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Abstract

Mode-locked lasers that produce short optical pulses in the mid-infrared wavelength region
have been sought out for a wide range of applications such as free space communication, molecular
spectroscopy, medical diagnostics, and remote sensing. Here, a thulium and holmium (Tm/Ho)
co-doped fiber laser that mode-locks in both the solitonic and stretched-pulse regimes is used to
produce ultra-short pulses in the 2 um region. Nonlinear polarization rotation technique is used
where fiber nonlinearity is responsible to mode-lock the laser. The anomalous group velocity
dispersion of both the single mode and gain fibers used limit the laser operation in the solitonic
regime where spectral bandwidth is 10 nm and hence the pulse duration is limited to 996 fs. In order
to increase the spectral bandwidth and hence get the shorter pulses the anomalous dispersion of these

fibers has to compensate using normal group velocity dispersion fiber in the laser cavity.

High numerical aperture fibers, which have normal group velocity dispersion around 2 pm
due to its large and positive waveguide dispersion, can be used to compensate the anomalous
dispersion of the gain and single mode fibers. We used a high numerical aperture fiber called
UHNA4 in the laser cavity in order to compensate the anomalous dispersion of other fibers and
mode-locked the laser in stretched pulse regime. The spectral bandwidth of the laser increased to
31 nm with corresponding pulse duration of 450fs measured from the interferometric
autocorrelation. The laser dynamics of the Tm/Ho co-doped fiber laser is also studied while going
from the stretched-pulse to solitonic regime by fiber cut-back measurements of normal dispersion
fiber. 1t was clearly observed that both the spectral bandwidth and the pulse duration changed

significantly going from one region to the other.
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Abstract

Mode-locked lasers that produce short optical pulses in the mid-infrared wavelength region
have been sought out for a wide range of applications such as free space communication, molecular
spectroscopy, medical diagnostics, and remote sensing. Here, a thulium and holmium co-doped fiber
laser that mode-locks in both the solitonic and stretched-pulse regimes is used to produce ultra-short
pulses in the 2 um region. Nonlinear polarization rotation technique is used where fiber nonlinearity
is responsible to mode-lock the laser. The anomalous group velocity dispersion of both the single
mode and gain fibers used limit the laser operation in the solitonic regime where spectral bandwidth
is 10 nm and hence the pulse duration is limited to 996 fs. In order to increase the spectral bandwidth
and hence get the shorter pulses the anomalous dispersion of these fibers has to compensate using

normal group velocity dispersion fiber in the laser cavity.

High numerical aperture fibers, which have normal group velocity dispersion around 2 pm
due to its large and positive waveguide dispersion, can be used to compensate the anomalous
dispersion of the gain and single mode fibers. We used a high numerical aperture fiber called
UHNA4 in the laser cavity in order to compensate the anomalous dispersion of other fibers and
mode-locked the laser in stretched pulse regime. The spectral bandwidth of the laser increased to
31 nm with corresponding pulse duration of 450fs measured from the interferometric
autocorrelation. The laser dynamics of the Tm/Ho co-doped fiber laser is also studied while going
from the stretched-pulse to solitonic regime by fiber cut-back measurements of normal dispersion
fiber. 1t was clearly observed that both the spectral bandwidth and the pulse duration changed

significantly going from one region to the other.
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Chapter 1 - Introduction

Optical fibers exhibit many properties that are extremely useful for the production of both
pulsed and continuous wave lasers. For example, an optical fiber can guide light in well-defined
spatial mode with low loss over long distances, which is a desirable feature for a laser cavity.
Additionally, the fiber can serve as a host to rare-earth dopants which can serve as the laser gain.
And finally, the fiber exhibits nonlinear optical effects that can serve as a self-gating mechanism
for the production of ultrashort pulse trains. All these properties together make optical fibers the
ideal medium for producing high power, high bandwidth ultrashort pulse trains. Since the fiber
lasers are compact, robust, alignment-free operation, efficient heat dissipation and low-cost
maintenance, they are considered as serious competitors over the traditional solid state and gas
(such as Nd:YAG, CO,) lasers. The earliest form of fiber laser was demonstrated by E. Snitzer
and his colleagues [1]. The fiber lasers can be operated in continuous-wave as well as in pulsed
mode with an output of one or more pulses per round-trip. Pulsed lasers, which are the focus of
this thesis, have a variety of important applications in areas of fundamental research as well as in

medical and industrial fields, depending on the wavelength and pulse width.

In a fiber laser, the active gain medium is a length of fiber whose core doped with
rare-earth cations such as neodymium (Nd*"), praseodymium (Pr**), ytterbium (Yb®"), erbium
(Er®*"), thulium (Tm**) and holmium (Ho®"). The lasing wavelength from the fiber lasers depend
on both the rare-earth cations doped in the core and the host materials. The emission spectrum of
the fiber lasers can cover from ultra-violet to mid-infrared as shown in Figure 1.1. When Nd-,
Er-, Tm-, Pr-, or Ho-doped in the fluorozicronate (ZBLAN) glass fiber the emission wavelength

ranges from the ultra-violet to visible regime by up-conversion effects [2-5]. Yb-, or Nd-doped



silica fiber emits the light around 1 pum [6, 7]. Er-doped silica fiber lasers provide the emission
wavelength around 1.5 um [8]. Since this wavelength is located in the telecommunication
window, Er-doped fiber lasers have been extensively studied in past years. When Tm-, or
Ho-doped silica or germinate fibers, the emission wavelength covers around 2 um [9-11] .
Emission of wavelength longer than 2 um is always challenging due to lack of either doping
element or as host materials that can guide the light at longer wavelengths. The infrared
transmission in the glass is controlled by the phonon density of states i.e. the longest emitting
wavelength from the fiber laser is always shorter than its maximum transmissible wavelength
because the phonon density of states determines the radiative efficiencies of the fluorescence

transition of rare-earth cations [12].
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Figure 1.1 Fluorescence wavelength of the rare-earth cations laser transitions doped in
different types of host glasses. The lasing wavelength depends both on the rare-earth

cations and the host materials.



Due to high single pass gain and broad gain spectral bandwidths, rare-earth doped fibers
are attractive gain medium for mode-locked fiber lasers to generate ultrashort pulses. Various
mode-locking techniques were implemented in these rare-earth doped fiber lasers in order to
generate ultrashort and high peak power pulses that can cover a wide range of wavelengths from

ultra-violet to mid-infrared.

1.1 Near Infrared Pulsed Fiber Lasers

Ultrashort pulses are generated in a laser by locking the longitudinal cavity modes of the
laser cavity together and this is process known as mode-locking. When an active or nonlinear
pulse-forming element is incorporated inside the laser cavity the mode-locking can be achieved
and the details of mode-locking will be discussed in Chapter 2. The output of such a laser is a
train of pulses, each of ~100 fs duration separated by ~ 10 ns. Fiber based ultrafast pulse sources
have been intensively studied after the first demonstration of ultrashort pulse generation in
optical fibers in 1990 [13, 14]. A variety of mode-locking mechanisms have been developed in
order to generate the optical pulses in different wavelength regimes. Mainly, ultrashort pulses are
created either by active mode-locking or passive mode-locking. In active mode-locking, a fast
shutter is used inside the laser cavity and it can produce the optical pulses with pulse durations of
~ 100 ps or longer. Hence, in order to generate ultrashort pulses passive mode-locking is
preferred in which a fiber nonlinearity is used to create the effect known as self-amplitude
modulation (SAM), where the pulse modulates its own amplitude via the nonlinearity and
creating a train of ultrashort pulses. Passive mode-locking in fiber lasers can be obtained by
various methods as will be described in Chapter 2 of this thesis. The most commonly used

method is Kerr-type mode-locking where a nonlinear interferometer inside the laser cavity acts



as a saturable absorber [15]. This method is known as nonlinear polarization evolution (NPE)
which depends on the nonlinear interference between two polarization modes. In fiber lasers, the
most common approach to generate ultrashort pulses is soliton mode-locking where the net
cavity dispersion is negative and is balanced by the nonlinear effects of the fiber triggered by the
high intensity pulse itself. The pulse duration in the soliton mode-locking is set by the condition
Z, < 3Z, [16], where Z, is the soliton period and Z, is the cavity length. A cavity length of
50 cm is needed to achieve 100 fs pulse duration in order to satisfy above condition. Thus, it is
very hard to have such as short cavity length in the fiber laser and also not easy to compensate
the dispersion and nonlinearity. To overcome such limitations associated with the soliton
mode-locking there is another approach of mode-locking where alternate segments of normal and
anomalous dispersion fibers were put inside the cavity such that the pulse maintains the
minimum duration only over small sections of the cavity and hence experiences significantly less
nonlinear effects. This type of laser configuration is known as stretched-pulse and will be

discussed in Chapter 5.

A mode-locked erbium-doped fiber laser near 1.5 um was demonstrated with pulse
duration of 4 ps in 1989 [17]. There is strong need to generate ultrashort pulse for a number of
applications such as frequency metrology [18]. A number of techniques had been developed and
implemented in order to achieve the shortest pulse possible. 1. N. Duling Il demonstrated an
all-fiber ring soliton mode-locked laser with pulse duration of 2 ps using a nonlinear-optical fiber
loop mirror [15]. Mode-locking with nonlinear polarization rotation (NPR), 452 fs pulse was
generated from an erbium-doped fiber laser [19]. Later a 77 fs pulse was generated from a
stretched-pulse mode-locked all-fiber ring laser by dispersion compensation inside the laser

cavity [20]. To the date, the shortest pulse duration form the mode-locked erbium-doped fiber



laser is 37.4 fs at center wavelength near 1550 nm [21]. A broad (~200 nm) spectrum with
~20 fs pulse duration is generated form a Yb-doped fiber laser near 1 pum using highly nonlinear

photonic crystal fiber (PCF) as normal dispersion fiber inside the laser cavity [22].

All the works mention above can generate the ultrashort pulses in the near infrared (NIR).
As discussed earlier, the emission wavelength from the rare-earth doped fibers can cover wide
range of wavelength and hence these well-developed techniques can be used to generate

ultrashort pulses in other regions especially the mid-infrared.

1.2 Creating Pulsed Fiber Lasers in the Mid-Infrared

Extending the laser wavelength into the mid-infrared (MIR) spectral region has
necessitated the use of fluoride glass fiber due to its low phonon energy and high loss of the
fused silica fiber at longer wavelengths. Laser emission around 2.7 um can be obtained when
Er-, or Ho- is doped in to the fluoride glass [23-25] . A Ho-doped fluoride fiber laser could
provide emission around 3.9 um under cryogenic conditions [26]. This is the longest wavelength
emitted from a fiber laser till now. Due to the poor physical properties of the fluoride glasses, it
is a significant challenge to get high output power from fluoride fiber lasers. The maximum

output power from fluoride fiber lasers is 24 W at 2.7 um [24].

Longer wavelength emission could be possible in other ways, such as quantum cascade
laser [27], gas laser [18] and nonlinear phenomena where nonlinear effects are exploited to
transfer energy from the visible or near-infrared region to the mid-infrared region. ' (second
order susceptibility) is responsible for the nonlinear effects of the bulk materials. MIR generation

in bulk materials can be done either with an optical parametric amplifier (OPA) [28] or an optical



parametric oscillator (OPO) [29] based on difference frequency generation (DFG). The
efficiency of these processes depends not only on the strength of the nonlinearity but also on the
phase-matching condition of the corresponding optical waves. The phase-matching condition in
the bulk materials (second order effect) can be achieved by the introduction of a short periodic
region in which the sign of x® alternates. Since the bulk OPA or OPO’s are expensive and
alignment sensitive, there is always trends towards making fiber based sources due to its
excellent beam quality. In nonlinear fiber optics, the mid-infrared generation can be achieved by
Raman effects [30], fiber-based optical parametric processes [31], and supercontinuum
generation. Fiber-based optical parametric processes operate through four-wave-mixing (FWM)
with a pump wavelength close to zero dispersion wavelength (ZDW) of the fiber and are
mediated by the ¥® nonlinearity of the glass and the phase-matching is continuous and wide, so
signal gain occurs both near and far from the pump wavelength. Highly nonlinear fiber is used
for FWM to generate MIR and will be discussed in Appendix B. ZBLAN fibers can also be used

for mid-infrared supercontinuum generation when optically pumped by a pulsed laser [32].

The MIR laser sources discussed above are mainly in the form of continuous wave. It is
very challenging to build a mode-locked fiber laser in the MIR region due to unviability of the
gain fiber and optical elements needed to mode-lock the laser. To date there are only a few
mode-locked lasers available in the MIR region, most of them are in solid state form. Using Kerr
lens effect mode-locked femtosecond Cr®*:ZnSe laser at 2.42 pm with pulse duration of 95 fs at
repetition rate of 94.3 MHz has been demonstrated [33]. MIR pulses in the form of a frequency

comb can be generated from difference frequency generation [34-39].



In this dissertation, 1 mainly focus on 2 um light generation from a Tm/Ho co-doped
silica fiber laser and the mode-locking in different pulse regimes in order to generate ultrashort

pulses.

1.3 Mode-Locked Tm and Tm/Ho Doped Fiber Lasers

In the recent years, there has been a lot of interest in studying lasers operating near 2 pum
because it lies in the so called “eye safe” wavelength region and it has a wide range of
applications such as in medicine [40-42] , LIDAR [43], MIR generation [44] etc. Emission
around 2 um regions can be achieved when rare-earth elements thulium and holmium are doped
in different host crystals and cores of the glass fibers. The first thulium laser at 2 um was
demonstrated when Tm:YAG was pumped by flash lamps in 1965 [45]. But many different host
materials can be used to emit 2 um light from thulium and holmium such as: Tm: YAIOs3,

Tm:YLF [46], Tm: Y205 [47], Tm: LUAG [48], Ho: YAG [49].

These crystals based 2 um laser sources are bulky and very hard to work with it. In order
to make portable and compact lasers, thulium and holmium cations are incorporated into the core
of the optical fibers to demonstrate the fiber laser. The main advantage of the Tm-and Ho-doped
fiber lasers is that its emission can cover the gap between the band of Nd** and Er**. When Tm**
ions are doped into the fused-silica glass fiber, the emission wavelength ranges from 1.7 to
2.1 um [50]. When fluoride glass is used instead as the host material the emission wavelength
can be extended to 2.3 um [51] due to an increase in the number of metastable upper states

which provide the additional transitions. Since the fluoride fibers are hard to handle due to their



physical properties, most of the work is done on silica fibers where Tm-or Ho-ions are doped

into the core of the fiber.

Thulium or thulium/holmium co-doped silica fibers are better choices as a laser
gain medium to generate 2 um light due to their widest and broad fluorescence spectrum (1.7 to
2.1 um) compared to other rare-earth ions. This indicates that ultrashort, high peak power pulse
generation is possible. After demonstration of the first thulium continuous-wave fiber laser by

D. C. Hanna et al. in 1988 [9], the first passively mode-locked thulium fiber laser is reported by

L. E. Nelson et al. in 1995 [52] in which the pulse energy was limited to tens of picojoules. A
number of attempts have been implemented in recent years in order to get the short pulse
duration and hence the high pulse energy. Sharp et al. reported a soliton thulium-doped fiber
laser with short cavity length and achieved 190 fs pulse width [53]. In both the cases, the laser is
operating in the solitonic regime and hence the pulse energy is limited due to formation of
spectral sidebands. Since a short pulse laser has a number of potential applications such as
molecular spectroscopy, it is important to achieve the shortest pulse possible. The ultrashort
pulse can be achieved by dispersion management inside the laser cavity. The details of

dispersion management will be discussed in Chapters 3 and 4.

1.4 Thesis Problem Statement

Lasers have a number of applications such as free space optical communications, remote
sensing, LIDAR, and standoff chemical detection. All these applications require propagation of
laser light in the atmosphere. So it is highly desire to have a laser which is eye safe and hence

2 um laser is a good candidate for these applications since this wavelength is absorbed by the



vitreous part of the eye and cannot reach to the retina and also lies in the atmospheric
transparency window. Also, a number of atmospheric gases, e.g. H,O, CO,, N,O, have
absorption lines in the 2 um region. Therefore, both continuous and pulsed 2 um lasers can be
used to detect and analyze these gases. Especially, pulsed lasers are the best candidates for the
spectroscopy since they contains a large number of spectral components within its bandwidth

and hence can detect a number of molecules in a single shot.

Wavelengths near the 2 um range have strong absorption in water, which is the main
constituent of biological tissue, and hence have minimal penetration depth in tissue as shown in
Figure 1.2. So, substantial heating of small area of the tissue is achieved and makes the 2 um
laser a promising candidate for highly precise cutting of biological tissue. 2 um lasers would be
ideal sources for surgery since they can suppress the bleeding during laser cutting due to

coagulation effects.
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Figure 1.2 Absorption and penetration depth in water and other biological tissue

constituents for different wavelengths. This figure is taken from Ref.[54].



Other possible applications of 2 um lasers are nonlinear frequency conversion and
supercontinuum generation in the MIR. Pulsed thulium doped fiber lasers can also be used to
obtain the MIR by nonlinear frequency conversion processes [55]. High-energy multi-cycle
infrared pulses near 2 um generated via optical parametric amplification can be used to increase
the high-harmonic cut-off energy [56]. For all of these practical applications, it is very important
to have a compact, portable and cheap laser near 2 um with high output energy. So the

mode-locked Tm/Ho co-doped fiber laser is an excellent candidate to fulfill these requirements.

For the purpose, | performed the passively mode-locking of a thulium/holmium co-doped
fiber laser in an all-fiber format to realize a compact and robust laser to achieve ultrashort pulses
near 2 um. The laser is mode-locked in two different regimes called solitonic and stretched-pulse
by managing the intracavity dispersion. This laser could be extended to a phase-stabilized comb
near 2 um as described in ref [57] and used for mid-infrared supercontinuum in ZBLAN fiber
that is ongoing project in the laboratory. | also investigated the laser dynamics of a pulsed
Tm/Ho co-doped fiber laser when mode-locked in both the solitonic and stretched-pulsed
regime. An experiment on optical parametric amplification was also performed with highly
nonlinear fiber as nonlinear material for the MIR generation which will be discussed in

Appendix B.

1.5 Importance of This Thesis

Continuous and pulsed laser sources in the mid-infrared region (3-12 um) have long been
sought after for many applications such as medical diagnostics [58], molecular identification
[59], or gas monitoring [60]. In this region large numbers of molecules have characteristic

vibrational transitions as shown in Figure 1.3. While continuous mid-infrared lasers have been

10



produced by molecular gas lasers or by quantum cascade lasers, high repetition frequency pulsed
mid-infrared lasers have been more elusive. Due to the success of using direct frequency
comb-based spectroscopy in the visible and near-infrared [61], there is a strong desire to push
phase-stabilized frequency combs to the mid-infrared region from 2.5 to 12 pum. Visible and
near-infrared combs are generated by phase-stabilized mode-locked lasers that produce
femtosecond duration pulses at repetition frequencies in the megahertz. Such combs have been
produced using solid-state lasers such as Ti:sapphire or Cr:forsterite; and by rare-earth doped
fiber lasers. These lasers have wide bandwidths and are thus able to produce short duration, high
peak power pulses. The frequency combs from these lasers can be extended to wavelengths

outside their gain bandwidth using fiber nonlinearities [62].
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Figure 1.3 Molecular mid-infrared fingerprints. Absorption at the line center for the main

isotopologue of various gaseous molecules in the wavelength region of 2-20 um. This figure
is taken from Ref. [63].
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Unfortunately there are few lasers that can produce a mid-infrared frequency comb
directly. Solid-state lasers produce frequency combs in the visible and near-infrared, and these
combs can be extended into the mid-infrared using difference frequency generation [63, 64]. An
alternative method is to use mode-locked fiber laser-based combs and extend it to the
mid-infrared using nonlinear effects such as self-phase modulation (SPM). Mode-locked erbium
doped fiber (EDF) lasers are the natural choice since they have been shown to generate combs
out to 2.3 um in highly nonlinear fibers, limited only by the strong IR absorption of fused silica
[65]. Hence the thulium or thulium/holmium co-doped fiber lasers are the better choice than EDF
lasers since they laser near 2 um and have broad bandwidth (~200 nm) that can support short,
high peak power pulses. These pulses could generate a supercontinuum in fluoride (ZBLAN)
fiber to extend the comb into the MIR. Recently, a phase-stabilized Tm-doped fiber laser-based
comb with supercontinuum extending to 3 um has been demonstrated [57].In their work, the
authors were able to generate octave-spanning supercontinuum from periodically poled LiNbO3
(PPLN) when pumped by 70 fs pulses centered at 2 um generated from a Tm oscillator as shown
in Figure 1.4(a). The measured fcgo beat signals between f-2f, 2f-3f, and 3f-4f spectral

components are as shown in Figure 1.4(b).
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Figure 1.4 (a) Power spectral density of the PPLN-waveguide supercontinuum (22.11 pm
QPM period), operating at 1.8 W input power. (b) RF spectrum at 796nm (filtered via a
grating spectrometer) measured on silicon APD, showing fcgo at 62.5 MHz and the
repetition rate at 72 MHz. This figure is taken from Ref. [57].

