profiling atmospheric water vapor using a fiber
laser lidar system," Appl. Opt. 49, 562-567 (2010).

S. W. Henderson, P. J. M. Suni, C. P. Hale, S. M. Hannon, J. R. Magee, D. L.
Bruns, and E. H. Yuen, "Coherent laser radar at 2 'm using solid-state lasers,"
IEEE Trans. Geosci. Remote Sens. 31, 4-15 (1993).

K. D. Polder and S. Bruce, "Treatment of Melasma Using a Novel 1,927-nm
Fractional Thulium Fiber Laser: A Pilot Study," Dermatol. Surg. 38, 199-206
(2012).

N. M. Fried and K. E. Murray, "High-Power Thulium Fiber Laser Ablation of
Urinary Tissues at 1.94 I'm," J. Endourol. 19, 25-31 (2005).

F. J. McAleavey, J. O’Gorman, J. F. Donegan, B. D. MacCraith, J. Hegarty, and G.
Maze, "Narrow linewidth, tunable Tm3+-doped fluoride fiber laser for optical-
based hydrocarbon gas sensing,” IEEE J. Sel. Top. Quantum Electron. 3, 1103—
1111 (1997).

M. Baudelet, C. C. C. Willis, L. Shah, and M. Richardson, "Laser-induced
breakdown spectroscopy of copper with a 2 um thulium fiber laser," Opt. Express
18, 7905 (2010).

H. Hoogland, S. Wittek, W. Hansel, S. Stark, and R. Holzwarth, "Fiber chirped
pulse amplifier at 208 um emitting 383-fs pulses at 10 nJ and 7 MHz," Opt. Lett.
39, 6735 (2014).

P. Malevich, T. Kanai, H. Hoogland, R. Holzwarth, A. Baltutka, and A. Pug,lys,
"Broadband mid-infrared pulses from potassium titanyl arsenate/zinc germanium
phosphate optical parametric amplifier pumped by Tm, Ho-fiber-seeded Ho:YAG
chirped-pulse amplifier,” Opt. Lett. 41, 930 (2016).

D. Sanchez, M. Hemmer, M. Baudisch, S. L. Cousin, K. Zawilski, P. Schunemann,
O. Chalus, C. Simon-Boisson, and J. Biegert, "7 um, ultrafast, sub-millijoule-level
mid-infrared optical parametric chirped pulse amplifier pumped at 2 um," Optica
3, 147 (2016).

165



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

A. Wienke, D. Wandt, U. Morgner, J. Neumann, and D. Kracht, "700 MW peak
power of a 380 fs regenerative amplifier with Tm:YAP," Opt. Express 23, 16884
(2015).

S. D. Jackson and T. A. King, "Theoretical modeling of Tm-doped silica fiber
lasers," J. Light. Technol. 17, 948-956 (1999).

K. Kieu and F. W. Wise, "Soliton Thulium-Doped Fiber Laser with Carbon
Nanotube Saturable Absorber," IEEE Photonics Technol. Lett. 21, 128-130
(2009).

S. Kivistd, T. Hakulinen, M. Guina, and O. G. Okhotnikov, "Tunable Raman
Soliton Source Using Mode-Locked Tm-Ho Fiber Laser,”" IEEE Photonics
Technol. Lett. 19, 934-936 (2007).

L. E. Nelson, E. P. Ippen, and H. A. Haus, "Broadly tunable subU500 fs pulses from
an additivelpulse modellocked thuliumldoped fiber ring laser," Appl. Phys. Lett.
67, 19-21 (1995).

M. Engelbrecht, F. Haxsen, A. Ruehl, D. Wandt, and D. Kracht, "Ultrafast thulium-
doped fiber-oscillator with pulse energy of 4.3 nJ," Opt. Lett. 33, 690-692 (2008).

