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Abstract

This thesis focuses on research I have done on ytterbium-doped femtosecond fiber
lasers. These lasers operate in the near infrared region, lasing at 1030 nm. This wavelength is
particularly important in biomedical applications, which includes but is not limited to
confocal microscopy and ablation for surgical incisions. Furthermore, fiber lasers are
advantageous compared to solid state lasers in terms of their cost, form factor, and ease of
use. Solid state lasers still dominate the market due to their comparatively high energy
pulses.

High energy pulse generation in fiber lasers is hindered by either optical wave
breaking or by multipulsing. One of the main challenges for fiber lasers is to overcome these
limitations to achieve high energy pulses. The motivation for the work done in this thesis is
increasing the output pulse peak power and energy. The main idea of the work is that
decreasing the nonlinearity that acts on the pulse inside the cavity will prevent optical wave
breaking, and thus will generate higher energy pulses. By increasing the output energy,
ytterbium-doped femtosecond fiber lasers can be competitive with solid state lasers which
are used commonly in research. Although fiber lasers tend to lack the wavelength tuning
ability of solid state lasers, many biomedical applications take advantage of the 1030 pm
central wavelength of ytterbium-doped fiber lasers, so the major limiting factor of fiber
lasers in this field is simply the output power. By increasing the output energy without
resorting to external amplification, the cavity is optimized and cost can remain low and
economical.

During verification of the main idea, the cavity was examined for possible back-
reflections and for components with narrow spectral bandwidths which may have
contributed to the presence of multipulsing. Distinct cases of multipulsing, bound pulse and
harmonic mode-locking, were observed and recorded as they may be of more interest in the
future.

The third-order dispersion contribution from the diffraction gratings inside the laser
cavity was studied, as it was also considered to be an energy-limiting factor. No significant

effect was found as a result of third-order dispersion; however, a region of operation was
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observed where two different pulse regimes were found at the same values of net cavity
group velocity dispersion.

Results verify the main idea and indicate that a long length of low-doped gain fiber is
preferable to a shorter, more highly doped one. The low-doped fiber in an otherwise
equivalent cavity allows the nonlinear phase shift to grow at a slower rate, which results in
the pulse achieving a higher peak power before reaching the nonlinear phase shift threshold
at which optical wave breaking occurs. For a range of net cavity group velocity dispersion
values, the final result is that the low doped fiber generates pulses of approximately twice
the value of energy of the highly-doped gain fiber. Two techniques of mode-locking cavities
were investigated to achieve this result. The first cavity used NPE mode-locking which
masked the results, and the second used a SESAM for mode-locking which gave clear results

supporting the hypothesis.
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Chapter 1 - Introduction

1.1 Lasers in medicine

Ytterbium-doped femtosecond fiber lasers are commonly regarded as biomedical
lasers because they operate at a wavelength of 1030 nm, which is particularly well-suited to
biomedical applications. Lasers that operate at this range are ideal for these applications due
to what is called the “water window” which is a range of wavelengths near 1 um that have a
maximal penetration depth in biological tissues due to their low absorption in water. Since
water is the primary component of all biological tissues, it is useful to have a range of
wavelengths that provide long penetration depths for various applications. Furthermore, the
1030 nm wavelength produced by ytterbium-doped lasers is immune to absorption in
melanin, hemoglobin, collagen, and proteins making it ideal for probing biological tissues
[1].

Lasers have become a common tool in a variety of medical fields, such as
dermatology, ophthalmology, dentistry, neurosurgery, cardiology, otolaryngology,
gastroenterology, etc. Some medical lasers are used in place of surgical knives thanks to
their precision and ability to cauterize the tissues while performing cuts, while others are
used for their ability to vaporize surfaces of biological tissues. Furthermore, some lasers are
used for observing biological functions (i.e. microscopy, endoscopy) instead of modifying
tissues [2].