1.6 Thesis Outline

In this dissertation, | report the ultrashort pulse generation near 2 um in all-fiber format
by using thulium/holmium co-doped fiber as a gain medium. The structure of the dissertation is

arranged in the following way:

In Chapter 2, 1 will discuss the mode-locking of the laser and the theory of mode-locking
of the laser in two different regimes. Then | will talk about the important optical properties of
fibers and briefly introduce the different mode-locking mechanisms used in fiber lasers to
generate ultrashort pulses. Then I will discuss rare-earth doped fibers especially thulium and

holmium co-doped fiber.
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In Chapter 3, I will discuss the solitonic operation of a mode-locked thulium/holmium
co-doped fiber laser. Then I will discuss the intra-cavity dispersion management of the laser
using a number of possible normal group velocity dispersion (GVD) fibers to increase the
spectral bandwidth. This chapter also discusses the mode-locking of the laser at two different

center wavelengths.

In Chapter 4, the external pulse compression of a 2 um pulse using photonic crystal fiber
is discussed. The intra-cavity dispersion of the laser is compensated using high numerical (NA)
fiber and the stretched pulse operation of the laser is demonstrated. | will also discuss the laser
dynamics of the thulium/holmium co-doped fiber laser going from solitonic to stretched-pulse

regime by changing the cavity dispersion.

In Chapter 5, this thesis will be summarized, and future work towards realizing the 2 pum
phase-stabilized comb and mid-infrared supercontinuum generation in ZBLAN fiber will be

proposed.
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Chapter 2 - Mode-Locking of Rare-Earth Doped Fiber Laser

2.1 Introduction

.Fiber lasers were made possible in the 1960s when trivalent rare-earth ions were doped
into the glass hosts [66]. The optical fibers used to generate near and mid infrared lasers are
mainly made up of oxide or fluoride glass where rare-earth cations such as erbium (Er®") [67,
68], ytterbium (Yb**) [69], neodymium (Nd**) [70], thulium (Tm**) [9, 50, 71] and holmium
(Ho®") [72] are doped in the core of the fiber. The emission wavelength can be tuned by using
different dopants and or a different host medium of the fiber. The emission wavelength with the
different rare-earth cations doped in different host media is shown in Table 2.1. As seen from the
Table 2.1, when different rare-earth elements are doped into the silicate glass the longest
wavelength that can generate is around 2.1 um. But, when a fluoride glass is used as a host
material and the same categories of rare-earth elements are doped, the emitted wavelength can be

extended almost close to 4 pum.

These rare-earth doped fibers have a large gain bandwidth near their corresponding
emission wavelength regions and hence are very good candidate for the ultrashort pulse
generation via mode-locking. The detail of mode-locking will be discussed in Section 2.4. The
ultrashort pulse generation and propagation of these fibers depend on their properties such as
gain, dispersion, and nonlinearity of the fiber. The control of dispersion along with fiber
nonlinearity is very important during the mode-locking of the fiber laser to obtain the short and

high energy pulses from the laser cavity.
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Table 2-1 Emission wavelength for different rare-earth cation doped fibers in different host
materials. The emission wavelengths lie between 1 to 4 pm depending on the host and

doping materials.

Rare earth cation Host medium Emission wavelength (um)
Neodymium Silicate glass 1.03-1.1
Ytterbium Silicate glass 1.0-1.1
Erbium Silicate glass 1.5-1.6
Erbium Fluoride glass 2.7
Thulium Silicate glass 1.7-2.1
Thulium Fluoride glass 1.45-1.53
Holmium Silicate glass 2.1
Holmium Fluoride glass 2.9,3.22,3.95

In this chapter, I will discuss the mode-locking mechanism of the fiber lasers and discuss
the optical properties of the fibers and different rare-earth doped fibers used to generate near and
mid infrared light. In Section 2.2, | will talk about the mode-locking mechanism of the laser. In
Section 2.3, | will discuss the mode-locking theory used to generate ultrashort pulses from the
laser. In Section 2.4, the optical properties of the fibers such as dispersion and nonlinearity are
shown to play an important role in generation and propagation of the ultrashort pulses.
Section 2.4 also discusses the different rare-earth doped fibers and mode-locking mechanism that

can be used to generate ultrashort pulses at different wavelength regions.
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2.2 Mode-Locking of a Laser

M1 M2

Laser light

Pump
—

Figure 2.1 Basic configuration of a laser cavity for ultrashort pulse generation. M1 (high

reflector) and M2 (output coupler); mirrors, SA; saturable absorber.

Mode-locking is a technique to generate ultrashort pulses from the laser. The basic
configuration of the laser is shown in Figure 2.1, which consists of two mirrors M1; a high
reflector at lasing wavelength and M2; acts as an output coupler with a gain medium placed
between them. The gain medium is optically pumped from one side and the newly generated
light called lase is coupled out from the other side. The light generated inside the laser cavity
bounced back and forth between the mirrors number of times in such a way that the light will
interfere both constructively and destructively so that standing waves will form inside the cavity
called the longitudinal modes. The laser can support large number of longitudinal modes within
their gain bandwidth of the gain medium. For the laser cavity of length of 1 m there will be ~10°

longitudinal modes at wavelength of 2 um.

In simple laser configuration, these longitudinal modes will oscillate independently
without any fixed relationship between each other and interfere in such way that a constant
intensity will be observed at the output as shown in Figure 2.2 (a), where only couples of

independent longitudinal modes are shown. When there is large number of longitudinal modes
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presents in the laser cavity the output becomes constant. This configuration of the laser is known

as continuous-wave (CW) operation. But when these modes forced to oscillate with fixed

relation by putting any active or passive components inside the laser cavity, then these modes

will periodically interfere constructively producing intense burst at the output called pulse as

shown in Figure 2.2 (b). Then the laser is said to be mode-locked in other words the laser is in

pulse operation.
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Figure 2.2 a) Continuous-wave operation; the output of the laser is constant b) Pulsed

operation; the output of the laser will be intense burst and the separation of each peak

round trip time of the laser cavity.

2.3 Theory of Mode-Locked Laser-The Haus Master Equation

The mode-locked laser consists of number of elements in addition to group velocity

dispersion (GVD) and self-phase modulation (SPM) such as linear loss and phase shift,

dispersive gain, self-amplitude modulation (SAM) and saturable absorption as shown in
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Figure 2.3 Schematic of the ring laser cavity design with gain, gain dispersion, GVD, SPM,
fast saturable absorber, and linear loss and phase shift. The laser is mode-locked using the
saturable absorber.

Figure 2.3. When the mode-locked pulse experiences the only small changes per pass (both

linear and nonlinear), these effects may be included in the Master equation [73]

-+ <%+iD);—:2+ (r = i8)ul?|w = i (2.1)
where u(t) is the complex amplitude of the slowly varying temporal envelope, | is the linear loss
per pass, g is the laser gain, €y is the gain bandwidth, y|u|? represents the SAM, and v is the net
linear phase shift. Eq. (2.1) sets the sum of all the changes equal to net phase-shift y around the
loop. The contribution of the GVD is represented by the parameter D which is equivalent to the

net cavity dispersion and is given by

D= %.32111), (2.2)
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where Lp is the dispersion length. While the SPM contribution is represented by
0 =2mn, Ly, /AAcrr, Where Ly, is the nonlinear length, and n, is the nonlinear index, / is the
wavelength, and A, is the effective modal area. y in Eq. (2.1) is inversely proportional to the

loss saturation intensity and must be positive so that higher intensities see lower loss.
2.3.1 Solitonic Operation

When the laser is operating in the net anomalous GVD regime, the positive Kerr effect
(SPM) and negative GVD can compensate each other, it is possible to form chirp-free pulses
(6=0) and hence behave soliton-like. So, the laser can be mode-locked by combined effect of
GVD and SPM and the laser is operating in solitonic regime. In such a case, the Master equation
(2.1) has an exact steady-state solution [74]

t)](1+iﬁ)’

u(t) = A, [sech (; (2.3)

where A, is the pulse amplitude, T is the normalized pulse width (t = 0.5677 x4 ), and £ is the

chirp parameter which depends on D and o.
The pulse energy, W, of the soliton is given from the soliton area theorem
W = 2|4,|?t, (2.4)

and is limited since the peak power or pulse width of the laser is limited. When a pulse passing

through NPR mode-locking, the gain in energy is given in terms of SAM as

[ dtlul? sin(yul?), 2.5)
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Using Eq. (2.2) with =0 the maximum energy gained would be y|4,|?> = 0.6r. This indicates
that the peak power of the soliton is limited. So, if the pump power is increased to obtain the
high peak power of the soliton, it will reach the maximum limit imposed by the NPR saturation

and then the single pulse will break up into multiple pulses per cavity round-trip.
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Figure 2.4 A typical mode-locked spectrum of the solitonic pulse fiber laser.

Also, the soliton-like nature of the pulses can be verified by observing the spectral
sidebands on the mode-locked spectrum of the solitonic fiber lasers as shown in Figure 2.4. The
frequency offest of the sideband from the peak of the soliton spectrum is given when there is a
phase matching between each frequency component and the dispersive wave generated at each

period (fiber length)
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&% _q, (2.6)

where m is an integer, Z, is the soliton period, and Z,, is the perturbation length (length of the

fiber in the laser). At these phase-matched frequencies, the dispersive radiation builds up and

causes the sideband of order m in the mode-locked spectrum.
2.3.2 Stretched-Pulse Operation

When there is imbalance between the GVD in the laser cavity in other words when the
laser cavity has sections of normal and anomalous GVD then there is change in the pulse shape

per round trip. This change of the pulse per pass can be represented by the operator

d

)E’ 2.7)

Banln

.. d , (B2pL
lD_:l(ﬂ_
dt 2

2

where B,,, are the GVD, L is the length of the fiber, and the subscripts p and n denote the
normal and anomalous GVD respectively. This imbalance of the ring cavity causes asymmetric
change of the pulse in the two parts of the ring and affects the SAM and SPM parameters. The
accumulated nonlinear phase shift is evaluated using a zeroth-order approximation for the
expanding and contracting pulse in Figure 4.1. If net cavity GVD is positive then the laser is said
to be mode-locked in the stretched-pulse regime. The Master equation for this case can be
obtained by a Taylor series expansion of the pulse in time with assumption of small change per

pass, which leads to Master equation

d? t2 t

(9= 0+ (& +D) S5+ volol? (1= ) = 8ol (1w Z)|u®) = —wpuo). (29

T
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where i < 1 is the curvature of the parabolic time dependence obtained from the Gaussian

solution to order t2.

The Master equation (2.7) has the Gaussian-pulse solution

u(t) = Agexp (—aé), (2.9)

where a is the complex parameter and is obtained by balancing terms in Eq. (2.10). The Gaussian
pulse shape is an approximation to the actual pulse shape and hence the actual pulse shape is
Gaussian in the high-intensity portion of the pulse and is exponential in the wings where the

nonlinearity ceases to act on the pulse.

This theory of mode-locking is specially developed while working in erbium doped fiber
laser in 1990s but it can be equally valid for other kinds of fiber lasers due to similar kind of
optical properties associated with them and the laser cavity is also designed in the similar way.
The fiber nonlinearity along with its dispersion plays an important role in mode-locking of a
fiber laser in order to generate ultrashort pulses. In next section, | will discuss the properties of

the optical fiber such as dispersion and nonlinearity.

Since the goal of this work is to generate ultrashort pulses near 2 um in all fiber format, |

will focus discussion on mode-locking of the fiber laser.
2.4 Mode-Locking of Fiber Laser

As discussed in previous section, the laser can be mode-locked via combined action of

dispersion and nonlinearity associated with the optical elements used. In fiber lasers, both the
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dispersion and nonlinearity associated with the fibers. So in this section, I will discuss the optical

properties of the fibers and different techniques used to mode-lock the fiber lasers.
2.4.1 Properties of Optical Fibers

Optical fibers are excellent waveguides and the light is guided inside it by total internal
reflection (TIR) since the refractive index of the core is higher than the cladding. The general
picture of the propagation of the light inside the step index fiber is as shown in Figure 2.5. These
fibers can be well characterize by defining a so-called V parameter also known as normalized

frequency, that determines the number of modes supported by the fibers, defined as

V = koa(n? —n3)/? = zna

ENA, (2.10)

where ko = 2m/A, a is the core radius, and A is the wavelength of light. n, and n, are the
refractive indices of the core and cladding of the fiber (n, > n,). NA = (n? —n2)Y/? is called
the numerical aperture of the fiber. If V < 2.405, the step-index fibers can support the single

mode and are called single-mode fibers (SMF). For SMF, the relative core-cladding index

difference (A= =:==2) is %0.003 which requires a < 5 um.
1

Cladding "ciai™148

Figure 2.5 Structure of the step-index optical fiber. The light is guided inside the fiber by

total internal reflection.
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2.4.1.1 Dispersion of Optical Fibers

While designing a mode-locked fiber laser and amplifiers it is very important to
understand the dispersion of the fibers used. The dispersion in the fiber depends both on the
materials of which it is made and the waveguide properties like core size, and difference in
refractive indices between core and cladding. For a fiber with core index n, and cladding index
n,, the propagation constant, g of any mode is limited within the interval n;k > g > n,k,

where k=27/A is the vacuum wavenumber [75] and is given by

Blw) = L2 (2.12)

Cc

where ¢ is the speed of light, o is the frequency of the light and n(w) is the effective index of
refraction and is given by the combination of both material and waveguide dispersion. The
waveguide of the optical fiber modifies the overall index of refraction. To account for this, the
normalized propagation constant b(V) as a function of normalized frequency (Eg. (2.10)) needs

to be computed. The normalized propagation constant is given as [75]

2 k2_ 2
b(w) = % (2.12)

nz

In the weakly guide approximation i.e. when the most of the power is guided inside the core of
the fiber and the index difference between core and cladding is very small then the expression for

the propagation constant can be expressed as

B(w) = nyk[1+ b(w)An] (2.13)
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where the normalized propagation constant can be expressed in terms of normalized frequency as

[75]

_ 1+v2 2
b(a)) =1- (M/TV—W> (214)

Comparing Egs. (2.11) and (2.13), the expression for the net index of refraction of the fiber can

be obtained
n(w) = ny[1 + b(w)An] (2.15)

where n, corresponds to the material dispersion of the fiber and the second term on the right
hand side corresponds to the waveguide dispersion. Since the material dispersion is also

frequency dependent, the general form of Eq. (2.15) in weakly guiding approximation will be
n(w) = ng(w)[1 + b(w)An] (2.16)
where ny(w) is the index of refraction of the core for given material.

2.4.1.1.1 Material Dispersion

The wavelength and hence frequency dependence of the index of refraction n(1) of the

medium can be calculated by using the Sellmeier equation as

.12
19(2) =\/1+2m s z\/1+;‘”2 T (2.17)

i=132_p2 2_p2 ' a2-BZ = 22-BZ’

where A; and B; are the Sellmeier coefficients which depend on the medium, and A is in

pm. The index of refraction and group velocity dispersion can be calculated based on the

Sellmeier equation. Since for most of the optical fibers the host medium is fused silica, the
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Sellmeier coefficients are A;=0.6961663, A,=0.4079426, A3=0.8974794, B,=0.00467914826,
B,=0.135120631, and B3=9.79340025[76]. The refractive index of the core is higher than the air
which decreased the speed of light in the medium since v,=c/n, where c is the speed of light in
the vacuum and n is the refractive index of the medium. v, is called the phase velocity of the

light but the speed of the pulse when it propagates inside the fibers is given by

__dw

v, =22, (2.18)

called the group velocity of the pulse or wave packet. In vacuum, the phase velocity and group
velocity are equal. Since the refractive index depends on the wavelength, the dispersion relation

(w = vk ) can be written as

w=vk=cég%, (2.19)

where k is the wave-vector. Substituting this in Eq. (2.18)
v, = ——— =<, (2.20)
9
where N, = n — /13—’; is the group index, the ratio of the vacuum velocity of light to the group
velocity in the medium.
2.4.1.1.2 Waveguide Dispersion

In a fiber, there is another dispersion that arises from waveguide effect called the
waveguide dispersion. The dispersive wave experiences different amount of phase shift due to

waveguide dispersion than the material dispersion. Waveguide dispersion originates from the
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frequency-dependent distribution of wave vectors and it plays an important role in waveguides,
which have small effective mode area. The waveguide dispersion can be calculated using

Eq. (2.14).

Since the waveguide dispersion depends on the geometry of the waveguide, the total
dispersion can be tuned by changing the structure of the fiber. The change in the total dispersion

of the different fibers will be discussed in Chapter 5.
2.4.1.1.3 Group Velocity Dispersion

The group velocity dispersion (GVD) of the fibers plays an important role in the pulse
propagation in the fiber lasers since each frequency component travels with different speed due
to frequency dependence of the index of refraction. Hence the pulse gets spreadout and distorted.
Now to calculate the GVD of the fiber, start with the propagation constant defined in Eq. (2.13).

The S (w) can be expanded as a Taylor series in ®

B(@) = Bo + P1(® — wo) +5 B2 (@ — wo)? + = (@ — wg)* + -+ (2.21)

2 3
where B, = (M)w_w By = (a ﬁ(“’))w_w ,and B = (a ﬁ(“’))w_w . B, is called the second
=WwWo —@wo =wo

dw dw? w3
order dispersion or GVD. GVD plays an important role in pulse propagation in the fiber. w, is

the carrier angular frequency. These coefficients can be expressed in terms of the net refractive

index of the fiber as

_dB(w) _Ng 1 dan
’81_ do _c(n+wdw)
_d*Bw) _1(,dn d*n
B2 = dw? C(2 dw + wdwz)’ (2'22)
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which means by knowing the net index of refraction of the fiber the GVD can be calculated.

For fused silica fiber, the GVD is computed and then plotted with respect to wavelength

as shown in Figure 2.6. As seen from the graph GVD vanishes at wavelength ~ 1370 nm called
zero-dispersion wavelength A, where the pulse can propagate without change in its shape. From
this point, the lower wavelength (or higher frequency) side GVD has positive values called the
normal GVD, and the higher wavelength (or lower frequency) side GVD has negative values
called anomalous GVD. In the normal GVD regime, the shorter wavelengths (A < Ap) travel
slower than the longer wavelengths (A > Ap), and in anomalous GVD regime longer wavelengths
travel slower than shorter wavelengths. The fiber manufacturer provides the D(L) values instead

of GVD and they can be related with

21C

D) = -2, (2.23)
0.0002 \\
0.0001

| 5 fs?/ nm

- 0.0001

- 0.0002

500 1000 1500 2000

Wawelength nm

Figure 2.6 Group velocity dispersion of Corning SMF-28. The GVD of the SMF was
computed using the manufacture’s core size, the Sellmeier coefficients, and the weakly

guiding approximation.
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In optical fiber, the higher order dispersion, especially third order dispersion (TOD), also
plays an important role in pulse propagation and ultrashort pulse generation during the

mode-locking of lasers. The TOD is given as

g, = LE@ _1 (3 & dsn) (2.24)

dw3 c dw? dw?
2.4.1.1.4 Dispersion Length

When the pulse is propagating in the fibers it is useful to define a quantity for dispersion
called dispersion length as

T§

LD == |ﬁ2|’ (225)

where Ty, is the initial pulse width. When a Gaussian pulse propagates by length L, the pulse gets

broadened by a factor of +/2. It can be seen from this equation that the pulse will spread faster if
B, is larger and the initial pulse width is short. For each case the dispersion length is small. The

pulse broadening becomes significant after the dispersion length.