P. Wan, L.-M. Yang, and J. Liu, "High pulse energy 2 'm femtosecond fiber laser,"
Opt. Express 21, 1798-1803 (2013).

R. C. Sharp, D. E. Spock, N. Pan, and J. Elliot, "190-fs passively mode-locked
thulium fiber laser with a low threshold,” Opt. Lett. 21, 881-883 (1996).

M. Zhang, E. J. R. Kelleher, F. Torrisi, Z. Sun, T. Hasan, D. Popa, F. Wang, A. C.
Ferrari, S. V. Popov, and J. R. Taylor, "Tm-doped fiber laser mode-locked by
graphene-polymer composite,” Opt. Express 20, 25077 (2012).

Q. Wang, T. Chen, B. Zhang, M. Li, Y. Lu, and K. P. Chen, "All-fiber passively
mode-locked thulium-doped fiber ring laser using optically deposited graphene
saturable absorbers,” Appl. Phys. Lett. 102, 131117 (2013).

M. A. Solodyankin, E. D. Obraztsova, A. S. Lobach, A. I. Chernov, A. V. Tausenev,
V. I. Konov, and E. M. Dianov, "Mode-locked 1.93 um thulium fiber laser with a
carbon nanotube absorber,"” Opt. Lett. 33, 1336 (2008).

J. Liu, J. Xu, K. Liu, F. Tan, and P. Wang, "High average power picosecond pulse
and supercontinuum generation from a thulium-doped, all-fiber amplifier,” Opt.
Lett. 38, 4150 (2013).

Q. Wang, J. Geng, T. Luo, and S. Jiang, "2um mode-locked fiber lasers," Proc SPIE
8237, 82371N (2012).

166



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

J. Jiang, C. Mohr, J. Bethge, A. Mills, W. Mefford, I. Hartl, M. E. Fermann, C. C.
Lee, S. Suzuki, T. R. Schibli, N. Leindecker, K. L. Vodopyanov, and P. G.
Schunemann, "500 MHz, 58fs highly coherent Tm fiber soliton laser,” in 2012
Conference on Lasers and Electro-Optics (CLEO) (2012), pp. 1-2.

P. Li, A. Ruehl, U. Grosse-Wortmann, and I. Hartl, "Sub-100 fs passively mode-
locked holmium-doped fiber oscillator operating at 206 um," Opt. Lett. 39, 6859
(2014).

H. Hoogland and R. Holzwarth, "Compact polarization-maintaining 205-pum fiber
laser at 1-MHz and 1-MW peak power," Opt. Lett. 40, 3520 (2015).

Q. Fang, K. Kieu, and N. Peyghambarian, "An All-Fiber 2- m Wavelength-Tunable
Mode-Locked Laser," IEEE Photonics Technol. Lett. 22, 1656-1658 (2010).

H. Byun, M. Y. Sander, A. Motamedi, H. Shen, G. S. Petrich, L. A. Kolodziejski, E.
P. Ippen, and F. X. Kartner, "Compact, stable 1 GHz femtosecond Er-doped fiber
lasers,"” Appl. Opt. 49, 5577 (2010).

B. Bernhardt, A. Ozawa, P. Jacquet, M. Jacquey, Y. Kobayashi, T. Udem, R.
Holzwarth, G. Guelachvili, T. W. Hansch, and N. Picqué, "Cavity-enhanced dual-
comb spectroscopy,” Nat. Photonics 4, 55-57 (2010).

N. R. Newbury, 1. Coddington, and W. Swann, "Sensitivity of coherent dual-comb
spectroscopy,” Opt. Express 18, 7929-7945 (2010).

I. Coddington, N. Newbury, and W. Swann, "Dual-comb spectroscopy,” Optica 3,
414-426 (2016).

M. Cassinerio, A. Gambetta, N. Coluccelli, P. Laporta, and G. Galzerano, "Absolute
dual-comb spectroscopy at 1.55-um by free-running Er:fiber lasers,” Appl. Phys.
Lett. 104, 231102 (2014).