Pulsed lasers are critical for taking advantage of nonlinear optical processes, such as
two-photon absorption, second harmonic generation, coherent anti-Stokes Raman scattering
(CARS), etc. which can be used in nonlinear confocal microscopy. These processes only
occur in high intensity focal points, which are created by using short pulses to generate high
peak powers with low average power to prevent damaging the samples [3]. This allows for
precise localization of nonlinear signals produced in the sample, ideal for confocal
microscopy.

In research, the Titanium-sapphire solid state laser (Ti:sapphire) is a tremendously
popular mode-locked laser which produces pulses centered at 690 - 1000 nm in the

femtosecond temporal regime. The Ti:sapphire laser is popular due to its broad tuning range,



variable pulse widths, and high average power in the hundreds of milliwatts. Its applications
span from multiphoton microscopy and photodynamic therapy to ablation [4]. The major
downfall of the Ti:sapphire is the cost as it is a bulky laser with a cooling system and a pump
laser (typically an argon laser or a frequency doubled Nd:Yag laser). The specifications and
tunability of the Ti:sapphire have secured its place as the laser of choice when researching
nonlinear biomedical phenomena; however, its cost, form factor, need for water cooling and
large power supplies prevent it from being used in the field and at the bedside [5].
Mode-locked fiber lasers solve many of the problems that solid-state lasers suffer
from. Fiber lasers are smaller and less expensive than solid state lasers, and therefore can be
more easily integrated into portable devices with the potential for use in bed-side biomedical
applications. They also have the advantage of being self-cooled due to the large surface area
to volume ratio that is inherent in fiber optics. Furthermore, mode-locked fiber lasers are
very stable and have excellent beam quality, and as a result are truly becoming highly-

performing and practical laser sources [6].

1.2 Possible applications

There are numerous biomedical areas that could benefit from the development and
commercialization of oscillator-only femtosecond fiber lasers. The primary field motivating
this work is that of confocal and multiphoton microscopy. Imaging cells and thick tissues in
three dimensions at high resolution is made possible in this field with the use of ultrafast
pulses of light. Fiber lasers are advantageous in this field particularly due to their cost since
solid state lasers make up a significant portion of the cost of confocal microscope systems.

Another possible application is that of dentistry, where lasers are already becoming
commonplace tools. The most common lasers used in offices today are diode lasers which
are only capable of cutting soft tissues (i.e. gums). More expensive solid state lasers (i.e.
Nd:Yag) are capable of cutting soft and hard tissue, making them a tool that can replace a
common dental drill [7]. The Nd:Yag laser, much like the Yb-doped fiber laser, operates in
the water-window, at 1064 nm. Yb-doped fiber lasers will also be capable of hard and soft
tissue ablation if the energy can be increased sufficiently.

Furthermore, ophthalmology and dermatology also are fields that can benefit

greatly from Yb-doped femtosecond fiber lasers for a variety of reasons. In ophthalmology,



the primary use for fiber lasers would be for corrective eye surgeries. Currently, excimer
lasers are commonly used for ablation as a replacement for traditional surgical knives in
corrective eye surgeries. By making a precise cut across the cornea, a flap is created
allowing the surgeon to change the shape of the corneal stroma to correct vision [8]. In
dermatology, femtosecond lasers are used for a multitude of applications including tattoo
removal, and treatments of birthmarks, nevus flammeus (commonly called port wine
stains), and spider veins [9].

The limiting factor preventing Yb-doped fiber lasers from becoming competitive in
any of these biomedical fields is simply the pulse energy. By increasing the pulse energy,
these types of lasers could become a viable option for biomedical applications as they are

significantly less expensive than their solid state laser counterparts.

1.3 Objectives

Biomedical applications are a focus of interest for the research of ytterbium fiber
lasers due to the exceptionally useful wavelength at which ytterbium-doped gain media
generate light. Fiber lasers themselves have many advantages over the Ti:sapphire used so
commonly in research, but are limited in pulse energy [5]. Laser sources need high peak
powers and low average powers to take advantage of nonlinear processes in biological
tissues while avoiding unintentionally damaging them by means of burning them, causing
necrosis of the tissues [10]. Optimizing the parameters of fiber lasers is important for making
them competitive with solid state alternatives in research and for bringing them to the
bedside and making fiber lasers a more common medical tool.