2.4.1.1.5 Gain Dispersion

The two types of dispersions discussed in above the section are associated with
the fiber when no gain materials are doped into the core. If some gain materials such as
rare-earth cations are present in the core of the fiber, then there will be another kind of dispersion
associated with it called the gain dispersion and arises because of the change in the refractive
index due to an absorption features of the materials i.e. whenever there is the absorption feature

in the materials, there will be a corresponding change in the refractive index. This can be
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explained from the Kramers-Kronig relation and the gain-induced refractive index change is

given by [77]
Sn(w) = I, [y ¥ (w,2)dz (2.26)

where I} is the mode/doped core overlap factor, L is the length of the fiber, and y' is the
real part of a complex atomic susceptibility (y=x' —ix"’) generated due to the presence of
activator (rare-earth) ions. Hence it is required that rare-earth dopants must be taken into account
while making the oscillator and amplifier containing these elements. It is observed that the
gain-dependent dispersion can completely compensate the bulk material dispersion for relatively
low concentration [78]. In this work, I haven’t taken account of gain-dispersion while designing

the laser at 2 pm.
2.4.1.2 Fiber Nonlinearity

The response of any dielectric medium to an intense electro-magnetic field becomes
nonlinear due to the anharmonic motion of bound electrons of the medium under the influence of
strong applied field. So in nonlinear optics, the total polarization,?(r, w) induced by the electric

dipoles can be expressed in terms of a power series in the electric field.
P(r,w) = &P (0)E + x@(w):EE + y®(w) : EEE + -], (2.27)

where g, is the permittivity in free space and y U’ (w) is the electric susceptibility tensor of the
jth order and rank j+1. The first term in Eq. (2.27) represents the linear polarization related with
the refractive index and the absorption of the material, which is dominant term in the total

polarization. The remaining terms is responsible for the nonlinear effects such as second
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harmonic generation and sum frequency generation. [79]. The optical fiber made with fused
silica in general lacks inversion symmetry, so y® vanishes and the optical fibers therefore do
exhibit second order nonlinear effect. Hence ) is the lowest nonlinear effect in the fiber and is
responsible for the third harmonic generation, four-wave mixing and nonlinear refraction [79].
The most nonlinear effect in optical fiber is therefore originated from nonlinear refraction i.e. the
dependence of the refractive index with the intensity of the light known as the Kerr effect. The

total refractive index in the presence of the applied electric field can be written as
fi(w, |EI?) = n(w) + na|E|?, (2.28)

where n(w) is the linear part of the refractive index of the material given by Eq. (2.18), |E|? = I
is the intensity of the applied field inside the fiber, and n, is the coefficient of nonlinear

refractive index and can be related with the real part of y® as

3
n, = = Re| x|, (2.29)

To get this expression it is assumed that the electric field is linearly polarized and only one
component contributes to the refractive index. The intensity dependence of the refractive index
(ny) is responsible for the many nonlinear effects such as self-phase modulation (SPM) and
cross-phase modulation (XPM). The nonlinear refractive index of the fused silica fiber is about
3x 10 m?W. Even this value is smaller than that of other nonlinear dielectric media; these

optical fibers show a nonlinear effect because the light is confined in a very narrow core.

The SPM is completely degenerate four wave mixing and experiences the self-induced
phase shift by the applied electric field during the propagation inside the fibers. The total phase

shift induced is given as
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o(w, 1) =f(w,Dkyz = [n(w) + nylkyz, (2.30)

where k, = 27T/ , Is the propagation constant and z is the length of the fiber. The first term is due

to linear refractive index known as linear phase shift and the second term is intensity dependent
nonlinear phase shift due to SPM. The SPM is responsible for the spectral broadening of
ultrashort pulses [80] as shown in Figure 2.7 and the formation of optical solitons in the
anomalous dispersion regime of the fibers [81].The XPM describes the nonlinear phase shift of
one optical field induced by another field and is responsible for the asymmetric spectral

broadening of co-propagating optical pulses.
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Figure 2.7 Experimentally observed output spectra from a 3.35 um silica-core fiber of
length 99 m for a nearly Gaussian pulse shape. Spectra are labeled by a maximum phase

shift which is proportional to the peak power. This figure is reproduced from Ref. [80].
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2.4.1.2.1 Nonlinear Length

Similar to the dispersion length, the nonlinear length in the fiber can be defined as

1
Ly = =, (2.31)

where Py is the peak power at the beginning of the fiber and vy is the effective nonlinear

coefficient of the fiber, defined as

y =220 (2.32)

crr?’

where wy is the frequency of the light and r is the mode field radius of the fiber. Physically, the
nonlinear length is defined as the effective propagation distance of the fiber over which the

nonlinear phase shift becomes 1 radian.

The dispersion length Lp and the nonlinear length Ly together provide the length scale
for the pulse propagation in the fiber. When Lp/Ly. << 1, the pulse propagation then is governed
by GVD that produces changes in the pulse shape and when Lp/Ly. >> 1, the pulse propagation
is then governed by SPM that produces changes in the pulse spectrum. But when Lp/Ly. = 1,
both GVD and SPM act together, leading to a qualitatively different behavior. When the fiber
has anomalous dispersion (5, < 0), then the fiber can support optical solitons; the pulse shape
does not change while propagating in the fiber. But when the fiber has normal dispersion

(2 > 0), then the pulse can be compressed using both GVD and SPM.

As discussed in Chapter 1, different rare-earth cations can be doped inside core of the
fiber and can generate light at different wavelength regions. In next section, I will discuss the

different rare-earth doped fibers and their emission wavelengths.
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2.4.2 Gain Fibers

A variety of rare-earth cations can be doped into the core of the fiber which acts as a gain
medium in fiber lasers. The lasing wavelength depends on the fluorescence transition of the
rare-earth cations doped in the core of the fiber. Depending on the dopants and host material, the
lasing wavelength covers wide range of the many important wavelengths in the near and
mid-infrared regions. Among them neodymium, erbium, thulium and holmium are the most
common rare earth cations used in a silicate host. The low loss and physical strength of silicate
glasses have made them remarkably useful host materials for rare-earth cations in the wavelength
region 1-2.2 ym. Unfortunately, it is hard to extend the emission wavelength beyond this region

in a silicate host due to high loss.

2.4.2.1 Erbium Doped Fiber

Optical fibers with Erbium atoms doped in the core can generate light in the near infrared
region around 1.55 um. This emission wavelength is particularly of use for telecommunications
since the low loss wavelength for single mode optical fiber is near 1.5 pum. The general picture of
energy transition in erbium-doped silicate glass is as shown in Figure 2.8. The relaxation time of

the erbium atom is long (~ 1 ms) allowing us to consider it as a three level system for lasing.

The erbium ion has two strong absorption lines at 980 nm and 1480 nm and these two
wavelengths are used for most of the erbium doped lasers and amplifiers. The spectral emission
near 1550 nm is due to the transition between *l13, = *l155,. The erbium-doped fiber has a broad

spectral bandwidth over 50 nm near 1550 nm.

35



4
ﬁ L
N
N
N AN
N Nonradiative decay
Y
N
\\ ~1 s
A Y
~
A
N
N 4
2 =% L3
980 nm T ms
1520-1570 nm
1480 nm
Fluorescence
emission
%

N, s

Figure 2.8 Schematic of the energy level diagram of erbium in approximation of a three
level system with possible pump and lasing wavelengths. Two pumping wavelengths
980 nm and 1480 nm can be used to lase light around 1560 nm from the transition between
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2.4.2.2 Ytterbium Doped Fiber

The other possible fiber to generate light in the near infrared region is ytterbium doped
fiber. The energy level diagram of the ytterbium when doped in silicate is as shown in
Figure 2.9. It has a very simple structure with two levels with laser emission occurs between

2F,, = °Fs, when pump by 940 nm wavelength. The upper state has lifetime in the order of

1-2 ms. The lasing wavelength is around 1030 nm.
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Figure 2.9 Schematic of the energy level diagram of ytterbium ions in Yb:YAG with
possible pump and lasing wavelengths. 940 nm is used as a pump source and the transition

between F7, — *Fs, will lase at a wavelength around 1030 nm.

2.4.2.3 Thulium Doped Fiber

In order to extend the emission wavelength into the mid infrared region > 2 um, one has
to use either different rare-earth cations doped in fused silica or different host materials. It is a
significant challenge to extend emission wavelength beyond 1.5 um due to some physical
properties associated with the glass such as low values for background absorption, thermal
conductivity and glass transition temperature. The emission wavelength in the glass is controlled
by the phonon density of states. The longest emitting wavelength is always shorter than its
maximum transmissible wavelength because the phonon density of states determines the
radiative efficiencies of the fluorescence transition in the rare-earth cations. Transition metal can
be used as a dopant in the glass to lase at long wavelengths. Since the transition metals have
large emission probabilities compared with rare-earth cations, therefore they have very short

energy lifetimes.
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Figure 2.10 Schematic of the energy level diagram of thulium ions doped in fused silica
glass with possible pump and lasing wavelengths. A variety of pumping wavelengths
0.78 pm, 1.12 pm and 1.17 pm can be used to emit the wavelengths ranging from 0.8 pm to

2 pm. Lasing at 2 pm is due to the transition between 3H, - He.

When thulium ion is doped into the fused silica glass the laser wavelength can be
extended up to 2.1 um. The typical energy level diagram of the thulium (Tm) ion with possible
laser transition is shown in Figure 2.10. Lasing near 2 ym in the pure Tm doped fiber occurs
between the *H, — °Hg sates when pumped around 1.56 um. The spectral bandwidth of the
thulium doped fiber covers a very large range from 1.7 — 2.1 um. This can support short, high

peak power pulses near 2 pm.
2.4.2.4 Thulium/Holmium Co-Doped Fiber

The lasing wavelength can further extend to longer wavelength ~ 2.2 um when holmium
(Ho) ion is doped in the fused silica glass along with the thulium. The energy level diagram of
Tm/Ho co-doped fiber with possible transitions is as shown in Figure 2.11. The approach of

co-doping Ho®" ions along with the Tm** in fused silica is to achieve lasing on the transition
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*1;-°1g of Ho*" [11] due to energy transfer mechanisms through Tm*" excitation. If the Tm**

concentration is sufficiently high there is energy transfer from *Hs Tm®" ions to °I; Ho®* ions
leading to population inversion. The doping Tm:Ho ratio will determine the transparency level of
the laser transition and the threshold power. It is believed that the high ratios will ensure that
enough Ho** ions will be sufficiently excited to exceed the transparency level of the laser
transition for a given pump power and hence decrease the thresholds [82]. For long length of the
Tm/Ho fiber the fluorescence is attributed to Ho®* and the total spectral bandwidth can be

extended significantly.

The details of the thulium and thulium/holmium co-doped fibers used to generate

ultrashort pulses near 2 pum region will be discussed in Chapter 3.
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Figure 2.11 Schematic of the energy level diagram of thulium and holmium ions doped in
fused silica glass with possible pump and lasing wavelengths. Due to doping of Ho ions in

the fiber, the lasing wavelength can be extended up to 2.1 pm.
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2.4.3 Self Amplitude Modulation in Fibers- Passive Mode-Locking

Fiber lasers can be mode-locked both actively and passively. In passive mode-locking the
laser is mode-locked without using any active component inside the laser cavity where the laser
is able to produce ultrashort pulses by self-amplitude modulation (SAM) due the nonlinearity of
the fiber which modulates the cavity loss. When an intense optical pulse propagate inside the
fiber the SPM leads to SAM due to combined effect of dispersion and nonlinearity of the fiber.
Passive mode-locking in fiber lasers can be achieved using three methods: saturable absorbers,
nonlinear amplifying loop mirror, and nonlinear polarization rotation (polarization additive pulse

mode-locking or Kerr mode-locking).

2.4.3.1 Mode-Locking With Saturable Absorber

Various kinds of semiconductor saturable absorbers can be used in the fiber laser for
mode-locking. Semiconductor saturable absorber mirror (SESAM), saturable Bragg reflector
(SBR), and carbon nanotubes as a saturable absorber have been widely used because of their
readiness for passive mode-locking. Mode-locking of erbium-doped fiber lasers and frequency
combs using single wall carbon nanotubes (SWCNT) as a saturable absorber is studied
extensively in Ref. [83]. The main advantage of mode-locking with a saturable absorber is that
one can obtain high repetition frequency (> 100 MHz) fiber laser which is very useful for optical
frequency metrology. But, the spectral width and the output power are limited in this technique

due to thermal damage at high power [83].
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2.4.3.2 Nonlinear Amplifying Loop Mirror

In 1990, a fiber laser was mode-locked using a nonlinear amplifying loop mirror
(NALM) with sub-picosecond pulse duration [84] for the first time. The NALM relied on the
Kerr effect and employed in a figure eight fiber laser (F8L) as shown in Figure 2.12. It consists
of two fiber rings; the left ring is a main resonator and the right ring is a nonlinear amplifying
loop mirror. The electric field coming out from the left ring is split into two parts by 50/50
splitter placed in between. In the right loop, one electric field propagates in the clockwise
direction and the other in the counterclockwise direction. Since the gain fiber is placed

asymmetrically in NALM, different amount of phase shift occurs between the two fields given

by

T
8o, = A_nzglsl'
s

8P = %nZISL, (2.33)

where ¢, and ¢..are the nonlinear phase shift of the electric field propagating in the clockwise-
and counter clockwise direction respectively, A, is the signal wavelength, n, is the nonlinear
index of refraction, I is the signal intensity, and g is the gain coefficient of the gain fiber. When
there is a proper phase bias, the NALM transmits higher intensities while reflecting the lower

intensities and hence the laser is mode-locked.

As we know the NALM relies on the Kerr effect i.e. the nonlinear process, it can produce
ultrashort pulses. Pulses as short as 50 fs can be generated by an erbium-doped fiber laser with a

NALM [85]. But there are few disadvantages in this technique. The main disadvantage is that the
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repetition rate is always lower since it has two rings and requires relatively long lengths of fiber.
The other disadvantage is that it has tendency to operate with bursts of multiple pulses due to

long cavity length and has not shown self-starting mode-locking.
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Figure 2.12 Schematic of the figure eight ring laser using a nonlinear amplifying loop
mirror (NALM) saturable absorber [86]. WDM: wavelength division multiplexer, PC:

polarization controller, OC: output coupler. Isolator allows unidirectional propagation of

light.

2.4.3.3 Nonlinear Polarization Rotation

Nonlinear polarization rotation (NPR) also known as polarization additive pulse
mode-locking (P-APM) is a passive mode-locking technique used in a fiber lasers which depends
on the intensity dependent rotation of an elliptical polarization state in the fiber. This technique
of mode-locking in erbium-doped fiber laser has been studied by K. Tamura [87]. Figure 2.13

shows the basic idea how the nonlinear polarization rotation can be used in conjunction with the
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bulk system to obtain an artificial saturable absorber and to mode-lock the laser. When linearly
polarized light is incident on the polarizer, it sets the polarization and converts it into elliptical
polarization after the quarter (A/4)-wave plate. The elliptically polarized light experiences the
intensity dependent rotation of the polarization ellipse axes when propagating through the Kerr
medium because the intensity of each axis experiences different amounts of nonlinear phase shift
for each axis. That causes the light to rotate it axis, known as nonlinear polarization rotation. At
the output of the Kerr medium, the half (A/2)-wave plate is set in such way that the pulse with
high peak power passes through the polarizer while low peak power gets blocked and hence we

get the ultrashort pulses.

Al |e ()

Polarizer A/4 plate A2 plate Polarizer
ﬁ_, /_,

Figure 2.13 Schematic of the nonlinear polarization rotation (NPR) for an artificial

saturable absorber.

This mode-locking mechanism can be employed in all fiber formats as shown in
Figure 2.14. Initially, the light is linearly polarized at position (1) set by the polarizer. The
polarization controller PC1 changes the linear polarization light into elliptical at position (2).
When this elliptically polarized light passes through the length of fiber, it experiences the
rotation of its axis due to the Kerr effect. The second polarization controller PC2 [position (4)] is

set in such a way that it only allows passes the light polarized in a particular direction having
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high peak intensity. In this way, we create an artificial saturable absorber (absorbs the low

intensity light but transmits the high intensity light) and hence the laser is mode-locked.

Figure 2.14 Schematic of the fiber ring laser using a nonlinear polarization rotation (NPR)
saturable absorber. WDM: wavelength division multiplexer, PC: polarization controller,
OC: output coupler. Isolator allows unidirectional propagation of light. This figure is

reproduced from Ref.[83].

The nonlinear polarization rotation is extremely fast because it relies on the self-phase
modulation from the Kerr effect in the fiber and hence there is no practical limit of the pulse
width. But, there is a limit on the repetition rate of the mode-locked laser. It is very hard to
achieve the higher repetition frequency because the intra-cavity energy will be small for the

shorter length of the fiber.
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In this research, nonlinear polarization rotation is used to mode-lock the

thulium/holmium co-doped fiber laser and will be discussed in Chapters 4 and 5.

2.5 Summary

In this Chapter, | discussed the properties of different rare-earth doped optical fibers,
where the emission spectrum covers a wide range of wavelengths from 1 - 2 um depending on
the dopants and the host materials. | also reviewed the optical properties of the single-mode
fiber, GVD and the fiber nonlinearity that is responsible for SPM. Pulse propagation inside the
fiber is characterized by the combination of GVD and SPM. When there is a balance between
GVD and SPM, the soliton will form in the fiber whose shape does not change during the

propagation through the length of the fiber

| discussed the mode-locking mechanism of the fiber laser in order to generate the
ultra-short pulses. The passive mode-locking can be achieved by using different techniques such
as saturable absorber (SESAM, SWCNT, and SBR), nonlinear amplifying loop mirror and
nonlinear polarization rotation. I will focus on the mode-locking of thulium and holmium

co-doped fiber lasers using NPR in Chapters 3 and 4.

As discussed in Chapter 1, the goal is to generate the mid-infrared light. To achieve this, |
first use optical parametric process in the nonlinear fiber which relied on the SPM, will be

discussed in Appendix B.
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Chapter 3 - Solitonic Operation of Mode-Locked Thulium/Holmium

Co-Doped Fiber Laser

3.1 Introduction

As discussed in Chapter 1, a pulsed 2 um laser is a good candidate as a pump source for
the mid-infrared supercontinuum generation in fluoride fibers. Thulium (Tm) or
thulium/holmium (Tm/Ho) co-doped fiber lasers are a better choice compared to erbium to
produce mid-infrared (> 2 um) frequency combs directly since they lase near 2 um and have a
broad spectral bandwidth (1.7 — 2.1 um) that can support short, high peak power pulses.
Previously, a Tm-doped passively mod-locked fiber laser with nonlinear polarization rotation

and spectral filtering as a mode-locking mechanism was reported by Nelson [52].

In this chapter, | will discuss the passive mode-locking of the Tm/Ho co-doped fiber laser
in all fiber formats using the technique of nonlinear polarization rotation as discussed in
Chapter 2. The lasing wavelength for the fiber depends on the pump wavelength and the
absorption of the fiber itself. The use of Tm/Ho co-doped fiber in our research is to generate light
near 2 um region where commercially available erbium doped fiber amplifier (EDFA) near
1560 nm can be used as a pump source. | will also discuss the intracavity dispersion
compensation in order to get the large spectral bandwidth and hence the short pulse duration and
high peak power. High peak power is required for the supercontinuum generation to generate

mid-IR light.
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3.2 Absorption and Emission of Tm/Ho Co-Doped Fiber

The Tm/Ho co-doped fiber that used to generate 2 um light is Coractive TH512.
According to manufacturer’s specification, it has concentration of 2900 part per million (ppm) by
wt. Tm and < 400 ppm. Wt. Ho (7.25:1 Tm/Ho ratio) with core diameter of 9 + 1 um, cladding
diameter of 124.7 + 1.0 um, and a numerical aperture of 0.16 + 0.02. The core absorption is
> 120 dB/m at 790 nm. The pumping scheme in order to generate 2 um light depends on the

absorption feature of the fiber. As seen in Figure 3.1 [11], a wide range of pump sources can be

used to generate 2 um light from the Tm or Tm/Ho co-doped fiber.