T. Ideguchi, A. Poisson, G. Guelachvili, N. Picqué, and T. W. Hansch, "Adaptive
real-time dual-comb spectroscopy,” Nat. Commun. 5, 3375 (2014).

M. E. Fermann and I. Hartl, "Ultrafast fibre lasers," Nat. Photonics 7, 868—-874
(2013).

0. Okhotnikov, A. Grudinin, and M. Pessa, "Ultra-fast fibre laser systems based on
SESAM technology: new horizons and applications,” New J. Phys. 6, 177 (2004).

N. N. Akhmediev, A. Ankiewicz, M. J. Lederer, and B. Luther-Davies, "Ultrashort
pulses generated by mode-locked lasers with either a slow or a fast saturable-
absorber response,” Opt. Lett. 23, 280-282 (1998).

167



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

R. Paschotta and U. Keller, "Passive mode locking with slow saturable absorbers,"
Appl. Phys. B 73, 653-662 (2001).

U. Keller, "Recent developments in compact ultrafast lasers," Nature 424, 831-838
(2003).

K. Tamura, H. A. Haus, and E. P. Ippen, "Self-starting additive pulse mode-locked
erbium fibre ring laser,” Electron. Lett. 28, 2226-2228 (1992).

I. N. Duling, "All-fiber ring soliton laser mode locked with a nonlinear mirror," Opt.
Lett. 16, 539-541 (1991).

H. A. Haus, J. G. Fujimoto, and E. P. Ippen, "Analytic theory of additive pulse and
Kerr lens mode locking," IEEE J. Quantum Electron. 28, 2086-2096 (1992).

C. R. Menyuk, "Stability of solitons in birefringent optical fibers. I: Equal
propagation amplitudes,” Opt. Lett. 12, 614-616 (1987).

S. T. Cundiff, B. C. Collings, and W. H. Knox, "Polarization locking in an isotropic,
modelocked soliton Er/Yb fiber laser,” Opt. Express 1, 12-20 (1997).

N. N. Akhmediev, J. M. Soto-Crespo, S. T. Cundiff, B. C. Collings, and W. H.
Knox, "Phase locking and periodic evolution of solitons in passively mode-locked
fiber lasers with a semiconductor saturable absorber,"” Opt. Lett. 23, 852-854
(1998).

B. C. Collings, S. T. Cundiff, N. N. Akhmediev, J. M. Soto-Crespo, K. Bergman,
and W. H. Knox, "Polarization-locked temporal vector solitons in a fiber laser:
experiment,” JOSA B 17, 354-365 (2000).

L. M. Zhao, D. Y. Tang, H. Zhang, and X. Wu, "Polarization rotation locking of
vector solitons in a fiber ring laser,” Opt. Express 16, 10053 (2008).

A. Komarov, K. Komarov, D. Meshcheriakov, F. Amrani, and F. Sanchez,
"Polarization dynamics in nonlinear anisotropic fibers," Phys. Rev. A 82, 013813
(2010).

Y. F. Song, H. Zhang, D. Y. Tang, and D. Y. Shen, "Polarization rotation vector
solitons in a graphene mode-locked fiber laser,” Opt. Express 20, 27283-27289
(2012).

V. Tsatourian, S. V. Sergeyev, C. Mou, A. Rozhin, V. Mikhailov, B. Rabin, P. S.
Westbrook, and S. K. Turitsyn, "Polarisation Dynamics of Vector Soliton
Molecules in Mode Locked Fibre Laser," Sci. Rep. 3, 3154 (2013).

168



67.

68.

69.

70.

71.

72,

73.

74.

75.

76.

77.

78.

H. Zhang, D. Y. Tang, L. M. Zhao, and N. Xiang, "Coherent energy exchange
between components of a vector soliton in fiber lasers," Opt. Express 16, 12618—
12623 (2008).

C. Mou, S. Sergeyev, A. Rozhin, and S. Turistyn, "All-fiber polarization locked
vector soliton laser using carbon nanotubes,” Opt. Lett. 36, 3831-3833 (2011).