The main objective of this work was to improve the available energy per pulse output
of a prototype of a femtosecond fiber laser, which is partially built from free-space
optics. Another objective is to keep the cost of the laser low and retain simplicity of the
design. Optimizing the energy out of the laser helps keep the cost low by removing the need
for traditional external amplification. Ease of use is also an important consideration in
working with the laser in hope of making it a viable and preferred source.

The major result of the work in this thesis was that it showed that increasing the
length of the gain fiber and simultaneously lowering the doping improves the energy that

pulses can carry in the cavity before collapsing due to optical wave-breaking. The lower



doped gain fiber slows the rate of accumulation of nonlinear phase shift, allowing the pulse
to reach a higher peak power before the maximum nonlinear phase shift at which wave-
breaking occurs. The primary issue in getting to this result was overcoming multipulsing in
the cavity, which reduced the energy per pulse as well as the ability to compare two different
cavity arrangements. When the laser is mode-locked after changing a parameter, the cavity
must remain otherwise unchanged to make a fair comparison of the independent variable; if
multipulsing is present, there is no way to know if the pulse shapes are the same in both
scenarios, so it is possible the two cases are not comparable at all. Single pulse operation
was a necessity to investigate the gain fiber length and doping. Another investigation that
was done was on determining the effect of the third order dispersion (resulting from the
diffraction gratings) on the type of mode-locking and the resulting energy.

The overlying goal of the femtosecond fiber laser project is to move towards
designing a laser cavity that generates high energy pulses. Theoretically, this could be done
using the gain bandwidth of the ytterbium-doped fiber itself as a filter to initiate mode-
locking. A long, low-doped piece of ytterbium-doped gain fiber would be used in place of all
the single mode fiber (SMF) in the cavity. This is what motivated the work I did towards
displaying the advantages of using a long, low-doped gain fiber compared directly to a short

gain fiber under the same cavity conditions.

1.4 Thesis outline

Having in mind the main objectives listed above, the thesis is structured as follows:
Chapter 2 discusses the background theory of femtosecond fiber lasers, including various
pulse modes and problems that can be encountered. Chapter 3 discusses the problem of
multipulsing that was encountered throughout the research. Certain cavity parameters
thought to contribute to multipulsing were investigated. Two special cases of multipulsing
were observed and are presented. Chapter 4 discusses the investigation done regarding the
effect of third-order dispersion (TOD) on the cavity’s ability to mode-lock. Chapter 5
discusses the work done regarding showing that lower doped gain fiber in the cavity can
delay the onset of the wave-breaking of optical pulses. Chapter 6 summarizes the results and

discusses some future work that can be done in this direction.



Chapter 2 - Background

2.1 Mode-locking principles

Lasers can vary tremendously in terms of how they operate and for what purpose.
Pulsed lasers differ from continuous wave (CW) lasers due to their cavities being biased
towards operating in a manner that generates pulses of light as opposed to constant
amplitude CW light. Lasers can be pulsed using various methods, such as Q-switching or
cavity dumping; however, the most popular technique is referred to as mode-locking [4].

Mode-locking refers to the process of locking together multiple longitudinal modes
inside a laser cavity. This generates pulsed radiation when the phases of the modes are
forced to be ‘locked’ to one another generating coherence, which can be achieved through
various techniques [11]. Fixing the phase relationship of multiple longitudinal modes in the
cavity causes pulsing simply through the periodic constructive interference lined up by the
locking of the modes and the destructive interference at all other points in time. When the
phase relationships are fixed together, they can be interpreted as the Fourier components of a
periodic function (i.e. the periodic pulse train) [4]. The case in which the phases of all the
modes oscillating in the laser are locked together produces the narrowest pulse [12]. When a
single pulse is circulating a ring cavity, the period, 7, is 7= L/c where L is the length of the
cavity and c is the speed of light [4].