Attenuation (dB/m)

Figure 3.1 Attenuation spectrum of the Tm/Ho co-doped fiber. This graph is reproduced

from Ref. [11].

In this experiment, the EDFA near 1560 nm is used as a pump source because high power
EDFAs are easily available at this wavelength. So the attenuation of our Tm/Ho co-doped fiber

at 1560 nm as function of input power is measured and plotted as shown in Figure 3.2. The
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length of the fiber used was 0.5 m. At low input power, the measured loss is about 11 dB/m
which is very close to the manufacturer’s specification. As the input power is increased the loss
through the fiber decreased for the given length of the fiber because for the given length of the

fiber when pump power is increased the fiber gets saturated and cannot absorb light anymore.
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Figure 3.2 Attenuation of Tm/Ho co-doped fiber at wavelength 1560 nm. 0.5m length of
Tm/Ho co-doped fiber is used and output power is measured for each given input power.

The amplified spontaneous emission (ASE) is measured after 1 m of the Tm/Ho co-doped
fiber when it is pumped by the amplified 1560 nm light and it is shown in Figure 3.3. As seen
from the figure, the ASE covered the wide range of spectral bandwidth from 1900 nm to
2100 nm with the peak around 1.96 um. So, the Tm/Ho co-doped fiber can support large spectral
bandwidth, and narrow pulses laser near 2 um. The center wavelength of the laser cavity can
shift around the peak absorption when there is loss in the cavity, due to the insertion losses of
different fiber optic components (WDM, isolator, output coupler), and fiber splicing. This is

because the pump power is increased to compensate the loss and consequently leads to a change
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in the frequency dependent gain, producing gain filtering [88]. The laser can lase when the gain

of the fiber is greater than the loss of the cavity.

Normalized intensity

0.0
1800 1850 1900 1950 2000 2050 2100 2150 2200
Wavelength(nm)

Figure 3.3 Amplified spontaneous emissions (ASE) of Tm/Ho co-doped fiber when pumped
by 1560 nm. The ASE is measured after 1 m of fiber. The ASE covers about 200 nm of
bandwidth with a peak around 1.96 pm.

Previously it has been reported that when the Tm/Ho co-doped fiber is pumped at 820 nm
the spectral bandwidth even wider than pumping near 1560 nm [11]. The emission spectrum
from 0.5m of the Tm/Ho co-doped fiber and 2 m of the Tm doped fiber is as shown in
Figure 3.4. The blue curve is for Tm/Ho co-doped fiber and red curve is for singly Tm doped
fiber. From graph it is seen that the Tm/Ho co-doped fiber exhibit two emission bands when
pumped with 820 nm which is absorbed by the *Hg — 3F4 transition of Tm®" as shown in
Figure 2.4. The near band near 1.95 pm is corresponding to transition between *H, — °Hg of

Tm?** and the other band near 2 um is corresponding to transition between °I; - °Ig of Ho** [72,
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89]. This indicated that there is energy transfer from *Hy manifold of Tm** to the °I; manifold of
Ho®". It is believed that the efficiency, pump threshold, and the lasing wavelength depend on the
doping ratios of thulium and holmium. In general higher the Tm-to-Ho ratio lower the pump
threshold and higher the efficiency because enough Ho®*" ions will be sufficiently excited to
exceed the transparency level of the laser transition [82]. Also for the longer length of the Tm/Ho

co-doped fiber the emission of longer wavelengths is primarily due to the Ho** fluorescence.
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Figure 3.4 Emission spectra from the end of the fiber of 50 cm when pumped at 821 nm.

This Figure is reproduced form Ref. [11].

3.3 Pump Laser Source

As | discussed in the previous section, 1560 nm can be used as a pump source to

generate light at 2 pm from Tm/Ho co-doped fiber. An erbium doped fiber amplifier seeded with
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a 1560 nm laser diode is chosen as a pump source. The power versus current characteristic of the
1560 nm laser diode used to seed the EDFA is as shown in Figure 3.5. The maximum power that

the laser diode can put out is around 10 mW when the pump current is 100 mA.
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Figure 3.5 Power versus current characteristic curve of the 1560 nm laser diode. The

spectrum of the laser diode is measured from the optical spectrum analyzer.

The signal from the laser diode is amplified using an EDFA. The output spectrum of the
EDFA (a) along with the power at 1560 nm with respect to the current of the amplifier (b) is
shown in Figure 3.6. Most of the amplified power is at 1560 nm and the maximum output is

about 600 mW at 500mA of the pump current.
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Figure 3.6 Output of the erbium doped fiber amplifier (EDFA) (a) spectrum and (b) output
power vs. pump current at 1560 nm. The spectrum of the laser diode is measured from the

optical spectrum analyzer.

3.4 Mode-Locking of Tm/Ho Co-doped Fiber Laser

As discussed in Chapter 2, the laser is mode-locked via the nonlinear polarization rotation
technique. Initially, c-band optical components, such as output coupler and polarization sensitive
isolator, except the wavelength division multiplexer (WDM) are used since the 2 um WDM was

not commercially available when the experiment was first started.

3.4.1 Fiber Laser Design

The experimental design of our Tm/Ho co-doped fiber laser is shown in Figure 3.7. The
1.56 um laser is used to pump the gain fiber. The EDFA is used to amplify the signal from the
distributed feedback laser. An amplified signal more than 200 mW is coupled into the laser

cavity through a 1.55/2 um WDM to pump the Tm/Ho co-doped fiber.
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1560 nm

Polarization
sensitive isolator

Output

Figure 3.7 Schematic of the Tm/Ho co-doped fiber laser ring cavity. DFB, distributed
feedback laser; EDFA, erbium doped fiber amplifier: WDM, wavelength division

multiplexer; OC, output coupler; PC, polarization controller [90].

From the measurement in Section 3.2, it is observed that the absorption at 1.56 pum is
~11 dB/m. A c-band polarization sensitive isolator manufactured by AFW technology along with
two polarization controllers PC1 and PC2 before and after it are used for passive mode-locking
via nonlinear polarization rotation. A long section of 6 m Corning SMF-28, including all the
pigtails of the various optical components, is used to get a sufficient amount of nonlinear phase
shift per round trip in the cavity. A c-band 70/30 fiber coupler is used as the output coupler. 30%
of the light is taken as output to characterize the laser where 70% is feedback to the laser cavity.
The laser’s spectral output is measured by using a monochrometer; pulse trains are detected by a
15 MHz HgTe photodetector and the pulse width is measured by the interferometric

autocorrelation.
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3.4.2 Laser Performance

Mode-locking was initially obtained when there was 4 m of Tm/Ho co-doped fiber and
7 m of SMF in the cavity by adjusting the pump power and the two polarization controllers PC1
and PC2. To monitor the mode-locking an electronic spectrum analyzer (ESA) is used. A clean
and stable ESA spectrum is seen with signal to noise ratio of around 40 dB when the laser is
mode-locked. A typical output spectrum of the mode-locked laser measured from the
monochrometer is as shown in Figure 3.8. The center wavelength of the spectrum is around

2.04 pm with full width half-maximum (FWHM) of 9 nm.
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Figure 3.8 Mode-locked spectrum of Tm/Ho co-doped fiber laser for 4 m of Tm/Ho co-
doped fiber when pumped by 1.56 um laser with 7 m of SMF in the laser cavity [90]. The

full width half-maximum is 9 nm centered around 2.04 pm.

Since the group velocity dispersion (GVD or f,) of both the Tm/Ho co-doped fiber and
SMF used inside the laser cavity have anomalous GVD and hence the net cavity dispersion,

defined as the product of GVD and fiber length (#.L), is negative. The negative net cavity
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dispersion was verified by the observation of the solitonic resonance sideband known as Kelly
sideband [91]. This indicates that the laser is operating in the solitonic regime. These sidebands
form due to the periodic perturbation of linearly propagating dispersive waves generated inside
the laser cavity on successive round trips. The dispersive waves will interfere destructively
except at those wavelengths for which the differential phase between the soliton and the
dispersive wave accumulated over a round trip is an integral multiple of (N) of 2z. The resonance

condition is given as [92]

Qs — pq = 2mN (3.1)

where ¢, and is the ¢, are the differential phase of solitonic and dispersive waves and are given

as

1
s = PsL = Po + f1Aw — Eﬁﬂg

Pa = ﬁdl’ = ﬁo + ﬁlA(l) + %ﬁzsz + %IB3A(I)3 + .- (32)

where T, is the soliton length, g, and g5 are the quadratic and third order dispersion per
unit length of the fiber, and Aw = w — w, is the frequency offset of the soliton from center
angular frequency w,. Solving Eq. (3.1) along with Eq. (3.2) the expression for the net cavity

dispersion can be obtained [92]

-1

Bl = -8 (Aj—N)2 y ) (%)2] (3.3)

c?
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where At is the pulse duration temporal FWHM, 4, is the center wavelength, c is the speed of
light, and 41y is the separation of the Ny, order sideband from the center wavelength. By
measuring the wavelength separation 4Ay the net cavity dispersion can be computed using
Eq. (3.3) and hence the GVD of the Tm/Ho co-doped fiber can be estimated since the GVD of

SMF is known.

In the experiment, the net cavity dispersion can be calculated by measuring the slope of

the plot between the square of the wavelength offset versus the sideband order [92] using

expression DL =%, where m is the slope. So by getting the better value of m, a better

estimation of net cavity dispersion can be obtained. This requires multiple Kelly sidebands in the
mode-locked spectrum. But in Tm/Ho mode-locked laser just one sideband is observed which

limits the estimation of the cavity dispersion and hence the GVD of the Tm/Ho co-doped fiber.

When the laser is operated in the solitonic regime the pulse shape is maintained
inside the laser cavity due to combined action of anomalous GVD and Kerr nonlinearity. Since
the nonlinear phase shift per round trip is determined by the pulse energy and is limited by the
sideband generation of a periodically perturbed soliton, this sideband generation puts the upper
limit on the pulse energy. In order to increase the laser’s pulse energy, the intracavity group-

velocity dispersion compensation is required.

3.5 Intracavity Dispersion Compensation

The shortest output pulses can be produced by reducing the net cavity dispersion. This

can be achieved either by shortening the lengths of SMF and Tm/Ho co-doped fibers in the
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cavity, or by adding other fibers that have normal GVD near 2 um. The latter is typically
difficult to achieve since most of the silica fibers exhibit anomalous GVD at 2 um due to
material dispersion of the fiber which is always negative at wavelengths longer than 1.25 pm.
However, a couple of possible fibers that might have normal GVD at 2 um were tried and as

discussed in next couple of sections.

3.5.1 Highly Nonlinear Fiber

First, a highly nonlinear fiber (HNLF) [93] was tried and expected to exhibit normal
GVD at 2 um. HNLF has a similar index profile as a telecom dispersion compensating fiber [94]

as shown in Figure 3.9.
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Figure 3.9 Geometric structure of the highly nonlinear fiber (HNLF) with variation of its

refractive index as a function of radius.

This kind of index profile allows for multiple zero GVD points that would exhibit normal
GVD at longer wavelengths as shown in Figure 3.10. As seen from the Figure 3.10, the GVD of

HNLF is normal at 2 pm but the magnitude is very small compared with SMF.
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Figure 3.10 Computed group velocity dispersion (GVD) of OFS HNLF compared to
Corning SMF-28. The HNLF GVD was provided to us from OFS, while the GVD of the

SMF was computed using the manufacturer’s core size, the Sellmeier coefficients [95], and

the weakly guiding approximation [75].

If a larger wavelength separation of the 1% order Kelly sideband (44;) was observed as
HNLF was added, Eqg. (3.3) states that the magnitude of the net cavity dispersion would be
smaller (negative) and thus the HNLF would have normal GVD at 1.96 um. Since the actual
GVD of the HNLF was unknown, I relied on a computed GVD value of , = +0.13x107 fs¥nm
at 1.96 um for a similar HNLF. For this calculated value, the changes in 41; would be too small

(< 1 nm) to observe with our spectrometer for meter lengths of added HNLF.
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1560 nm

Figure 3.11 Schematic of the intracavity dispersion compensation of Tm/Ho co-doped fiber
laser ring cavity using highly nonlinear fiber (HNLF). DFB, distributed feedback laser;
EDFA, erbium doped fiber amplifier: WDM, wavelength division multiplexer; OC, output

coupler; PC, polarization controller.

To test the intracavity dispersion compensation and verify the GVD value computed
value of HNLF different lengths of HNLF are added in the laser cavity after Tm/Ho co-doped
fiber as shown in Figure 3.11. To minimize the splice losses in the cavity a small section of SMF
is spliced between Tm/Ho co-doped fiber and HNLF. The laser is mode-locked for each length
of HNLF and the separation of first order Kelly sideband from the center wavelength is
measured. The mode-locked spectrum is measured for 1 m, 5.1 m and 5.7 m of HNLF. The
mode-locked spectrum with 5.1 m of HNLF and without HNLF in the cavity along are shown in
Figure 3.12. No significant outward shifts of Kelly sidebands were observed with 5.1 m of
HNLF, indicating that it has a very small GVD, thus confirming the magnitude of the HNLF’s

dispersion.
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Figure 3.12 Mode-locked spectrum of Tm/Ho co-doped fiber laser with (red circle) and
without (black triangle) highly nonlinear fiber (HNLF) in the laser cavity. For better

comparison of spectral bandwidth it is plotted with respect to relative wavelength.

3.5.2 Erbium Doped Fiber

Previously, Wang et al. demonstrated intracavity compensation using normal GVD
erbium-doped fiber [96], so a length of erbium-doped fiber was added for intracavity dispersion
compensation. Same as in the case of HNLF, different lengths of erbium-doped fiber are used
inside the laser cavity and the spacing of the first order Kelly sideband from the center
wavelength is measured. The experimental set up is the same as in Figure 3.11 where the HNLF
is replaced by erbium-doped fiber. Here, again a small section of SMF is spliced between Tm/Ho
co-doped and erbium-doped fibers. Three different erbium-doped fibers, Er30 (highly doped

erbium fiber designed for c- and L- band amplifiers and ASE sources), Er80 (large mode area
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erbium doped fiber suitable for medium power amplifiers and lasers), and HP980 (high
performance erbium doped fiber used for high power 980 nm pumping) are used. For all of these
three fibers, no significant outward shift of the Kelly sideband is observed indicating that
erbium-doped fiber might not have normal dispersion to compensate the anomalous dispersion of
SMF and Tm/Ho co-doped fiber. The mode-lock spectrum for one of the erbium-doped fibers
Er30 is shown in Figure 3.13. When the erbium-doped fiber is used in the cavity the
mode-locking is not stable and the center wavelength also shifts around. This might due to more

loss created by the erbium fiber at lasing wavelengths.
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Figure 3.13 Mode-locked spectrum of Tm/Ho co-doped fiber laser with (red circle) and
without (black triangle) erbium-doped fiber in the laser cavity. For better comparison of

spectral bandwidth it is plotted with respect to relative wavelength.
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According to Eqg. (3.3) when the longer lengths of fibers having anomalous GVD added
in the laser cavity the Kelly sideband should move towards the center wavelength. To verify this,
lengths of SMF are added in the laser cavity. The laser is mode-locked and the spacing of first
Kelly sideband from the center wavelength is measured for each added length of SMF. As it
expected the inward shift of the Kelley sideband is observed when more SMF is added in the

cavity as shown in Figure 3.14.
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Figure 3.14 The spacing of first order Kelly peak from the center wavelength as a function
of total fiber length in the cavity. Total length of fiber is obtained as the sum of individual

fibers used.

3.5.3 Vascade Fiber

Since both highly nonlinear and erbium-doped fibers could not compensate the
anomalous dispersion of the cavity, | looked through other possible fibers which might have

normal dispersion at longer wavelength. Among them Vascade fiber is tried. It is a dispersion
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compensating fiber specially designed for use in submarine optical transmission cables. The
index profile of the Corning Vascade fiber is similar to the HNLF. Although there is no
information of the GVD of this fiber at longer wavelengths; it was tried relying on its geometry
so that it might have normal GVD. But unfortunately this fiber also could not able to compensate
the anomalous dispersion of Tm/Ho co-doped and SMF because no outward shift of Kelly

sideband as well as increase in spectral width of the laser output are observed.

3.6 Tm/Ho Fiber Cut-Back Measurement

The dispersion of all the dispersion compensating fibers is too small to compensate the
anomalous dispersion of Tm/Ho co-doped fiber and SMF while maintaining a repetition
frequency of the laser larger than 10 MHz. In order to minimize the net cavity dispersion, I
decided to reduce the lengths of Tm/Ho co-doped fiber and SMF from the cavity while
maintaining the mode-locking stability. First, the length of Tm/Ho co-doped fiber is reduced
from the cavity keeping the length of the SMF same and the laser is mode-locked for each
cut-back. As the length of Tm/Ho co-doped fiber is reduced, the spectral bandwidth of the laser
increased by a small amount. For each cut back, the spectral bandwidth and the spacing of Kelly
sideband from the center wavelength were measured. The variation of spectral bandwidth with

respect to the Tm/Ho co-doped fiber length is plotted in Figure 3.15.
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Figure 3.15 Variation of spectral bandwidth of the mode-locked laser with the length of
Tm/Ho co-doped fiber. The lengths of SMF and pump power are kept constant for each
cut-back.

It is observed that the spectral bandwidth increased as the length of Tm/Ho
co-doped fiber reduced from the cavity. During this measurement it is observed that the spacing
of Kelly sideband from the center wavelength increased as the fiber length decreased. For 4 m of
Tm/Ho co-doped fiber the spacing is 8 nm but it becomes 11 nm when the fiber length is 1 m for
same length of SMF in the cavity. The increase in spectral bandwidth and decrease in spacing of
the Kelly sideband while shortening the length of Tm/Ho fiber from the cavity indicate that the
Tm/Ho co-doped fiber has anomalous dispersion at 2 um. The mode locked spectrum for both

cases plotted together are shown in Figure 3.16.
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Figure 3.16 Mode-locked output spectrum for 4 m (red line) and 1 m (blue line) of Tm/Ho
co doped fiber with 6 m of SMF28 when pumping at 1.56 um. The spectral widths are
9 nm and 15 nm respectively at FWHM.

The optimized cavity length is 7m with 1 m of Tm/Ho co-doped fiber. Initially,
mode-locking was obtained at pump powers higher than ~ 200 mW when the two polarization
controllers PC1 and PC2 were carefully adjusted. Later, this configuration exhibited self-starting
operation where mode locking was obtained by only increasing the pump power above the
threshold without any change in the intracavity polarization. The laser remained mode locked for
hours at a time, limited only by the temporal variation of the pump laser polarization. In fact,
self-starting mode locking has been possible without a change in intracavity polarization over
many months of operation. Figure 3.17 shows the (a) output spectrum and (b) the ESA spectrum
of the mode locked Tm/Ho co-doped fiber laser in this configuration. The output power

measured after the output coupler is ~ 25 mW, with repetition frequency of 28.4 MHz and
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spectral bandwidth of 15 nm FWHM. The 28.4 MHz repetition frequency signal was observable
using a 15 MHz detector producing a 50 dB signal to noise ratio (300 kHz resolution bandwidth)
peak on an electrical spectrum analyzer. The measured repetition frequency was in agreement

with the total length of fiber in the laser cavity.
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Figure 3.17 a) Mode-locked output spectrum b) electrical spectrum analyzer (ESA)
spectrum for 1 m of Tm/Ho co-doped fiber and 6 m of SMF28 when pumping at 1.56 pm.
The spectral width is 15 nm FWHM [90].