J. H. Wong, K. Wu, H. H. Liu, C. Ouyang, H. Wang, S. Aditya, P. Shum, S. Fu, E.
J. R. Kelleher, A. Chernov, and E. D. Obraztsova, "Vector solitons in a laser
passively mode-locked by single-wall carbon nanotubes,” Opt. Commun. 284,
2007-2011 (2011).

Y. Wang, S. Wang, J. Luo, Y. Ge, L. Li, D. Tang, D. Shen, S. Zhang, F. W. Wise,
and L. Zhao, "Vector Soliton Generation in a Tm Fiber Laser," IEEE Photonics
Technol. Lett. 26, 769-772 (2014).

R. Gumenyuk, M. S. Gaponenko, K. V. Yumashev, A. A. Onushchenko, and O. G.
Okhotnikov, "Vector Soliton Bunching in Thulium-Holmium Fiber Laser Mode-
Locked With PbS Quantum-Dot-Doped Glass Absorber,” IEEE J. Quantum
Electron. 48, 903-907 (2012).

Z. Wu, S. Fu, K. Jiang, J. Song, H. Li, M. Tang, P. Shum, and D. Liu, "Switchable
thulium-doped fiber laser from polarization rotation vector to scalar soliton," Sci.
Rep. 6, 34844 (2016).

J. Thévenin, M. Vallet, and M. Brunel, "Dual-polarization mode-locked Nd:YAG
laser,” Opt. Lett. 37, 2859 (2012).

S. M. Link, A. Klenner, M. Mangold, C. A. Zaugg, M. Golling, B. W. Tilma, and U.
Keller, "Dual-comb modelocked laser," Opt. Express 23, 5521 (2015).

S. M. Link, A. Klenner, and U. Keller, "Dual-comb modelocked lasers:
semiconductor saturable absorber mirror decouples noise stabilization," Opt.
Express 24, 1889-1902 (2016).

Y. Liu, X. Zhao, G. Hu, C. Li, B. Zhao, and Z. Zheng, "Unidirectional, dual-comb
lasing under multiple pulse formation mechanisms in a passively mode-locked
fiber ring laser," Opt. Express 24, 21392-21398 (2016).

X. Zhao, G. Hu, B. Zhao, C. Li, Y. Pan, Y. Liu, T. Yasui, and Z. Zheng,
"Picometer-resolution dual-comb spectroscopy with a free-running fiber laser,"
Opt. Express 24, 21833-21845 (2016).

T. Ideguchi, T. Nakamura, Y. Kobayashi, and K. Goda, "Kerr-lens mode-locked
bidirectional dual-comb ring laser for broadband dual-comb spectroscopy,”
Optica 3, 748-753 (2016).

169



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

S. Mehravar, R. A. Norwood, N. Peyghambarian, and K. Kieu, "Real-time dual-
comb spectroscopy with a free-running bidirectionally mode-locked fiber laser,"
Appl. Phys. Lett. 108, 231104 (2016).

M. Marconi, J. Javaloyes, S. Barland, S. Balle, and M. Giudici, "Vectorial
dissipative solitons in vertical-cavity surface-emitting lasers with delays," Nat.
Photonics 9, 450-455 (2015).

A. E. Akosman and M. Y. Sander, "Low Noise, Mode-Locked 253 MHz Tm/Ho
Fiber Laser with Core Pumping at 790 nm," IEEE Photonics Technol. Lett. 28,
1878-1881 (2016).

S. T. Cundiff, B. C. Collings, N. N. Akhmediev, J. M. Soto-Crespo, K. Bergman,
and W. H. Knox, "Observation of Polarization-Locked Vector Solitons in an
Optical Fiber,"” Phys. Rev. Lett. 82, 3988-3991 (1999).

N. Akhmediev, J. M. Soto-Crespo, and G. Town, "Pulsating solitons, chaotic
solitons, period doubling, and pulse coexistence in mode-locked lasers: Complex
Ginzburg-Landau equation approach,” Phys. Rev. E 63, 056602 (2001).

P. Grelu and J. M. Soto-Crespo, "Multisoliton states and pulse fragmentation in a
passively mode-locked fibre laser,” J. Opt. B Quantum Semiclassical Opt. 6, S271
(2004).

S. Smirnov, S. Kobtsev, S. Kukarin, and A. Ivanenko, "Three key regimes of single
pulse generation per round trip of all-normal-dispersion fiber lasers mode-locked
with nonlinear polarization rotation," Opt. Express 20, 27447-27453 (2012).

D. V. Churkin, S. Sugavanam, N. Tarasov, S. Khorev, S. V. Smirnov, S. M.
Kobtsev, and S. K. Turitsyn, "Stochasticity, periodicity and localized light
structures in partially mode-locked fibre lasers," Nat. Commun. 6, 8004-8016
(2015).

J. N. Kutz, B. C. Collings, K. Bergman, and W. H. Knox, "Stabilized pulse spacing
in soliton lasers due to gain depletion and recovery,” IEEE J. Quantum Electron.
34, 1749-1757 (1998).

B. G. Bale, K. Kieu, J. N. Kutz, and F. Wise, "Transition dynamics for multi-
pulsing in mode-locked lasers," Opt. Express 17, 23137-23146 (2009).

A. N. Pilipetskii, E. A. Golovchenko, and C. R. Menyuk, "Acoustic effect in
passively mode-locked fiber ring lasers,” Opt. Lett. 20, 907-909 (1995).

J. N. Kutz and B. Sandstede, "Theory of passive harmonic mode-locking using
waveguide arrays," Opt. Express 16, 636—-650 (2008).

170



91.

92.

93.

94.

95.

96.

97.

98.

99.

A. B. Grudinin and S. Gray, "Passive harmonic mode locking in soliton fiber
lasers," J. Opt. Soc. Am. B 14, 144 (1997).

J. W. Haus, G. Shaulov, E. A. Kuzin, and J. Sanchez-Mondragon, "Vector soliton
fiber lasers," Opt. Lett. 24, 376-378 (1999).

Y. F. Song, H. Zhang, L. M. Zhao, D. Y. Shen, and D. Y. Tang, "Coexistence and
interaction of vector and bound vector solitons in a dispersion-managed fiber laser
mode locked by graphene,” Opt. Express 24, 1814 (2016).

Q.-Y. Ning, H. Liu, X.-W. Zheng, W. Yu, A.-P. Luo, X.-G. Huang, Z.-C. Luo, W.-
C. Xu, S.-H. Xu, and Z.-M. Yang, "Vector nature of multi-soliton patterns in a
passively mode-locked figure-eight fiber laser,” Opt. Express 22, 11900-11911
(2014).

M. Han, S. Zhang, X. Li, H. Zhang, H. Yang, and T. Yuan, "Polarization dynamic
patterns of vector solitons in a graphene mode-locked fiber laser," Opt. Express
23, 2424-2435 (2015).

T. Habruseva, C. Mou, A. Rozhin, and S. V. Sergeyev, "Polarization attractors in
harmonic mode-locked fiber laser,” Opt. Express 22, 15211-15217 (2014).

A. E. Akosman and M. Y. Sander, "Dual comb generation from a mode-locked fiber
laser with orthogonally polarized interlaced pulses,” Opt. Express 25, 18592—
18602 (2017).

N. K. Fontaine, R. P. Scott, J. Cao, A. Karalar, W. Jiang, K. Okamoto, J. P.
Heritage, B. H. Kolner, and S. J. B. Y00, "32 phase. 32 amplitude optical
arbitrary waveform generation,” Opt. Lett. 32, 865-867 (2007).

A. C. Singer, A. V. Oppenheim, and G. W. Wornell, "Detection and estimation of
multiplexed soliton signals,” IEEE Trans. Signal Process. 47, 2768-2782 (1999).