Further optimization would require obtaining knowledge of both the magnitude and sign
of the GVD for both the SMF and Tm/Ho co-doped fiber. While the GVD value for the SMF
(which was calculated using the proper Sellmeier coefficients [95], the fiber core size, and the
weakly guiding approximation [75]) only have an order of magnitude approximation from the
literature. Equation (4.3) could be used to compute the GVD of the Tm/Ho co-doped fiber, but
this requires a measurement of the pulse duration. If one assumes the transform limited pulse

duration for a spectral bandwidth of 15 nm (269 fs) and uses the measured sideband spacing, the
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net cavity dispersion is f,L = 1.87x107 fs at the center wavelength of 1.96 pm. Given the value
of g, for SMF and the experimental fiber lengths, a positive value of GVD for the Tm/Ho
co-doped fiber is computed. However, it is observed during cut-back measurement that the
sideband wavelength separation increased as the length of Tm/Ho co-doped fiber is decreased,
indicating that the Tm/Ho co-doped fiber has anomalous GVD [as from Eq. (3.3)]. Therefore, the
observed spectra are inconsistent with a transform-limited pulse. Although I cannot measure the
Tm/Ho co-doped fiber GVD, | can instead estimate the pulse duration from this measurement.
Assuming that the magnitude of the Tm/Ho co-doped GVD is 10” fs?nm, which is on the order
of a similar fiber reported in [97], the estimated pulse duration is ~800 fs. To verify this pulse
duration, an interferometric autocorrelation (IAC) measurement on the laser output [98] is

performed, as described below.

3.7 Pulse Characterization

The optimum operation of the mode-locked laser can be verified by measuring the
temporal profile of an ultrashort pulse. The ultrashort pulse can be measured using either an
electronic or optical device. The standard opto-electronic devices include fast photodiode, and
streak cameras based on linear techniques, can measure ps pulse durations but cannot
successfully measure the sub-femtosecond time scale directly, since the time response of these
devices is only on the order of ps. A simple and widely used method to measure the duration of
ultrashort pulses employ optical interferometry and gating via nonlinear effects in a crystal or

semiconductor diode. Optical interferometry is based on the optical correlation function given by
G(x) =[O F(OF(t-1dt (3.9)
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where F,(t) and F,(t) are two independent functions of time, and 7 is the delay between
them. When both F, (1) and F,(t) are the same function then it is referred to as a second order

correlation
AD @) = [7 FOF(t - 1)dt (3.5)

Experimentally, the second order correlation is obtained either by second harmonic
generation (SHG) or two photon absorption (TPA) at the output of the interferometer. A® () is
symmetric with respect to time delay t, it is always positive, and has maximum value at zero
delay, t=0[99]. Due to symmetric properties of the second order autocorrelation, any

asymmetry in the pulse will be lost.

The actual pulse duration of the laser output can be estimated from the autocorrelation
trace by using conversion factors as shown in Table 3.1 [98], where 7, is the full width half

maximum (FWHM) pulse duration, and z, is the FWHM of the autocorrelation trace.

Table 3-1 Temporal conversion factors for second order autocorrelation function for
Gaussian and hyperbolic secant pulses. Actual pulse duration can be found by dividing the

autocorrelation width by the conversion factor for each case.

Pulse Type Intensity Conversion factor (tp / Ta)
Gaussian et 1.414
Hyperbolic secant sech?t 1.543

In this experiment, a second-order collinear autocorrelation also known as fringe resolved

autocorrelation (FRAC) or interferometric autocorrelation [100] is used. A schematic diagram of
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interferometric autocorrelation is shown in Figure 3.18 and the actual experimental set up in the
lab is shown in Figure 3.19. It is based on a Michelson interferometer and the signal detection is
accomplished using TPA in an InGaAs detector. The output of the Tm/Ho co-doped fiber laser is
collimated using a lens of 11 mm focal length. The light is then split in half using a 50/50 beam
splitter; one of the beams reaches a fixed mirror M1 which is placed on a linear translation stage
and reflected back to the beam splitter. The other beam is reflected back to the beam splitter from
movable mirror M2 glued on a speaker. The reflected beams from both arms are then combined

by the same beam splitter and finally focus onto a detector using 4 mm focal length lens.

f=11mm <V
Delay
gv v

InGaAs detector

2um light

A 4

A 4

Speaker

Oscilloscope

Figure 3.18 Schematic of the collinear interferometric autocorrelation based on Michelson
interferometer. BS, beam splitter; M, mirror. The input beam is split into two equal parts
by the 50/50 beam splitter. The reflected beam from two mirrors M1 and M2 combine

together by the same beam splitter.

| used 1.5/2 um WDM and germanium (Ge) filter to ensure no residual pump (1.56 um) was

incident on the InGaAs detector. To monitor the interferometric autocorrelation trace, the output
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of the detector is connected to an oscilloscope. This technique has two major consequences; first
interference fringes will appear across the pulse as a function of delay, and second, there will be
background output even when the two pulses are not overlapping. The background detection is
an important limitation of this type of autocorrelation because the low lying features such as

pedestal and wings may be swamped and not be detected [101].

Figure 3.19 Experimental setup of the collinear interferometric autocorrelation based on
Michelson interferometer. BS, beam splitter; M, mirror. 50/50 beam splitter is used to
divide the light in two equal amounts. Mirror M1 is fixed and mirror M2 is attached to the
speaker to provide the variable delay in one of the arm. The reflected beams from M1 and
M2 are combined on the BS and focused into InGaAs detector using a 4 mm focal length
lens.
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For the given electric field the interferometric autocorrelation is given by
1AP(2) = [* |[E() + E(t — 7)]*|*dt (3.6)

with I(¢) = |E(t)|?. Eq. (3.3) can be expanded to

1A®) (7) = f[]z(t)+12(t—‘r)]dt+4 f](t)](t—‘r)dt+

+2 [T (1) +1(t — D] EQE*(t — t)dt + c.c.
+ 7 [E2(t) + E*(t — 7)]dt + c.c. (3.7)

where the first term on right hand side is a constant, the second term is the intensity
autocorrelation giving the outer shape of the pulse, the third term is the interferogram of E(t)
which oscillates at w, and the fourth term is the interferogram of the E2(t) which oscillates at 2.
For the ideal 50/50 beam splitter the interferometric autocorrelation has peak to background ratio
of 8:1 which is higher than the conventional intensity autocorrelation (3:1). For 2 um light with
pulse duration 1000 fs the computed interferometric autocorrelation trace for transform limited
and chirped pulses [Appendix D] are as shown in Figure 4.20, for hyperbolic secant pulse shape.
In order to get the chirped pulse 1000 fs transform limited pulse is propagated through the length
of SMF.

The interferometric autocorrelation is very sensitive to the extract pulse shape because
the fourth power of the electric field amplitude is involved in the measurement of intensity of the
second harmonic field amplitude. Hence, any vibrations introduced by the delay stage should be

minimized, and also all the opto-mechanical components should be fixed firmly.

71



8
7.,
z 2
3 2
g g °[
IS E
o s 4T
S S
= = 3}
g £
S 5 ‘L
p4 V4
l.,
0 P P 0 il A
-3000 -2000 -1000 0 1000 2000 3000 -3000 -2000 -1000 0 1000 2000 3000
Delay (fs Delay (fs
@ y (fs) (b) y (fs)

Figure 3.20 1AC trace for hyperbolic secant (a) transform limited and (b) chirped pulse for
1000 fs pulse width at2 pm. The chirped pulse is obtained by propagating 1000 fs
transform limited pulse through a length of SMF.

3.7.1 Delay Calibration

In order to determine the actual pulse duration, one needs to calibrate the delay introduce
by the movable stage in the time scale of the pulse duration. When the mirror M2 is fixed the
path length between two arms is same but once the speaker starts to move, it creates an extra

path length. This extra path length corresponds to the delay between two the arms and is given

by

_ 240

I = (3.8)

where c is the speed of light, and 4/ is the linear displacement provided by the speaker. In

practice it is hard to measure this linear displacement experimentally. But, what | can measure is
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the driving voltage applied to the speaker. So, | calculated the delay in terms of the voltage

applied to the speaker. The calibrated delay in terms of applied voltage is 7 ps/V.

3.7.2 Two Photon Current Measurement

Since the signal measurement in interferometric autocorrelation is based on the two
photon measurement the lowest two photon current needs to calculate that the detector can see.
The two photon measurement is the nonlinear process so the nonlinear responsivity of the
InGaAs detector is used to calculate the threshold. Nonlinear responsivity of the detector is

3.4x10° nA/mW? as given by [102]

Ryy = IPA (3-9)

where Irp, is the two photon current, and P, and P, are the peak and average power of the laser
output. Using the laser parameters and the nonlinear responsivity of the detector, the lowest two
photon current that the detector can see is 170 nA. The minimum power that is needed to
generate 170 nA current is 0.23 uW. To verify that the measured current in the detector is due to
two photon absorption, the output current is measured after the neutral density (ND) filter. The
measured output current with respect to input power is plotted and shown in Figure 3.21. As
expected, the response of the detector should be nonlinear with respect to the input power that is

going into the detector after the ND.
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Figure 3.21 Two photon current of InGaAs detector for incident 2 um light. The output two
photon current is measured when neutral density (ND) filter is introduced in front of the

detector.

3.7.3 Pulse Width Measurement

After carefully aligning the laser beam from both the arms and focusing tightly onto the
detector the interferometric autocorrelation (IAC) trace is obtained. It exhibits the proper 8 to 1
ratio between peak and background as shown in Figure 3.22 along with the computed IAC
envelope using analytical expressions for a hyperbolic secant temporal electric field [98]. The
IAC full width half maximum (FWHM) is 1833 fs and this measurement is consistent with the
sideband spectral measurements. The temporal conversion factor of a pulse- to-IAC width for a

hyperbolic secant temporal electric field is 0.53, which gives a pulse duration of 966 fs.
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Figure 3.22 Interferometric autocorrelation trace of the laser output. The autocorrelation
FWHM was 1833 fs corresponding to pulse duration of 966 fs. The computed IAC
envelope for a 966 fs pulse that exhibits self-phase modulation is plotted for comparison
[90].

Information about the pulse’s phase distortion can be deduced from the IAC trace as well.
The phase distortion is primarily due to self-phase modulation (SPM) and not GVD since the
IAC measurement exhibits fringes across the entire trace [98]. SPM preserves the pulse
coherence and thus fringes can be seen across the entire IAC trace, which is not the case for a
pulse that exhibits only second order phase distortion.

The spectral measurement at the time of the IAC measurement revealed that the spectral

bandwidth reduced from 15nm to 8 nm over the course of six months. The spectrum

corresponds to the above IAC trace as shown in Figure 3.23. The cause of bandwidth reduction is
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Figure 3.23 The mode-locked spectrum of Tm/Ho co-doped fiber laser at the time of

autocorrealtion measurement [90]. The full width half maximum (FWHM) is 8 nm.

unclear: the bandwidth could not be increased by changing the intracavity polarization. The
optical components, specifically polarization sensitive isolator (c-band) used in the cavity were
not designed for 2 um. It is believed that the insertion loss of the isolator may have increased
over the six months, caused possibly by inadvertently passing more than maximum
recommended power (300 mW) through it during the initial mode-locking attempts. Increasing
the insertion loss will create a larger cavity loss, so the gain will be saturated less when lasing
occurs. Due to the wavelength-dependent absorption and emission cross section, this will change
the center wavelength. A reduction of intracavity power will also reduce the total nonlinear

phase shift and thus the spectral width.
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3.8 Mode-Locking at Two Different Center Wavelengths

The laser is able to mode-lock at one of two center wavelengths by carefully adjusting the
intracavity polarization during the process of mode-locking. The output spectra at two different

center wavelengths ~80 nm apart are shown in Figure 3.24.
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Figure 3.24 Mode-locked spectrum for 1 m of Tm/Ho co-doped fiber when pump power is
~300 mW with center wavelengths at a) 1.96 um and b) 2.04 um. Each spectrum was

obtained under separate mode-locking conditions [90].

The left spectrum is centered at 1.96 um with a FWHM bandwidth of ~15 nm and the
output power measured is ~25 mW. Mode-locking can be stopped by external perturbation,
decreasing the pump power or changing the position of polarization controllers. Once the
mode-locking has been terminated, it can be initiated again with the same pump power but at a

different position of the polarization controllers and the laser can be mode-locked at a different
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center wavelength. Figure 3.24 (b) shows the mode-locked spectrum at a center wavelength of
2.40 pm with a bandwidth of 13 nm and the output power is almost the same.

The ability to lase on one of the two center wavelengths is a result Tm/Ho co-doping.
For Tm/Ho fiber lengths of ~1 m, it has been observed that the ASE exhibits a peak near 2 pum
but a shoulder near 1.9 pm [11]. The emission at 1.97 um is due to the Tm** emission while the
2.04 pm is due to Ho**. In another study [103], the fluorescent from a 6:1 ratio Tm/Ho fiber was
measured as a function of fiber length. Fiber lengths smaller than 0.5 m exhibited more
fluorescence at ~1.97 um compared ~2.04 um, while a fiber of ~1 m exhibited similar levels of
fluorescence at these two wavelengths. Longer fiber have reduced emission at the shorter
wavelength due to the energy transfer from Tm** to Ho®*, and due to re-absorption of the Tm**
emission [103]. To optimize the ability to mode-lock at these center wavelengths, the fiber
length must be chosen to permit some energy transfer but not at the cost of depleting the Tm®*

emission.

3.9 Summary

An all fiber Tm/Ho co-doped mode-locked laser operating in the solitonic regime is
demonstrated and that can lase at one of two center wavelengths by adjusting the polarization
controllers and pump power. The laser is self-starting by increasing the pump power above the
threshold without any change in the polarization of the cavity. The pulse width of the laser is
measured using interferometric autocorrelation. The intracavity dispersion compensation is

studied using various fibers such as highly nonlinear fiber, erbium doped fiber and Vascade
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fiber. A large spectral bandwidth could not be obtained due to the lack a large normal GVD

fiber in to compensate anomalous dispersion of other fibers.

Since the short pulse and high peak power laser is required for applications, | will
introduce other kind of normal GVD fiber to compensate the intracavity dispersion in next

chapter and the laser will operate in the stretched-pulse.

Note: This research in Chapter 3 has been published in Ref. [90].
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Chapter 4 - Stretched-Pulse Operation and Study of Laser

Dynamics

4.1 Introduction

In Chapter 3, | discussed the mode-locked Tm/Ho co-doped fiber laser operating in the
solitonic regime where the net cavity group velocity dispersion (GVD), defined as the sum of
each fiber’s GVD times length, is always negative. The formation of dispersion managed
solitons in the cavity, which occurs when the net cavity GVD is negative, limits the output pulse
duration and hence peak power and pulse energy due to the formation of spectral sidebands
(Kelly sidebands) and saturation of the nonlinear polarization rotation [16]. To increase the
spectral bandwidth of the mode-locked laser the intracavity dispersion need to be managed. The
net cavity GVD of the fiber laser cavity can be controlled by introducing the sections of normal
and anomalous dispersion (GVD or ;) in the cavity. When the net cavity GVD is small but
positive solitons do not form but the intracavity pulse periodically stretches and compresses for
each round trip, allowing for the formation of shorter pulses as shown in Figure 5.1. This
mode-locking regime is called the stretched-pulse regime. Here, the average peak power in the
laser cavity is lowered significantly as the pulse width changes by an order of magnitude and
hence the net nonlinear shift per round trip is small, and the saturation effect is avoided. Similar
to the erbium doped fiber lasers, Tm/Ho co-doped fiber lasers can be mode-locked in the
stretched-pulse regime which produces a wider spectral bandwidth than operating in the solitonic

regime [20].
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Achieving a positive net cavity GVD is challenging for Tm/Ho co-doped fiber lasers
since it is hard to find a fiber has normal GVD at 2 um to compensate the anomalous GVD of the
gain fiber and the Corning SMF-28 single mode fiber (SMF) in the laser cavity. Bulk fused silica
has anomalous GVD at 2 um, so a fiber would need a very large and positive waveguide
dispersion to exhibit normal GVD at 2 um. As discussed in Chapter 3, | used couple of fibers
such as HNLF, Er-doped fiber and Vascade fiber to compensate the anomalous dispersion but

these fibers did not exhibit enough normal GVD for effective dispersion compensation.

Polarizer/isolator
Negative GVD

Positive GVD

Figure 4.1 Schematic of the all fiber stretched-pulse operation; WDM, wavelength division

multiplexer; OC, output coupler; PC, polarization controller [104].

Recently, a number of attempts at dispersion compensation have been used both in
free-space and fiber based compensation methods. Haxsen et al. demonstrated stretched-pulse
operation from a Tm-doped fiber laser using an intracavity pulse stretcher composed of a free
space section with a telescope and grating pairs [105]. Wang et al. demonstrated intracavity
compression using a normal GVD erbium-doped fiber [96] and Gumenyuk et al. demonstrated a

dissipative dispersion- managed soliton fiber laser employing chirped fiber Bragg grating [106].
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In these works, the laser cavity has a free space section. But, to keep the laser in all fiber formats
with high repetition rate, it is necessary to have a fiber which has normal GVD at 2 um. As
discussed in Chapter 2, the total dispersion of the fiber is given by the sum of material and
waveguide dispersion. So the net GVD of the fiber can be made normal if the waveguide
dispersion is higher than the material dispersion, where material dispersion of the fused silica
fiber is always negative at 2 um. The waveguide dispersion can be tailored by changing the
geometry of the fiber such as core size and numerical aperture (NA). Recently, ultrashort pulses
were generated from mode-locked thulium fiber laser using high NA fiber as normal dispersion
fiber inside the laser cavity [107, 108]

In this chapter, | will discuss the dispersion compensation of the Tm/Ho co-doped fiber
laser both internally and externally. First, I will discuss the external pulse compression using
hollow core photonic bandgap (HC-PBG) fiber. In next few sections, | will discuss the
intracavity dispersion compensation using narrow core and high NA fiber to operate the laser in
the stretched-pulse regime. Finally, I will discuss the dynamics of the laser while going from

stretched-pulse to the solitonic regime.

4.2 External Pulse Compression

One way of getting shorter pulses from the mode-locked fiber laser is external pulse
compression using a fiber with an opposite sign of the GVD than the net cavity GVD. In the
Tm/Ho co-doped fiber laser, the net cavity GVD is always negative. In order to compensate this
net negative cavity GVD a hollow core photonic bandgap fiber HC-2000 manufactured by NKT

photonics is used outside the laser cavity. This particular HC-PBG fiber is designed for 2 um
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wavelength where light is guided in hollow core, surrounded by a microstructure cladding of air

holes and silica. The manufacture’s specification of this fiber is shown in Table 4.1.

Table 4-1 Physical and optical properties of HC-2000 PBG fiber provided by the
manufacturer, NKT photonics [109].

Physical properties

Core diameter 15 = 1 UM
Cladding pitch 4.8 0.1 um
Diameter of PCF region 90 £ 5 um
Cladding diameter 155 + 5 QM
Coating diameter 275+ 30 Um
Coating material Single layer acrylate

Optical properties

Design wavelength 2000 NM
Attenuation @ 2000 nm <20 dB/km
Typical GVD @ 2000 nm -20 ps/nm/km
Operating wavelength® 1965-2125 nm
Estimated MFD @ 2000 nm® 11 pm

The GVD of HC-2000 provided by the manufacturer is as shown in Figure 4.2. This fiber
has zero group velocity dispersion is at wavelength 2.01 um; below this wavelength it has
normal GVD and above this wavelength it has anomalous GVD. In Chapter 3, it is shown that
the laser can be mode-locked at two separate wavelengths, one around 1.96 pum and other around
2.04 um by adjusting the polarization controllers and pump power. So when the laser is
mode-locked below 2 pum wavelength, the normal GVD of HC-2000 can compensate the

anomalous net GVD of the cavity and pulse compression can be achieved.
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Figure 4.2 Group velocity dispersion (GVD) of HC-2000 PBG provided by the fiber’s
manufacturer NKT photonics [109]. The fiber has zero group velocity dispersion near at
2.01 pm.

5.2.1 Experimental Setup

The experimental set up for the external pulse compression of a mode-locked Tm/Ho
co-doped fiber laser using HC-2000 PBG fiber is as shown in Figure 4.3. Mode-locking of the
Tm/Ho co-doped fiber laser is obtained via nonlinear polarization rotation when it is pumped by
1.56 um laser same as in Ref. [90]. The mode-locked spectrum has a spectral bandwidth of

10 nm with a repetition rate of 53 MHz.
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Figure 4.3 Tm/Ho co-doped fiber laser and external pulse compression using HC-2000

PBG

photonic bandgap (PBG) fiber. WDM, wavelength division multiplexer; OC, output
coupler; PC, polarization controller.