100. Z. Jiang, C.-B. Huang, D. E. Leaird, and A. M. Weiner, "Spectral line-by-line pulse

shaping for optical arbitrary pulse-train generation,” JOSA B 24, 2124-2128
(2007).

101. Z. Chen and S. Kumar, "A fiber-optic transmission system based on differential

polarization-shift keying," Opt. Commun. 284, 4064-4069 (2011).

102. D. Miyamoto, K. Mandai, T. Kurokawa, S. Takeda, T. Shioda, and H. Tsuda,

"Waveform-controllable optical pulse generation using an optical pulse
synthesizer," IEEE Photonics Technol. Lett. 18, 721-723 (2006).

171



103. P. Zhang and S. Kumar, "Efficient Optical Time Division Multiplexing Scheme
Using Solition Interaction,” in 23rd Biennial Symposium on Communications,
2006 (2006), pp. 39-42.

104. S. Wabnitz, "Control of soliton train transmission, storage, and clock recovery by
cw light injection,” JOSA B 13, 2739-2749 (1996).

105. A. Zhang and C. Li, "Dynamic optical arbitrary waveform generation with
amplitude controlled by interference of two FBG arrays," Opt. Express 20,
23074-23081 (2012).

106. B. C. Collings, K. Bergman, and W. H. Knox, "Stable multigigahertz pulse-train
formation in a short-cavity passively harmonic mode-locked erbium/ytterbium
fiber laser,” Opt. Lett. 23, 123 (1998).

107. C. Lecaplain, P. Grelu, and S. Wabnitz, "Dynamics of the transition from
polarization disorder to antiphase polarization domains in vector fiber lasers,"
Phys. Rev. A 89, 063812 (2014).

108. Y. Jeong, L. A. Vazquez-Zuniga, S. Lee, and Y. Kwon, "On the formation of noise-
like pulses in fiber ring cavity configurations,” Opt. Fiber Technol. 20, 575-592
(2014).

109. M. Horowitz, Y. Barad, and Y. Silberberg, "Noiselike pulses with a broadband
spectrum generated from an erbium-doped fiber laser,” Opt. Lett. 22, 799-801
(1997).

110. N. Akhmediev, B. Kibler, F. Baronio, M. Beli/, W.-P. Zhong, Y. Zhang, Wonkeun
Chang, J. M. Soto-Crespo, P. Vouzas, P. Grelu, C. Lecaplain, K. Hammani, S.
Rica, A Picozzi, M. Tlidi, K. Panajotov, A. Mussot, A. Bendahmane, Pascal
Szriftgiser, G. Genty, J. Dudley, A. Kudlinski, A. Demircan, U. Morgner, Shalva
Amiraranashvili, C. Bree, G. Steinmeyer, C. Masoller, N. G. R. Broderick, A. F.
J. Runge, Miro Erkintalo, S. Residori, U. Bortolozzo, F. T. Arecchi, S. Wabnitz,
C. G. Tiofack, S. Coulibaly, and M. Taki, "Roadmap on optical rogue waves and
extreme events," J. Opt. 18, 063001 (2016).

111. H. Qin, X. Xiao, P. Wang, and C. Yang, "Observation of soliton molecules in a
spatiotemporal mode-locked multimode fiber laser," Opt. Lett. 43, 1982-1985
(2018).

112. S. Chouli and P. Grelu, "Rains of solitons in a fiber laser,”" Opt. Express 17, 11776
(2009).

113. C. Bao, X. Xiao, and C. Yang, "Soliton rains in a normal dispersion fiber laser with
dual-filter," Opt. Lett. 38, 1875-1877 (2013).

172



114

115

116

117

118

119

120

121

122

123

124

125

126

. Y. Meng, S. Zhang, X. Li, H. Li, J. Du, and Y. Hao, "Multiple-soliton dynamic
patterns in a graphene mode-locked fiber laser,” Opt. Express 20, 6685-6692
(2012).

. C. Lecaplain, P. Grelu, J. M. Soto-Crespo, and N. Akhmediev, "Dissipative Rogue
Waves Generated by Chaotic Pulse Bunching in a Mode-Locked Laser," Phys.
Rev. Lett. 108, 233901 (2012).

. P. Wang, X. Xiao, and C. Yang, "Quantized pulse separations of phase-locked
soliton molecules in a dispersion-managed mode-locked Tm fiber laser at 2Im,"
Opt. Lett. 42, 29-32 (2017).

. A. F. J. Runge, N. G. R. Broderick, and M. Erkintalo, "Observation of soliton
explosions in a passively mode-locked fiber laser,” Optica 2, 36—39 (2015).

. W. H. Renninger and F. W. Wise, Dissipative Soliton Fiber Lasers, (Wiley-
Blackwell, 2012).

. P. AL E. M. Janssen, "Nonlinear Four-Wave Interactions and Freak Waves," J. Phys.
Oceanogr. 33, 863-884 (2003).

. N. Akhmediev and A. Ankiewicz, "Modulation instability, Fermi-Pasta-Ulam
recurrence, rogue waves, nonlinear phase shift, and exact solutions of the
Ablowitz-Ladik equation,” Phys. Rev. E 83, 046603 (2011).

. C. Kharif, E. N. Pelinovsky, and A. Slunyaev, Rogue Waves in the Ocean,
Advances in Geophysical and Environmental Mechanics and Mathematics
(Springer-Verlag, 2009).

. L. Jumpertz, K. Schires, M. Carras, M. Sciamanna, and F. Grillot, "Chaotic light at
mid-infrared wavelength,” Light Sci. Appl. 5, 16088 (2016).

. D. H. Peregrine, "Water waves, nonlinear Schrédinger equations and their
solutions,” ANZIAM J. 25, 16-43 (1983).

. D. R. Solli, C. Ropers, P. Koonath, and B. Jalali, "Optical rogue waves," Nature
450, 1054-1057 (2007).

. B. Kibler, J. Fatome, C. Finot, G. Millot, F. Dias, G. Genty, N. Akhmediev, and J.
M. Dudley, "The Peregrine soliton in nonlinear fibre optics,” Nat. Phys. 6, 790—
795 (2010).

. J. M. Dudley, G. Genty, and B. J. Eggleton, "Harnessing and control of optical
rogue waves in supercontinuum generation," Opt. Express 16, 3644-3651 (2008).

173



127. S. Wabnitz, C. Finot, J. Fatome, and G. Millot, "Shallow water rogue wavetrains in
nonlinear optical fibers,” Phys. Lett. A 377, 932-939 (2013).

128. M. Erkintalo, G. Genty, and J. M. Dudley, "Rogue-wave-like characteristics in
femtosecond supercontinuum generation,"” Opt. Lett. 34, 2468-2470 (2009).

129. A. Montina, U. Bortolozzo, S. Residori, and F. T. Arecchi, "Non-Gaussian Statistics
and Extreme Waves in a Nonlinear Optical Cavity," Phys. Rev. Lett. 103, 173901
(2009).

130. C. Finot, K. Hammani, J. Fatome, J. M. Dudley, and G. Millot, "Selection of
Extreme Events Generated in Raman Fiber Amplifiers Through Spectral Offset
Filtering,” IEEE J. Quantum Electron. 46, 205-213 (2010).

131. M. Liu, A.-P. Luo, W.-C. Xu, and Z.-C. Luo, "Dissipative rogue waves induced by
soliton explosions in an ultrafast fiber laser,” Opt. Lett. 41, 3912-3915 (2016).

132. J. Peng, N. Tarasov, S. Sugavanam, and D. Churkin, "Rogue waves generation via
nonlinear soliton collision in multiple-soliton state of a mode-locked fiber laser,"
Opt. Express 24, 21256-21263 (2016).