At the output of the laser, HC-2000 is spliced with SMF using Vytran PM splicer where
the splice loss is 2 dB. The other end of HC-2000 is placed in 5-axis stage and output light is
coupled into the interferometer. The pulse width is measured by interferometric autocorrelation

(IAC) as described in Section 3.7 of Chapter 3.

4.2.2 Pule Width Measurement

Since the laser can be mode-locked at two different center wavelengths by changing the
polarization controllers and the pump power, the pulse duration was measured at 1.99 uym and
2.02 pm. From the dispersion curve, it is seen that the sign of dispersion at these two
wavelengths are opposite. At 1.99 um the GVD is normal and at 2.02 um the GVD is anomalous.
In Figure 4.4 the pulse duration measured at 2.02 um before and after HC-2000 is shown.

Although inadequate interferometer alignment prevented us from obtaining the proper 8-to-1
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ratio between the peak and long-delay background, this data could be used to estimate the pulse
duration. The pulse duration after the laser cavity is 1.13 ps and 1.30 ps after the HC-2000 PBG.
At 2.02 pym, the GVD of both the SMF and HC-2000 fiber is negative of magnitude
-8.64x10™ fs’/nm and -4.57x10™ fs’/nm respectively. The pulse gets wider and chirped more
after the HC-2000 fiber. The IAC measurement is consistent with the sign of the GVD and

manufacturer’s dispersion value.

Normalized Intensity
Normalized Intensity

Figure 4.4 Interferometric autocorrelation traces for Tm/Ho co-doped laser mode-locked at
2.02 um. a) IAC measurement after laser cavity with 1.2 m of SMF28, and b) IAC
measurement after 1.6 m of SMF and 0.45 m of HC-2000 PBG.

The pulse duration before and after the HC-2000 fiber is measured when the laser is
mode-locked at 1.99 um where the GVD of the HC-2000 fiber is normal. The IAC pulse
measurement is as shown in Figure 4.5. The pulse duration is 1.32 ps before the HC-2000 fiber

and 1.09 ps after the HC-2000. For better comparison of pulse duration at two positions, both are
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plotted with same ratio between peak to background. At this wavelength the GVD of the
HC-2000 fiber is +11.7x10® fs?’nm compared to -8.05x10™ fs’/nm for SMF28. The pulse
compression is observed when the laser is mode-locked at wavelength where the GVD of the
HC-2000 fiber is normal. But, the compressed pulse still wider than the transform limited value
~ 470 fs. This might due to inability to compensate the net negative cavity GVD by the normal
GVD of given length of HC-2000 fiber and also the total third order dispersion of SMF is not

compensated by the HC-2000 fiber.

Normalized Intensity
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Figure 4.5 Interferometric autocorrelation traces for Tm/Ho co-doped laser mode-locked at
1.99 um. a) IAC measurement after laser cavity with 1.2 m of SMF28, and b) IAC
measurement after 1.6 m of SMF and 0.45 m of HC-2000 PBG.

Since the external dispersion compensation was not able to compress the pulse
significantly to get transform limited value, other possible methods were explored to create a
shorter pulses. Basically, 1 would like to use intracavity dispersion compensation to increase the

spectral bandwidth and consequently to get shorter pulse.
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4.3 Ultra High Numerical Aperture Fiber

Depressed cladding or W-profile fibers exhibit multiple zero group velocity dispersion
points that produce normal GVD at long wavelengths [94]. Telecom dispersion compensating
fibers and highly nonlinear fibers fall in this category. The previous chapter showed how highly
nonlinear fiber exhibited too small normal GVD to compensate the large anomalous GVD of
SMF [110]. A family of ultra-high numerical aperture (UHNA) fibers manufactured by Nufern
as a candidate of normal GVD fiber at 2 um is explored. These UHNA fibers are standard silica
fibers with narrow and nearly pure GeO, core, so there is large difference in the refractive index
between core and cladding. According to manufacturer, these UHNA fibers are designed as
bridge fibers between high NA waveguide and low NA optical fibers, so my application is
outside the fiber’s design specification [111]. Their application is to couple the light from regular
SMF to planar waveguides, fluoride and other non-silica fibers. They also used them as fiber

tails for high NA sources.

4.3.1 Computation of GVD of UHNA Fibers

Although the NA and core radius of the UHNA fibers was known, specific information
about the index profile of UHNA fibers is proprietary. Furthermore, the dispersion of these
UHNA fibers was not specified by the manufacturer. But as specified in Ref. [112], the index
profile of these fibers is similar to step index fiber but with proprietary methods of enhancing the
NA. The GVD of these UHNA fibers computed from the fiber core size and the NA using the
analytic equations developed for step index fibers [75]. To calculate the material dispersion of

the UHNA fiber | considered the germanium (Ge)-doped fused silica in the core. The refractive
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index of such fiber is given by Eqg. (2.4) with Sellmeier coefficients A;=0.6867, A,=0.4348,
A3;=0.8966, B;=0.07268, B,=0.1151, and B3=10.0 [113]. The effective refractive index of the

fiber with both material and waveguide dispersion is given by

n(w) = n, (a))\/l + 2 An b(w) (4.2

NA?
2ny(w)’

where ny(w) is the material refractive index given by Eq. (2.4), An= and

_ 1+v2 z _Tw . . .
b(w)=1- (1"‘4\/4—+17W) with v(w) = — ny(w)V2 An , c is the speed of light, r is the core

radius of fiber and w is the angular frequency. The group velocity dispersion is given by the

second derivative of n(w) with respect to w as

_ d?*n(w)

B, = L (4.2)

The GVD of various UHNA fibers was computed using the information provided by Nufern
using Eq. (4.2) (Appendix C). For different UHNA fibers named as UHNAL, UHNA3, UHNA4

and UHNAY were used whose specification are shown in Table 4.2.

Table 4-2 Specification of families of high numerical aperture fibers provided by

manufacturer Nufern along with SMF28.

Fibers Core radius (um) Numerical aperture (NA)
SMF28 4.5 0.14
UHNA1 1.25 0.28
UHNAS3 0.9 0.35
UHNA4 1.1 0.35
UHNA7 1.2 0.41
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The GVD of the UHNA fibers were computed using equations (4.1) and (4.2) for given
radius and numerical aperture of each fibers. The computed GVD of the UHNA fibers along with

SMF is shown in Figure 4.6
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Figure 4.6 Computed group velocity dispersion (GVD) of UHNA fibers (red-UHNAL,
blue-UHNAZ3, pink-UHNA4, and green-UHNA7) and SMF28 (black) as function of angular
frequency when including both material and waveguide dispersion.

Figure 4.7 shows the GVD of different fibers at wavelength 2 um. The core radius of
UHNA fibers is smaller than the SMF but the numerical aperture is higher. Also the numerical
aperture of UHNA fiber is increasing in ascending order. It is seen that GVD of SMF (r=4.5 um
and NA=0.14) at 2 pm is anomalous with magnitude of -9.15x10" fs>/nm but when the fiber’s
core radius is decreased and NA increased, the sign GVD is changed and it becomes normal in
the same order of magnitude as SMF. The magnitude of GVD of UHNA1, UHNA3, UHNA4 and
UHNA7 are 8.6x10°fs?nm, 16.93x10° fs?/nm, 17.9x10° fs®nm and 13.79x10° fs*%nm
respectively. From Figure 4.7, it is seen that when numerical aperture is increased further the

GVD starts to decrease.
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Figure 4.7 Variation of computed group velocity dispersion of various fibers when

including both material and waveguide dispersion at wavelength 2 um.

4.3.2 Estimation of GVD of UHNA Fibers

The above calculation shows that some UHNA fibers exhibit normal GVD at 2 um on the
same order of the anomalous GVD of SMF. Hence, UHNA fibers could be used to compensate
the anomalous dispersion provided by the gain fiber and SMF in the laser cavity. To verify both
the sign and magnitude of computed GVD of UHNA fibers, the GVD of the UHNA fibers was
estimated experimentally by external pulse compression measurement of Tm/Ho co-doped fiber
laser operating in the solitonic mode. Without any normal GVD fibers in the laser cavity, it was
expected that the output pulses to be negatively chirped because 1.0 m length of SMF is used
after the output coupler of the laser cavity. Indeed, chirped pulses of 1.25 ps in duration were

observed in the IAC measurement. These negatively chirped pulses were injected into a length of
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UHNA fibers and output pulse duration was measured using IAC. Among the UHNA fibers, |

used UHNAL, UHNA4 and UHNAY for external pulse compression.
4.3.2.1 Splicing Between UHNA Fiber and SMF

According to manufacturer, the UHNA fibers were designed as bridge fiber between high
NA waveguide and low NA optical fiber. The high-NA fibers here are used as dispersion
compensating fibers inside the laser cavity. So, it is very important that the splice loss between
UHNA fibers and SMF should be small since the stability of mode-locked fiber laser is very
sensitive to the cavity loss as it modulates the pulse energy inside the cavity [114]. According to
the manufacturer, the compositions of UHNA fibers are tailored to thermally expand the core
during splicing and thereby achieving lower loss. To measure the splice loss between UHNA
fibers and SMF, UHNA fiber and SMF are spliced using an arc fusion splicer with a program
specially designed for splicing between HNLF and SMF. The SMF is spliced on both ends of
the UHNA fiber and the power is measured before and after SMF as shown in Figure 4.8. For

convenience, 1560 nm light is used for the loss measurements.

Pill POllt

Splice

Figure 4.8 Schematic of measuring the splice loss between UHNA fiber and SMF. To
estimate the splice loss both input and output power are measured at wavelength 1560 nm.
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From the power measurement at 1560 nm, the loss per splice between UHNA fiber and
SMF is determined. | used three UHNA fibers; UHNAL, UHNA4 and UHNA7. For UHNA1
fiber the splice loss is 0.44 dB per splice. For UHNAA4 fiber the splice loss is 0.27 dB per splice
and for UHNAZ7 fiber the splice loss is 0.8 dB/splice. Depending on core size and numerical

aperture of the fibers, the splice loss is small.

4.3.2.2 Experimental Setup

Output

Figure 4.9 Schematic of estimation of group velocity dispersion of ultrahigh numerical
aperture fiber by external pulse compression measurement. WDM, wavelength division
multiplexer; OC, output couple; PC, polarization controller; DFB, distributed feedback
laser; EDFA, erbium doped fiber amplifier; UHNA, ultrahigh numerical aperture.

The experimental set up of the estimation of the group velocity dispersion of UHNA
fibers by external pulse compression is shown in Figure 4.9. The UHNA fiber is spliced at the
output of a mode-locked Tm/Ho co-doped fiber laser operating in the solitonic regime. The laser

is mode-locked via nonlinear polarization rotation, same as described in Ref. [90]. But here the
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polarization sensitive isolator was replaced by a separate polarizer and isolator. The isolator is
designed to work at 2 um wavelength but the polarizer is still specified for 1.5 um. The pulse

width is measured before and after UHNA fiber using interferometric autocorrelation.

4.3.2.3 UHNAL1 Fiber

First, 3 m of UHNAL fiber is used at the output of the laser cavity to measure the pulse
width before and after it. There is a small section of SMF (~ 30 cm) after the UHNAL fiber
before the autocorrelator. The IAC traces are shown in Figure 4.10, a) after the laser cavity, and
b) after the 3 m of UHNAL fiber. No significant change in the pulse is observed after the
UHNAL1 fiber. This indicates that the UHNA1 fiber has very small normal GVD at 2 um which
is cancel out by the anomalous GVD of SMF after it. So, this fiber may not be suitable to put
inside the laser cavity to compensate the large anomalous GVD of SMF and the laser is

mode-locked in the stretched pulse regime.
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Figure 4.10 Interferometric autocorrelation trace a) after the laser cavity operating in
solitonic regime, b) after 3 m of UHNAL fiber.
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4.3.2.4 UHNAA Fiber

Same as in UHNAL fiber, the pulse width at the output of the laser before the UHNA4
fiber and then after the 3 m of UHNAA4 fiber is measured. The IAC traces are shown in
Figure 4.11, a) after the laser cavity and b) after 3 m of UHNAA4 fiber. The pulse duration after
the laser cavity is 1.25 ps and negatively chirped as shown in Figure 4.11 (a). After propagation
through 3 m of UHNAA4 fiber the pulse becomes more chirped and wider with duration of 1.37 ps
as shown in Figure 4.11 (b). This indicates that the UHNA4 fiber either has anomalous

dispersion or large normal dispersion.
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Figure 4.11 Interferometric autocorrelation trace a) after the laser cavity operating in the

solitonic regime, and b) after 3 m of UHNA4 fiber.

To determine the sign of the GVD, 2.5 m of SMF was added after the 3 m of UHNA4

fiber. As seen in Figure 4.12 (a), the pulse is no longer chirped and the pulse duration is reduced
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to 0.91 ps. This implies that the UHNAA4 fiber has the opposite sign of GVD as the SMF. To
estimate the magnitude of the GVD, finally, 55m of SMF were added. As seen in
Figure 4.12 (b), the pulse duration and chirp are similar to what was observed only after the
UHNAA4 fiber (Figure 4.11 (b)). From these measurements, the GVD of UHNA4 is estimated and
has the same order of magnitude but opposite sign of the GVD of SMF at 2 um. Specifically a
GVD of f, = +9.1x10™ fs?/nm was estimated for UHNA4 which is a factor of two off from the
calculated value. This measurement provided enough confidence that the UHNA4 fiber has

normal group velocity dispersion on the order of 10 fs*nm at 2 pm.
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Figure 4.12 Interferometric autocorrelation trace a) after 3 m of UHNAA4 fiber and 2.5 m of
SMF, and b) after 3 m of UHNAA4 fiber and 5.5 m of SMF.
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4.3.2.5 UHNAY Fiber

According to the manufacturer, UHNAY fiber is designed to work near 2 um and hence |
tried to estimate the GVD of this fiber. Similar to the previous measurement, the pulse width
before and after 3 m of UHNAT7 fiber is measured. The measured IAC traces are shown in Figure
4.13, a) after the laser cavity and b) after 3 m of UHNAZ7 fiber. The pulse after the UHNA7 fiber
gets compressed and chirped more but it has some structure at the wings and the ratio of peak to
background is decreased. The reason for the asymmetry and the structure at the wings is unclear

but it may be due to high NA of this fiber or the nonlinearity in the speaker’s travel.

Normalized intensity
Normalized intensity

b) Delay (ps)

Figure 4.13 Interferometric autocorrelation trace a) after the laser cavity operating in thw
solitonic regime, and b) after the UHNAL fiber.
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From the above measurement it can be seen that UHNA?7 fiber has normal GVD at 2 um
but also has some other effect, like self-phase modulation when pulse propagating through it,
which prevents us from getting 8-to-1 IAC ratio. To make sure that the pulse gets self-phase
modulated the spectrum after 3 m of UHNAY7 fiber is measured. It is seen that the spectrum was

broader than after the laser cavity with Kelly peaks at the same position as shown in Figure 4.14
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Figure 4.14 Spectrum after the laser cavity operating in solitonic regime (red), after the
3 m of UHNATY fiber (black).

After estimating the group velocity dispersion of various UHNA fibers, | was confident
on the sign of the GVD of UHNAA4 fiber so the UHNA4 fiber was inserted in the laser cavity to

attempt mode-locking via nonlinear polarization rotation.
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4.4 Stretched Pulse Operation

Figure 4.15 Stretched-pule Tm/Ho co-doped fiber laser with UHNA4 fiber as a normal
dispersion fiber: WDM, wavelength division multiplexer; OC, output couple; PC,
polarization controller; DFB, distributed feedback laser; EDFA, erbium doped fiber

amplifier.

As discussed previous, when normal GVD fiber is added inside the cavity in such way
that the net cavity dispersion is positive, the laser can be mode-locked in the stretched-pulse
regime. Since the UHNA fibers have normal GVD at 2 um, the anomalous GVD of SMF and
Tm/Ho co-doped can be compensated and the laser can be mode-locked in the stretched pulse
regime. | started with the original experimental setup where c-band in-line polarizer and isolator
designed to work at 2 um are used. The experimental setup for the stretched pulse Tm/Ho
co-doped fiber laser is illustrated in Figure 4.15. An amplified 1560 nm pump light is coupled
into the cavity using 1560/2000 nm wavelength division multiplexer (WDM). The total length of

the Tm/Ho co-doped gain fiber is 0.85m. The high-NA fiber is used for dispersion
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compensation. When there was no high-NA fiber in the cavity the laser was mode-locked in
solitonic mode with spectral bandwidth 9 nm [90]. The laser is mode-locked via nonlinear
polarization rotation by adjusting the two polarization controllers PC1 and PC2 when the pump
power is about 300 mW. The spectrum and pulse duration of the laser output are measured after

0.9 m of SMF by a spectrometer and an interferometric autocorrelator (IAC).
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Figure 4.16 a) Laser spectrum, and b) interferometric autocorrelation trace of mode-locked
stretched-pulsed operation with 1.85 m of UHNAA4 fiber.

A small section of SMF is spliced between Tm/Ho co-doped fiber and UHNAA4 fiber in
order to reduce the total loss in the cavity. 3 m of UHNA4 fiber was initially in the laser cavity.
After series of cut backs the laser is mode-locked when the fiber length became 1.85 m and the
pump power is about 300 mW. The output spectrum and the pulse duration of the mode-locked
laser are shown in Figure 4.16. The center wavelength of the mode-locked spectrum is at

1940 nm with spectral bandwidth of 15 nm at full width half maximum, Figure 4.16 (a). The
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interferometric autocorrelation trace is shown in Figure 4.16 (b) and the IAC width is 1.48 ps
measured after 0.9 m of SMF. The pulse duration corresponding to this IAC width is 0.77 ps
assuming the hyperbolic secant pulse shape. The pulse duration is smaller than solitonic pulse

(1.17 ps). The repetition rate of the laser is 34 MHz.

The increase in the spectral bandwidth and the decrease in the pulse duration when
UHNAA4 fiber is added to the cavity suggest that the UHNA4 has normal dispersion at 1.94 um.
The wider spectrum and absence of Kelly sidebands indicates that the laser is operating in the

stretched pulse regime.

As | discussed in Chapter 2, the Tm/Ho fiber has wide gain bandwidth which can support
very short pulses. Furthermore, lasers operating in the stretched-pulse regime have significantly
larger spectral bandwidth because there are no solitonic effects to restrict the bandwidth.
However, the observed spectral bandwidth is not as large as expected since large bandwidth is
observed in an erbium-doped fiber laser when operating in the stretched pulse regime [104].
Attempts to increase the bandwidth were done by adjusting the fiber lengths, polarization
controller, and pump power. The question is what are the possible factors that are limiting the
spectral bandwidth? Since the in-line polarizer used in the laser cavity is specially designed for
c-band, I thought this limited to achieve the spectral bandwidth. So, the c-band in line polarizer
is replaced by one which is designed for 2 um in Figure 4.15 and mode-locked the laser via
nonlinear polarization rotation. The laser is mode-lock at different lengths of UHNAA4 fiber
(2.8 m or shorter) in the laser cavity. When the laser is mode-locked with 2.35 m of UHNA4
fiber the maximum spectral bandwidth of 31 nm is observed as shown in Figure 4.17, which is
factor of 2 higher than before. The center wavelength of this mode-locked spectrum is at

1970 nm. | will discuss the variation of spectral bandwidth with respect to length of UHNA4
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fiber in next section. Same as before the absence of Kelly sidebands and wide spectral bandwidth
indicate that the laser is operated in the stretched-pulse regime. The laser did not self-start as in
the solitonic operation but it was easily mode-locked by adjusting the polarization controllers

and the pump power.
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Figure 4.17 Mode-locked spectrum of Tm/Ho co-doped fiber laser with 2.35 m of UHNA4

fiber operating in stretched-pulsed regime. The center wavelength is at 197 nm.

The mode-locked laser produced a steady 35 MHz pulse train observed on an electrical
spectrum analyzer and oscilloscope. The interferometric autocorrelation trace measured for this
operation is as shown in Figure 4.18. It has the proper 8-to-1 ratio between the peak and
long-delay background. The IAC full width half maximum is 0.76 ps. To measure the actual

pulse duration a Gaussian pulse shape was assumed and computed the ratio of pulse width to
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IAC width using analytical expression from Ref. [98]. The ratio is 0.59 and which gives the

pulse duration of 0.45 ps.