133. Z. Liu, S. Zhang, and F. W. Wise, "Rogue waves in a normal-dispersion fiber laser,"
Opt. Lett. 40, 1366-1369 (2015).

134. J. M. Dudley, F. Dias, M. Erkintalo, and G. Genty, "Instabilities, breathers and
rogue waves in optics," Nat. Photonics 8, 755 (2014).

135. P. Wang, D. Hu, K. Zhao, L. Jiao, X. Xiao, and C. Yang, "Dissipative Rogue Waves
Among Noise-Like Pulses in a Tm Fiber Laser Mode Locked by a Monolayer
MoS2 Saturable Absorber,” IEEE J. Sel. Top. Quantum Electron. 24, 1-7 (2018).

136. S. Namiki, E. P. Ippen, H. A. Haus, and C. X. Yu, "Energy rate equations for mode-
locked lasers,” JOSA B 14, 2099-2111 (1997).

137. J. M. Soto-Crespo, M. Grapinet, P. Grelu, and N. Akhmediev, "Bifurcations and
multiple-period soliton pulsations in a passively mode-locked fiber laser,” Phys.
Rev. E 70, 066612 (2004).

138. C. Li, Y. Ma, X. Gao, F. Niu, T. Jiang, A. Wang, and Z. Zhang, "1GHz repetition
rate femtosecond Yb:fiber laser for direct generation of carrier-envelope offset
frequency,"” Appl. Opt. 54, 8350-8353 (2015).

139. H. Cheng, W. Lin, Z. Luo, and Z. Yang, "Passively Mode-Locked Tm3+-Doped
Fiber Laser with Gigahertz Fundamental Repetition Rate," IEEE J. Sel. Top.
Quantum Electron. 24, 1-6 (2018).

174



140

141

142

143

144

145
146

147

148

149

. P. W. Kuan, K. Li, L. Zhang, X. Li, C. Yu, G. Feng, and L. Hu, "0.5-GHz
Repetition Rate Fundamentally Tm-Doped Mode-Locked Fiber Laser,” IEEE
Photonics Technol. Lett. 28, 1525-1528 (2016).

. I. A. Sukhoivanov, S. O. lakushev, O. V. Shulika, J. A. Andrade-Lucio, A. Diez,
and M. Andrés, "Supercontinuum generation at 800 nm in all-normal dispersion
photonic crystal fiber,” Opt. Express 22, 30234-30250 (2014).

. Z. Zheng, D. Ouyang, J. Zhao, P. Yan, J. Wang, S. Lin, and S. Ruan, "Dual-
Operation Regime Thulium-Doped Fiber Laser and Its Applications in Cascaded
Raman Light and Supercontinuum Generation," IEEE Photonics J. 10, 1-9
(2018).

. K.-E. Peiponen, R. Myllyl4, and A. V. Priezzhev, Optical Measurement Techniques:
Innovations for Industry and the Life Sciences, Springer Series in Optical
Sciences (Springer-Verlag, 2009).

. J. J. Carr, Sensors & Circuits: Sensors, Transducers, & Supporting Circuits for
Electronic Instrumentation Measurement and Control, (Prentice Hall, 1993).

. A. Sennaroglu, Solid-State Lasers and Applications, (CRC Press, 2006).

. D. von der Linde, "Characterization of the noise in continuously operating mode-
locked lasers," Appl. Phys. B 39, 201-217 (1986).

. J. Kim and Y. Song, "Ultralow-noise mode-locked fiber lasers and frequency
combs: principles, status, and applications,” Adv. Opt. Photonics 8, 465-540
(2016).

. K. Sala, G. Kenney-Wallace, and G. Hall, "CW autocorrelation measurements of
picosecond laser pulses,” IEEE J. Quantum Electron. 16, 990-996 (1980).

. R. K. Jain, J. E. Brown, and W. P. Robinson, "Simple distortion-free real-time
optical pulse correlator,” Appl. Opt. 21, 4073-4076 (1982).

175



Curriculum Vitae