Normalized Intensity
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Figure 4.18 The interferometric autocorrelation trace for stretched-pulse operation with

31 nm spectral bandwidth measured after 0.9 m of SMF.

The comparison of spectrum and pulse duration of the stretched-pulse and the solitonic
operations are shown in Figure 4.19. The stretched-pulse spectrum is three times wider than the
solitonic spectrum where Kelly sidebands are no longer present Figure 4.19 (a). Also, the pulse
duration is significantly shorter as compared with solitonic operation. The pulse duration of
solitonic operation is 1.24 ps where conversion factor of 0.527 is used assuming hyperbolic

secant pulse shape Figure 4.19 (b).
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Figure 4.19 (a) Output spectra of the laser in stretched-pulse (gray) and solitonic (black)
operation for a UHNA4 length of 2.2 m. The center wavelengths were 1960 nm and 1940
nm in solitonic and stretched-pulse regimes respectively. (b) The IAC trace for stretched-

pulse (gray) and solitonic (black) operation for a UHNA4 length of 2.35 m.

4.5 Laser Dynamics: From Stretched-Pulse to Solitonic Regime

To study the laser dynamics of a Tm/Ho fiber laser while going from the stretched-pulse
to solitonic operation, the laser was mode-locked for various lengths of UHNAA4 fiber so that the
net cavity group velocity dispersion varies from positive to negative. In order to do that, a series
of UHNAZ fiber cut-back measurement is performed keeping other fibers length same. So the
net cavity GVD will be different in each UHNA4 fiber cut-back. Both spectral and IAC traces
were taken for each length of the UHNAA4 fiber. The variation of both spectral bandwidth and the

pulse duration is plotted with respect to the UHNAA4 fiber length and shown in Figure 4.20.
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Figure 4.20 Output spectral bandwidth (blue circles) and pulse widths (red triangles) for
different lengths of UHNAA4 fiber inside the cavity. Pulse width was determined assuming

Gaussian (open triangles) and sech? (filled triangles) pulse shapes.

From the spectral measurement, it is seen that the laser is operated in the stretched-pulse
regime for the UHNA4 fiber lengths from 2.80 to 2.15 m, with nearly constant bandwidth of
30 nm. This observation is consistent with measured spectral bandwidths as a function of net
cavity GVD for stretched-pulse operation of the erbium-doped fiber laser [115]. As the fiber
length is further decreased, the spectral bandwidth decreased dramatically to 17 nm at 2.05 m of
UHNA4 fiber. Also Kelly sidebands were also observed indicating that the laser is now
operating in the solitonic regime as shown in Figure 4.21. The pulse duration follows exactly
opposite relation compared to the spectral bandwidth with the fiber lengths. The pulse width is

narrower when the laser is operating in the stretched-pulse regime and increases significantly
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when it goes to the solitonic regime as shown in red triangles in Figure 4.20. The pulse width
was determined assuming Gaussian shape (open triangles) in stretched-pulse regime and

hyperbolic secant shape (closed triangles) in solitonic regime.
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Figure 4.21 Mode-locked spectrum of Tm/Ho co-doped fiber laser with 2.05 m of UHNA4
fiber.

The laser operates in stretched-pulse regime when the fiber length is longer than 2.15 m
indicating that the net cavity GVD is positive. But, when the fiber length is shorter than 2.05 m,
the laser is mode-locked in the solitonic regime indicating that the net cavity GVD is negative.
So, we estimate that at 2.1 m of fiber length the net cavity GVD is zero. At this length of
UHNAA4 fiber, the laser is very unstable and the spectrum contains an unexpected dip at the
center wavelength as shown in Figure 4.22. The instability occurs because the pulses become so

short that their effective gain becomes less than that for continuous wave (CW) [73]. The size
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and existence of this unstable region are a function of the intracavity SPM and amount of
nonlinear polarization rotation. But the laser is stable in both solitonic and stretched-pulsed

regime.
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Figure 4.22 Mode-locked spectrum of Tm/Ho co-doped fiber laser with 2.1 m of UHNA4
fiber.

Considering the net cavity dispersion is zero when UHNAA4 fiber is 2.1 m, | can better

estimate the group velocity dispersion. The net cavity dispersion is given by

(B2LIner = (B2L)sur + (B2L) rmymo + (B2L)unnaa (4.3)

At this configuration the length of Tm/Ho co-doped fiber is 0.85 m and the SMF is 2.9 m. With
the group velocity dispersion of SMF and Tm/Ho co-doped fiber -0.085ps*nm and

-0.01 ps?/nm respectively, the GVD of UHNA4 fiber is calculated using Eq. (4.3) and is
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+0.12 ps®/nm. This is consistent with the estimated value from external pulse compression

measurement and the computational value.

4.6 Summary

An all fiber stretched-pulsed Tm/Ho co-doped fiber laser is demonstrated employing
ultra-high numerical aperture fiber (UHNA) inside the laser cavity for GVD compensation. The
laser is mode-locked via nonlinear polarization rotation. The GVD of UHNA fibers is computed
numerically and estimated experimentally. The stretched-pulse laser has spectral width of 31 nm
and pulse duration of 450 fs. The laser dynamics of Tm/Ho co-doped fiber laser is studied for the
transition between stretched-pulse and solitonic regime by changing the net cavity dispersion.
The measured pulse duration is still not short enough and close to the transform limited value.
So, better control of higher order dispersion is necessary to produce shorter pulses.

In next chapter, | will discuss about the conclusion of this thesis along with the
future work to achieve the shorter pulse and mid-infrared supercontinuum generation in ZBLAN

fiber using this laser as a pump source.
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Chapter 5 - Conclusion and Outlook

5.1 Principle Research Contributions

In this research, | have focused on generation of ultrashort pulses from a mode-locked
thulium/holmium co-doped fiber laser and have studied the laser dynamics in the different
mode-lock regimes. The laser was mode-locked using nonlinear polarization rotation in all fiber
formats. The laser was able to mode-lock in both solitonic and stretched-pulse regime by
adjusting the net cavity dispersion. For intracavity dispersion management, different possible
normal GVD fibers were used such as HNLF, erbium-doped fiber, Vascade fiber, photonic
bandgap fiber and UHNA fibers. Among them only UHNA fiber has large enough normal GVD
to compensate the anomalous GVD of SMF and gain fiber. Without any normal dispersion fiber
inside the laser cavity, the laser is mode-locked in the solitonic regime with spectral bandwidth
of 15 nm at FWHM and the corresponding pulse duration of 966 fs. The spectral bandwidth and
the pulse duration are limited in the solitonic regime due to the presence of the sidebands. The
center wavelength of the mode-locked spectrum changes and can be mode-locked at two separate
wavelengths depending on the position of the polarization controllers. The pulse duration is
measured by interferometric autocorrelation where the signal is measured by two-photon

absorption in an InGaAs detector.

One way of getting shorter pulses form the mode-locked laser is external dispersion
compensation where the spectral bandwidth of the laser output is the same but the pulse is
compressed temporally, called the external pulse compression. For external pulse compression, |

used hollow core photonic bandgap fiber at the output of the laser. The pulse gets compressed
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but it difficult to obtain the 8 to 1 signal to noise ratio in autocorrelation trace due to high splice

loss between SMF and PBG.

Another method for achieving shorter pulse durations is intracavity dispersion
compensation where the spectral bandwidth is increased so the laser can support short and high
peak power pulses. So to increase the spectral bandwidth and hence generate a shorter pulse, first
intracavity GVD is compensated using UHNA fiber. The GVD of the UHNA fibers were
computed using Sellmeier equation considering step index fiber with weakly guide
approximation and then estimated experimentally from external pulse compression method. The
computed and estimated GVD value of one of the UHNA fibers (UHNA4) agreed in the order of
magnitude. The computed value is 18x10° fs?/nm and the estimated value is 12x107 fs?%/nm.
With UHNAA4 fiber in the laser cavity, the laser can be mode-locked in the stretched-pulse
regime so that the spectral bandwidth increases and the pulse duration decrease by factor of two
as compared with the solitonic regime. The spectral bandwidth is 31 nm and the pulse duration is
470 fs in the stretched-pulse regime. By changing the length of UHNA4 fiber the net cavity
GVD can be changed and hence the laser can be mode-locked in both solitonic and
stretched-pulse regimes. The laser dynamics is studied while going from one regime to the other.
The Tm/Ho co-doped fiber laser followed the exact pattern that was observed in an erbium
doped fiber laser. But the spectral bandwidth is not as large as expected and observed in the other

fiber laser system such as Er- and Yb- fiber lasers.
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5.2 Outlook and Future Direction

5.2.1 Generation of Short Duration, High Peak Power Pulses

Further increase of spectral bandwidth of the laser output can be achieved by better
control of higher order dispersion of the fiber, specifically third order dispersion (TOD) while
operating in the stretched-pulse regime. While demonstrating the stretched-pulse laser in Chapter
5 only the anomalous GVD of the SMF and the gain fiber is compensated by the normal
dispersion of the UHNA4 fiber. But the TOD of UHNAA4 fiber is not negative enough to
compensate the normal TOD of the SMF as seen from Figure 5.1. But the TOD of the UHNA7
fiber is large and negative as well has normal GVD than that of the SMF and hence using this
fiber as dispersion compensating fiber should allow to control over both GVD and TOD of the

cavity, thereby generating large bandwidth spectrum and hence shorter pulses.

Recently C. Zhang et al. demonstrated both theoretically and experimentally that the
ultra-broadband optical spectrum can be generated from a stretched-pulse erbium fiber laser
using zero-dispersion fiber (ZDF) inside the laser cavity [116]. They used 70 m of OFS 980 nm
fiber as ZDF whose GVD is -0.0013 ps?/m which is 17 times smaller than SMF at 1550 nm and
were able to generate 172 nm spectral bandwidth with 36 fs transform limited pulse. The laser
was mode-locked via nonlinear polarization rotation. Similar techniques can be used in
thulium/holmium co-doped fiber laser since zero-dispersion fiber near 2 um could be available

such as highly nonlinear fiber.
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Figure 5.1 Computed second order (upper) and third order (lower) dispersion as a function
of frequency for SMF, UHNA4, and UHNA7 fibers. The dispersion was computed
analytically assuming a step-index profile and using the manufacture’s numerical aperture
(NA) and core radius. At 2 um UHNA4 and UHNA?Y fibers have normal GVD and
anomalous TOD that are opposite of SMF.

5.2.2 Mid-infrared Supercontinuum Generation

In the future, high peak power pulses generated from mode-locked Tm/Ho co-doped fiber
laser can be used to pump the ZBLAN fiber in order to generate supercontinuum in the
mid-infrared region. The ZBLAN fiber is a good candidate for mid-infrared supercontinuum
generation since it has very good transmission (loss =~0.1dB/m) in this region and high
nonlinear refractive index compared with fused silica fiber. In Figure 5.2, the schematic of MIR

supercontinuum is shown along with numerically simulated MIR supercontinuum after 10 m of
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ZBLAN fiber. For numerical simulation, the nonlinear Schrodinger equation given in Eq. 5.1 is
solved numerically

04 &, B 0%A 24 —
laz+2A 26t2+y(a))|A|A—0 (5.1)

where A is pulse amplitude, « is the loss through the fiber, 5, is the GVD of the fiber, and vy is

the nonlinear parameter of the fiber given by

ny(w)w

y(w) = (5.2)

cmr?

where n, is the nonlinear refractive index, c is the speed of light, ® is the carrier frequency and r

is the mode field radius of the fiber.
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Figure 5.2 a) Schematic of mid-infrared supercontinuum generation from ZBLAN fiber
while pumping by an amplified pulse generated from mode-locked 2 um laser. B) The
simulated supercontinuum generation from 10 m of ZBLAN fiber pumping with 500 fs

2 um pulse with peak power 2 kW.

Equation (5.1) is solved numerically with the following laser parameter 500 fs pulse

duration and peak power of 2 kW at 2 um. The MIR supercontinuum after 10 m of ZBLAN fiber
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with core radius of 9 um, loss 0.05 dB/m at 2 um, nonlinear refractive index of 2.1x102° m%/W.
The GVD of the fiber is taken based on Ref [117]. The simulated MIR supercontinuum is shown
in Figure 5.2 (b) and it is clearly seen that the supercontinuum can be extended all the way up to

4.5 pm.

A preliminary experiment was attempted to generate a MIR supercontinuum in a ZBLAN
fiber. Here pulses from mode-locked Tm/Ho co-doped fiber laser are coupled into 6 m of
ZBLAN fiber as shown in Figure 5.3 (a). The laser was mode-locked in the solitonic regime with
long pulse ~966 fs and peak power about 1 kW at 1.96 um. From Figure 5.3 (b) only about
200 nm of spectral broadening is observed after 6 m of ZBLAN fiber. This is mainly due to two
reasons: one is low peak power at the input of the ZBLAN fiber and the other is coupling loss
between SMF and ZBLAN fiber. So it is necessary to have high peak power pulses at 2 um to

get MIR supercontinuum and can be obtained as discussed in above section.

1560 nm

Polarization
sensitive isolator

Normalized Intensity

6m ZBLAN

0.0 A : : : : i
Output 1800 1850 1900 1950 2000 2050 2100 2150 2200

Butt coupling b) Wavelength (nm)
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Figure 5.3 a) Experimental setup for mid-infrared supercontinuum generation from
ZBLAN fiber, DFB; distributed feedback laser, EDFA; erbium doped fiber amplifier,
WDM; wavelength division multiplexer, OC; output coupler. Output of the mode-locked
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laser is butt coupled into the 6 m of ZBLAN fiber. B) Measured output spectrum after 6 m
of ZBLAN fiber (red curve) measured from spectrometer with input spectrum (blue

curve).

5.2.3 Generating a Frequency Comb at 2 um and Longer Wavelengths

The pulse train generated by the mode-locked laser consists of a discrete, regularly
spaced series of sharp lines in the frequency domain, known as a frequency comb. Frequency
combs have revolutionized the precise measurements of frequency and time after their
introduction in late 1990s. The frequency combs in the visible and near-infrared domains have
enabled the development of new ultraprecise optical atomic clocks and are now becoming
enabling tools for an increasing number of applications, ranging from the calibration of
astronomical spectrograph to molecular spectroscopy. Hence the extension of frequency combs
into the mid-infrared region will bring a new set of tools for precision spectroscopy since a large
number of molecules undergo strong characteristic vibrational transitions in this region as shown
in Figure 5.4. Another future direction is making a stabilized frequency comb near 2 um [62,
118] using mode-locked Tm/Ho co-doped fiber lasers demonstrated in Chapter 4 or at longer
wavelengths [64] via supercontinuum generation in highly nonlinear fibers such as ZBLAN
fiber. To realize such a frequency comb first it is necessary to amplify the output of the Tm/Ho
laser. So next step is to build a thulium or thulium/holmium fiber amplifier and used the same
approach that discussed in Ref [83] to make a stabilized frequency comb near 1.5 um using

erbium doped mode-locked fiber laser.
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Figure 5.4 Ro-vibrational absorption of many molecules in the mid-infrared wavelength
region. The fingerprint region of the most of the molecules lies in the mid-infrared. This
graph is reproduced from Ref [119].
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AM
ASE
dB
CNFL
Cw
DCF
DFB
DFG
EDF
EDFA
ESA
Er
FOPA
FWHM
FWM
F8L
FRAC
HNLF
IAC
IR
LD
MIR
NA
NALM
ND
NPE
NPR
ocC
OPA

Appendix A - Abbreviations

Amplitude modulation

Amplifies spontaneous emission
Decibel

Carbon nanotube fiber laser
Continuous wavelength
Dispersion compensating fiber
Distributed feedback

Difference frequency generation
Erbium doped fiber

Erbium doped fiber amplifier
Electric spectrum analyzer
Erbium

Fiber optical parametric amplifier
Full width half maximum

Four wave mixing

Figure eight laser

Frequency resolved autocorrelation
Highly nonlinear fiber
Interferometric autocorrelation
Infrared

Laser diode

Mid infrared

Numerical aperture

Nonlinear amplifying loop mirror
Neutral density

Nonlinear polarization evolution
Nonlinear polarization rotation
Output coupler

Optical parametric amplifier
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OPO
P-APM
PBG
PC

PD

PM
SAM
SESAM
SHG
SMF
SVEA
SWCNT
SPM
TIR
TOD
TPA
UHNA
WDM
XPM
ZDW

Optical parametric oscillator
Polarization additive pulse mode-licking
Photonic bandgap

Polarization controller

Photodetector

Polarization maintaining
Self-amplitude modulation
Semiconductor saturable absorber mirror
Second harmonic generation

Single mode fiber

Slowly varying envelop approximation
Single walled carbon nanotube

Self phase modulation

Total internal reflection

Third order dispersion

Two photon absorption

Ultra-high numeric aperture
Wavelength division multiplexer

Cross phase modulation

Zero dispersion wavelength
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Appendix B - Fiber Optical Parametric Amplifier

B.1 Introduction

The goal of this thesis is to generate the mid-infrared laser in an all fiber format. One
possible route towards this goal is to use third order nonlinear effects to covert light from shorter
wavelengths to longer wavelengths. A particular process that achieves this goal is called an
optical parametric process via the material third order dielectric susceptibility. The third-order
susceptibility x® contributes to the non-linear effects in the optical fibers where four distinct
waves involved in parametric processes [120] as shown in Figure B.1. Materials like fused silica
do not exhibit strong second order nonlinear effects since it lacks inversion symmetry. As
described in Chapter 2, third-harmonic generation, four-wave mixing (FWM) and nonlinear
refraction are the nonlinear processes that can happen in optical fibers. In FWM, it can be seen
from energy conservation (w,; + w,, = ws + w;) that the pump wavelength can be higher or
lower than the signal wavelength where as in three-wave mixing the pump wavelength is always

lower than the signal wavelength in order to satisfy energy conservation(wp = ws + ;).

Since the strength of the parametric process depends on the nonlinearity of the fiber,
highly nonlinear fiber is used as a nonlinear medium to generate mid-infrared wavelengths via
FWM for the case of pump depletion, where the pump power decreases along the length of the
fiber and hence the signal and idler powers increase. Such a FWM-based device is known as a
fiber-optic parametric amplifier (FOPA). In the next sections, | will discuss both the theory and
experiment of FOPA’s for the case of pump depletion when there is single and double pump

present.
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Figure B.1 Schematic of various four-wave mixing process including third harmonic

generation and optical parametric amplifier. Here w,,, ws, and w; are the pump, signal and

idler frequencies.

B.2 Derivation of Fiber Optical Parametric Amplifier Equation

Optical parametric amplification in fused-silica fibers is a nonlinear process exploiting
the light induced modulation of the fiber refractive index [121] where the parametric gain is
often referred to as a third order parametric process since it depends on third order susceptibility
X(S) of the medium. To get the wave equation for the propagation of light wave through optical

medium, | begin with wave equation [122]

22 10%E _ 9%P 92PpL
VIE =G50 = Foga the 75p

(B.1)

where E is the total electric field, Uo is the vacuum permeability, ﬁL and ﬁva are the linear and

nonlinear polarizations related to the electric field as
ﬁL = Sox(l)ﬁ

—_— — —>

= 3
Py, =& Zi3=1[2jkl)(i(j]31Ej Ey E; (B.2)
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where y™ represents the linear medium i.e. the linear index of refraction, and y ) represents the
third-order nonlinear effects, which are responsible for the FOPAs and the nonlinear

intensity-dependent index of refraction.

Under the slowly varying envelope approximation (SVEA), where the time variation of
the electric field is slow compared with the optical carrier frequency, and when the spacing of
optical frequencies of four waves involved in parametric process is relatively small i.e. y® is

independent of frequency, Eq. (B.1) can be written as [123]

dA; _

. 2 .
2= iy 1424 + 2504 A+ 24404707 |, 1=1-4 (B.3)

where v in general describes the effective nonlinear phenomenon in the fiber and is given by

_ 3ugwy®
= Soor® (B.4)

where w is the average value of angular frequency and A is the effective area of the same order
as the area of the core .The expression for y in Eq. (B.4) is equivalent to that given in Ref. [122].
In FOPA it is convenient to express y in units of W'km™. For standard communication grade
fiber (Corning SMF-28) vy =~ 2W'km™ and for OFS highly nonlinear fiber (HNLF)

y ~ 20 Wkm™.

Equation (B.3) is known as the propagation equation when there is a non-degenerate two
pump in the OPA for the slowly varying envelope A; and the frequencies satisfy the condition
w, + w, = w3 + w, Where w, and w, are the frequencies of the two pumps, ws is the frequency
of the signal and w, is the frequency of the idler. 48 = S5 + B4 — 1 — B2, is the propagation

wave vector mismatch. In the right side of Eq. (B.3) there are three terms; the first terms
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corresponds to interaction of the wave with itself and leads to self-phase modulation (SPM), the
second term describes the interaction between two waves and leads to cross-phase
modulation (XPM) and the third term corresponds to interaction between four distinct waves i.e.

non-degenerate four-wave mixing (FWM).

The integers k, I, m, and n in Eq. (B.3) are such that

fore=1,ifl=1or2then k=3-I, m=3,and n = 4;

fore=-1,if I=3ord4thenk=7-, m=1,and n=2.

If there is just one pump in FOPA (two pumps are degenerate) it is called one-pump
FOPA. To describe one-pump FOPA the second pump is ignored and | only consider the

interactions between three distinct waves then wave equation (B.3) becomes [123]

dA . 2 . i

2= iy [|A1|2A1 +2304 4, + 2A3A4A1elfAﬁZ], (B.5)

S = iy [la2A + 2584 AL+ 2(4,)2 4506 B.6

prall 14 |A;]%A; + 2j¢z=1| j| 1+ 2(A,)%Age : (B.6)
1=3,4, k=7-1,

with propagation mismatch Af = 5 + B, — 23;. In Equations (B.5) and (B.6) the first two
terms on right hand side are the same as for the two-pump FOPA. The third term in Eq. (B.5)

corresponds to non-degenerate FWM and in Eq. (B.6) corresponds to degenerate FWM.
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B.2.1 Phase-Matching Condition

The propagation wave vector mismatch for FWM is given as

AB = B3+ Ba—P1— B2 (B.7)
Wlth 0)1 + 0)2 = 0)3 + (1)4_

To get sufficient conversion of input waves into third wave in nonlinear mixing processes the

following condition should be satisfied

AB =0 (B.8)

known as the phase-matching condition. When this condition is satisfied the generated wave,
idler maintains a fixed phase relation with respect to the nonlinear polarization and extracts the
energy from the input waves. Quantum mechanically, the phase-matching condition can be
explained as, when photons from one or more waves are annihilated and new photons are created
at different frequencies such that the net energy and momentum are conserved during the
parametric process [122]. In FOPA, the phase-matching condition can be expressed in terms of

momentum conservation as

where AK,;, AKy, and AKy; are the wave-vector (or momentum) mismatch due to material

dispersion, waveguide dispersion and the nonlinear effects respectively and are given as

AKy = [nzws + nyw, — nyw; — nyw,]/c
AKW - [Ab3(l)3 + Ab4(l)4 - Ablwl - Abz(l)z]
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Where ns are the index of refraction of core of the fiber, Abs represents the difference of
normalized propagation constant between core and cladding of the fiber for each wave, and P;
and P, are the input pumps power. In order to satisfy the phase-matching condition (B.9) at least
one of the terms in Eq. (B.10) should be negative. In single-mode fiber the phase-matching
condition can be achieved in three different ways: 1) reducing the magnitude of AK,, and AKy,
by using small frequency shift and low pump powers since AKy, is very small compared with
AK,, in single-mode fiber; 2) working near the zero group velocity dispersion wavelength so that
AKy, nearly cancels the sum AK,, + AKj;; and 3) working in the anomalous GVD regime so that
AK,, is negative and cancels the sum AK,, + AKy,. But in practice, it is very difficult to
achieve the perfect phase-matching condition Af = 0 due to different values of the refractive

index of the material for different frequencies.
B.2.2 Theory for One Pump FOPA

First consider the most general case of pump depletion where the pump power decreases
along the length of the fiber; it requires a numerical solution of Egs. (B.5) and (B.6). But under
specific conditions, an analytic solution in terms of the elliptical function can be obtained [124].
Since, for every loss of one pump photon there is gain of each signal and idler photons i. e. the
power of each waves either goes up or down by the same amount. If x is the amount by which

the power of each wave changes and the change of x with fiber length is given by [123]

d .
d—; = 2 P,\/P;P, sinf (B.11)

where P;, P3; and P4 are the pump, signal and idler power respectively and 8 is the relative phase

defined as
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g = % + 05+ 6, — 26, (B.12)

th
I

With P; = Py — 2x, P; = P3o + x and P, = P,y + x, Py, is the initial power of the I wave,

Eq. (B.11) can be written as

2 = 2\/(1310 — 2)2(P3o + ) (Pyo + 2) = {Ky + 322 — (% + AP, ) x}2 =2Jh(x) (B.13)

Where APO = 2P10 - P30 - P40, and Kl = 2P101/P30P4,0 COS(93O + 040 - 2910) |S the |ntegrat|0n

Ith

constant, and 6, is the initial phase of the I wave.

The solution of Eqg. (B.13) can be expressed in terms of Jacobian elliptic function (sn) and four
roots of h(x). In the absence of the idler at the input (i.e. P4=0) then x=0 is one of the root. If n,,

12, N3, and n,are the four roots then the in power of each wave with respect to fiber length is

given by
Z+7 -1
x(Z) =y + (=) {1 —nn? (2, )} (8.14)
where Z. = L
¢ [Colv(Mz—m1)(a—2)
— N3—MN2
N3—M1
. Py — M2
Zy =17 F<sm"1 [— ,k>
0 ¢ N(Pyo —M1)

with F (¢, k) the standard elliptical integral such that F(0,k) = 0 and C, = ‘/7/2.

Eq. (B.14) is solved numerically to evaluate the change of pump, signal and idler power along

the length of the fiber.
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Since | am interested in mid-infrared (3-5 um) generation, the idler wavelength should lie
in this region. In order to choose the pump, signal and idler wavelength the phase matching

condition along with energy conservation is solved i.e.
Aﬁ = ﬁ3 + ’82 - 2’81 = 0 and (,l)p = (JJS + (,Ui (815)

From the phase matching condition, it can be seen that the generated wavelengths depend on the
group velocity dispersion (GVD) of the fiber used. As mentioned earlier, the parametric process
depends on the fiber nonlinearity and the pump wavelength should be closer to the zero group
velocity dispersion of the fiber. Since the highly nonlinear fiber has higher nonlinearity and zero
group velocity wavelength can be tuned by changing the geometry of it, so we choose HNLF as a

nonlinear material. The GVD of the HNLF along with SMF-28 is as shown in Figure B.2.
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Figure B.2 Group velocity dispersion of OFS HNLF compared to Corning SMF-28. The
GVD of the HNLF was provided to us from OFS, while the GVD of the SMF was computed

using the manufacture’s core size, the Sellmeier coefficients, and the weakly guiding

approximation.
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Eq. (B.15) is solved numerically in order to find the signal and idler wavelengths. In
Figure B.3, 44 as a function of frequency is plotted. When the phase matching condition A = 0
IS imposed, the generated signal and idler wavelengths are 976.6 nm and 3097 nm respectively

for the pump wavelength of 1485 nm.
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Figure B.3 Plot of momentum mismatch with respect to frequency for highly nonlinear
fiber with pump wavelength 1485 nm and power 300 mW. The signal and idler
wavelengths can be evaluated at the point Ag = 0.

After evaluating the signal and idler wavelengths, Eq. (B.14) is solved numerically with
300 mW of pump power and 10 mW of the signal power at the beginning of the fiber in order to
get the gain in the signal and idler powers and loss in the pump power. Figure B.4 shows the plot

of the gain in idler power (P, = P,, + x) with respect to the fiber length.
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Figure B.4 Gain in idler power with respect to fiber length for one pump FOPA. The idler
wavelength is 3097 nm with pump power 300 m\W and wavelength 1485 nm.

Initially there is no idler present i.e. P,, = 0 at the input of the so idler power is zero at
beginning of the fiber and starts to gain in power along the length of the fiber. It is seen from the
plot that it required very long length of the fiber to get sufficient amount of idler at the output.
The maximum idler power is obtained when the length of the fiber is 1100 m. After 1100 m of
the fiber the idler power starts to decrease due to back conversion into the pump. The idler power

at 1100 m of the fiber is 50 mW.

Similarly, the change in signal power (P; = P5, + x) with the fiber length is calculated
same as in the case of idler wavelength. Figure B.5 shows the gain in signal power with respect

to the length of HNLF.
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Figure B.5 Gain in signal power with respect to fiber length for one-pump FOPA. The

signal wavelength is 976.6 nm with pump power 300 mW and wavelength 1485 nm.

As with the idler, the signal power also increases with the length of the fiber and reaches
a maximum value at 1100 m of the fiber. The maximum signal power is 110 mW. The change in
pump power with respect to the fiber length is as shown in Figure B.6. The pump power
decreases with increasing fiber length. After 1100 m of fiber the signal and idler starts to
combine back to create light at the pump wavelength. When the there is a pump deletion, the
phase-mismatch changes along the length of the fiber and changes the relative phase 6 from its
initial value. When 6 changes the sign both the signal and idler experience the deamplification
[122] and convert back to the pump. So it is required to control the fiber length in order to get

enough amplification of signal and idler even in the case of perfect phase-matching.

142



0.30 ‘
I \\
028

026 \

0.24:

Pump power W

0.22:

N\

N

%i

0 200 400 600 800 1000 1200
Length of fiber| m

0.20!

Figure B.6 Loss in pump power (W) with respect to fiber length (m). The pump wavelength
is 148 nm with pump power 300 m\W and wavelength 1485 nm.

B.2.3 Theory for Two Pump FOPA

Similar to the one-pump FOPA, | derived the solution for the two pump FOPA equation

for the case of pump depletion. The variation of change in loss in pump power and gain in signal
and idler power is given by [123]

= = —4,[P,P,P;P, sin 0 (B.16)
where the relative phase @ is given by
9=A’$+93+94—91—92 (B.17)

WithPl=P10_X,P2=P20—x,P3=P30+xandp4=P40+x,andPlo IStheInItIa| pOWQI’Of

the I'"" wave, Eq. (B.16) can be written as
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d

1 A 2
é = 2\/4(P10 — X)(Pyg — x)(P3g + x)(Pyo + x) — " [Kz - (7B + APO) x + 2x2]

= 2h(x) (B.18)

Where APO = P10 - PZO - P30 - P4_0, Kl ES 4‘ P10P20P30P40 COS(930 + 040 - 010 - 020) |S the

th
I

integration constant, and 6, is the initial phase of the I wave.

The solution of Eqg. (B.18) can be expressed in terms of Jacobian elliptic function (sn) and four

roots of h(x). If 1, n,, n3, and n,are the four roots then

X(Z) =1+ — o) {1 —nsn? (522, 1)) (B.19)

Zc

where Z,.

1
N [Coly(N3—M1)(Ma—72)

— N3 12
N3—M1

Py — M2 k>

Zo =17 F<sin"1 [ ,
0 ¢ N(Pyo —M1)

with F (¢, k) the standard elliptical integral such that F(0,k) = 0 and C, = V3.

To obtain loss in pump power and gain in signal and idler powers Eqg. (B.19) is solved
numerically and then plotted with respect to the fiber length. Same phase matching condition as
in the one pump FOPA is used to calculate the signal and idler wavelengths for given pump
wavelength, Figure B.3. Here, also | started with no idler at the input of the fiber and 10 mW of

signal input with 300 mW of power of each pump, so the total pump power is about 600 mW.
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Since P, = P,,(0) + x and P,,(0) = 0, the gain in idler power is just x. The variation of
idler power with respect to the fiber length is shown in Figure B.7. As in the one pump FOPA
the idler power increases with the fiber length but due to more pump power at the input the gain
is higher and requires less length of fiber in order to get same idler output. The idler power is

175 mW at 350 m of the fiber.

0.207

—

0.5/ /

-/
7

0,00 "] —
0 100 200 300 400

Length of fiber| m

Idler power | W
o
S

Figure B.7 Gain in idler power with respect to fiber length for two-pump FOPA. The idler
wavelength is 3097 nm with total pump power 600 mW and wavelength near 1485 nm

The variation of the signal power with respect to the fiber length is as shown in
Figure B.8. Same signal input power is used as in the case of one pump FOPA. The signal power
starts from 0.01 W and becomes 0.35 W when the fiber length becomes 350 m. Due to presence

of the two pump the gain in both signal and idler increases significantly.
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Figure B.8 Gain in signal power with respect to fiber length for two-pump OPA. The idler

wavelength is 976.6 nm with total pump power 600 mW and wavelength near 1485 nm.

In Figure B.9, the variation of pump power with respect to fiber length is plotted. The

pump power decreases as the fiber length increases and becomes 0.25 W at 350 m of the fiber.
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Figure B.9 Loss in pump power with respect to fiber length for two-pump OPA. The idler

wavelengths are 1485 nm with total pump power 600 m\W and wavelength near 1485 nm.
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Above theoretical calculations show that significant gain in signal and idler wavelength
can be achieved in both one pump and two pump FOPAs in reasonable length of the HNLF. Both
one pump and two pump FOPAs are experimentally investigated with 90 m of HNLF and will be

discussed in next section.
B.2.4 Experimental Setup

B.2.4.1 One Pump FOPA

90 m HNLF

Output

980nm

Figure B.10 Schematic of the one pump FOPA. WDM; wavelength division multiplexer,
HNLF; highly nonlinear fiber. Pump (1485 nm) and signal (980 nm) are combined using
WDM and the output is measured after 90 m of HNLF.

The experimental setup for the one pump FOPA is as shown in Figure B.10. The pump
and signal wavelengths are chosen based on above theoretical calculation in order to generate the
idler wavelength of our interest. The pump wavelength 1485 nm and signal wavelength 980 nm
are combined using 1480/980 nm wavelength division multiplexer (WDM). For signal, 980 nm

laser diode is used even in theoretical calculation the estimated signal wavelength is 976.6 nm
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because 980 nm laser diode is easily available than 976.6 nm. 90 m of HNLF is used as a
parametric medium for four wave mixing. One end of the HNLF is spliced with SMF and the
splice loss is about 0.6 dB. The total pump power at the input end of the HNLF is always less
than the power provided by the laser diode due to splice loss and the loss through the WDM. The
signal and pump output after HNLF are measured by an optical spectrum analyzer (OSA) and a

spectrometer is used to measure the idler wavelength.
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Figure B.11 Signal spectrum before (black) and after (red) one pump optical parametric
amplifier (OPA) when 250 mW of pump power at wavelength 1485 nm is used. The signal
output spectrum is taken after 90 m of HNLF.

Experimentally it is very hard to measure the power of each wave at different lengths of
the fiber, so the signal, pump and idler powers are measured at the end of the fiber. The spectrum
of output waves are measured first using the OSA and then power is measured. First, the
spectrum of the signal is measured after the fiber when there is no pump present at the input.

Then the fiber is pumped with a 1485 nm laser diode which ideally provides 300 mW and then
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measured the spectrum of signal again. Due to loss through the WDM and the splice the total
power at the input of the fiber is about 250 mW. The spectra for both the cases are shown in
Figure B.11. The black curve represents when there is no pump at the input and red dash
represents when there is one pump. Clearly, it is seen there is gain in the signal power. But the
gain is not as significant compared with the theoretical calculation. This may due to the loss of

signal through the fiber itself and the fact that pump is not depleted completely.

B.2.4.2 Two Pump FOPA

1485nm

Coupler
1484nm 2

980nm /—

Figure B.12 Schematic of the two-pump FOPA. WDM; wavelength division multiplexer,

90 m HNLF

WDM Output

HNLF; highly nonlinear fiber. Two pump wavelengths are combined using polarization

maintaining (PM) combiner and then combined with signal by WDM.

The experimental setup for two-pump FOPA is as shown in Figure B.12. For two pump
FOPA also the same signal and pump are used as for the one-pump FOPA but here one more
pump almost at same frequency as the first pump is added. The two pump combined together
using a polarization maintaining (PM) combiner. The total pump power then combined with

signal using 980/1485 nm WDM and pump 90 m of the HNLF.
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The spectra of the signal before and after pumping are shown in Figure B.13. It is clearly
seen that the gain in signal in the two pumps FOPA is higher than the one pump FOPA which is
in good agreement with the theoretical calculation. But the amount of gain doesn’t match to the

calculation due to the same reason as described in one pump FOPA.
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Figure B.13 Signal spectrum before (black) and after (red) one-pump FOPA when
500 mW of pump power at wavelength 1485 nm is used. The signal output spectrum is
taken after 90 m of HNLF.

After measuring the spectrum of the signal wavelength, same kind of measurement for
the pump wavelength is performed. The spectrum of the pump is measured when there is signal
at the input and no signal and is shown in Figure B.14. The red curve represents when there is no
pump at input and black represents when there is a signal at the input. As seen from the
Figure B.14 the pump power decreases at the output when there is signal at the input but doesn’t

decrease as much as expected which at some level describe why enough gain in the signal is not
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seen. The modulation on the pump spectrum is seen due to nonlinear effect such as self-phase

modulation and cross-phase modulation inside the HNLF.
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Figure B.14 Pump spectrum before (black) and after (red) one pump FOPA when there is
10 mW of signal power at wavelength 980 nm at input. The pump output spectrum is taken
after 90 m of HNLF.

The gain in the signal and loss in the pump are seen during both the one- and two-pump
cases suggesting that there should be gain in the idler due the energy conservation i.e. if there is
loss of photon during parametric process there should be gain of signal and idler photons. During
this FWM process the generated idler wavelength is 3097 nm which is the goal of this work. A
grating spectrometer was used in order to measure the idler wavelength and hence power. The
grating spectrometer has a diffraction grating of groove density of 300 groove/mm blazed at
wavelength 3 um with blaze angle of 26°. But unfortunately, no light was observed at the output

of the spectrometer at the idler wavelength 3097 nm. This is due to the loss through the fiber at
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the idler wavelength because the fiber we used for FOPA is made with fused silica. The loss at

longer wavelength in fused silica is very high as shown in Figure B.15.
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Figure B.15 Absorption spectra of non-doped fused silica, doped fused silica and fibers.
This graph is reproduced from Ref. [65].

To confirm above conclusion, the loss through the fused silica fiber is measured. He-Ne
laser was used as a mid-infrared source which emits the light at 3.39 um and multi-mode fiber
made with fused silica in order to couple more light into the fiber. After the couple measurement,
the calculated loss through the fiber is around 121 dB/m at 3.39 um which is quite high

compared with 0.2 dB/km at 1.55 pm.
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B.3 Summary

| have investigated the FOPA both theoretically and experimentally to generate the
mid-infrared. The gain in both signal and idler wavelengths is significant after 90 m of HNLF
based on theoretical calculation. Experimentally, the gain in signal wavelength was seen but did

not observed idler wavelength due to high loss of fused silica fiber at this wavelength.

This work suggests that the mid-infrared generation via FWM in HNLF is not a good
solution. Mid-infrared supercontinuum can be generated in other kind of fiber such as fluoride
(ZBLAN) fiber while pumping by high power near-infrared laser [125]. But efficiency of the
mid-infrared supercontinuum generation can be increased if one can use longer wavelength as a

pump source. So, pulsed 2 pum laser is a good candidate as a pumping source.
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Appendix C - Computation of Group Velocity Dispersion of UHNA

Fibers

Calculation of Dispersion of Fused Silica Fiber and High
NA Fibers

Material dispersion

21 =0.6961663; A2 =0.4079426; A3 =0.8974794;
Bl =0.0684043; B2 =0.1162414;: B3 = 9.8946161;
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Waveguide dispersion

Radius and NA should change for different fibers.
For UHNA1, r = 1.25 gm, NA = 0.28
For UHNA3, r = 0.9 gm, NA = 0.35
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For UHNA1, r =1.2 um, NA = 0.41
For SMF, r = 4.1 um, NA = 0.14
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Calculation of second order dispersion
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Calculation of third order dispersion
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