Fiber laser cavities typically take on one of a few basic shapes, as shown in Figure
2-1. The most common laser cavity configuration is the Fabry-Perot cavity, which is used in
Ti:sapphire and other solid state lasers. It consists of two mirrors and a gain medium in the
region between the mirrors. This method can be applied to fiber lasers, but to maintain an
all-fiber set-up dielectric mirrors would have to be deposited on the ends of the fiber. One
problem is that this type of mirror is very sensitive to imperfections on the ends of the fiber.
Another problem is that the high-power pump light that would have to pass though these
mirrors, possibly causing damage to them. As a result there was a move towards the
development of ring cavities [13]. The ring cavity’s most basic form consists of a length of
gain fiber in a circular geometry, as well as an isolator to force unidirectional operation and
an output coupler. The figure-8 laser is a more complicated ring cavity which uses a second

coupler to split light from the main ring to counter-propagate around the adjacent ring before



recombining with the light in the main ring. This is fundamentally a Sagnac interferometer

[14].
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Figure 2-1: Basic fiber laser cavity configurations [11]

Fiber lasers cannot generate mode-locked pulses in the same way as a solid state
Ti:sapphire laser. Kerr lens mode-locking used in Ti:sapphire lasers relies on the nonlinear
self-amplitude modulation that results from the self-focusing of a beam. A hard (i.e.
physical) or soft (i.e. induced) aperture can be used to change the beam profile to control the
losses and gain in the laser cavity. All-fiber lasers have no equivalent aperture to control
since the beam profile is determined by the fiber waveguide itself. Thus, there are two vastly
different categories, active and passive, of mode-locking for fiber lasers.

Amplitude modulation and phase modulation are the main techniques to achieve
active mode-locking [14]. Active mode-locking is not good for generating pulses less than 1
ps because of mechanical limitations resulting from using an active modulator [13]. These
relatively long pulse durations arise from periodically modulating resonator losses or round-
trip phase changes at the laser cavity frequency; some commonly used modulators include
acousto-optic, electro-optic, Mach-Zehnder integrated-optic, semiconductor
electroabsorption modulators [3]. The frequency of the modulator has to be matched to the
cavity’s repetition rate to achieve the pulse formation.

Passive mode-locking has been used to produce the shortest pulses from fiber-lasers,
and typically relies on semiconductor saturable absorbers to create pulse-shaping action [14].
Passive mode-locking is different from active in that it does not rely on a physical modulator
changing cavity parameters. Passive techniques are faster as they bias the cavity towards

forming pulses as a steady state solution of the cavity [3]. The cavity is designed to favour



the pulse solution over the continuous wave solution [12]. Some techniques for passive
mode-locking include additive pulse mode-locking and semiconductor saturable absorbers.
Mode-locking has been done with saturable absorbers since the 1970s [13]. Since the
saturable absorber’s transmission curve preferentially transmits high intensity light with less
attenuation than lower intensities, as shown in Figure 2-2, they are commonly used in mode-
locked laser cavities to initiate pulse-shaping out of a noise spike in CW operation [4]. By
transmitting a pulse through a saturable absorber material, the central part of the pulse will
saturate the absorber, while the wings (i.e. low-intensity edges) of the pulse will undergo
losses, resulting in the narrowing of the peak. Real saturable absorber materials do not
typically respond faster than a fraction of a 1ps. This is a problem when trying to generate

ultrafast pulses [13].
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Figure 2-2: Saturable absorber transmission [6]

Artificial saturable absorber techniques were developed for ultrafast pulse generation.
One such technique is Kerr lens mode-locking (used in Ti:sapphire lasers) since the laser can
be aligned such that the high-intensity part that will experience the most self-focusing

overlaps best with the gain medium [15].

2.1.1 Nonlinear polarization evolution

In fiber lasers, nonlinear polarization evolution (NPE) is a technique commonly used
as an artificial saturable absorber. This technique is based on the fact that the nonlinear
medium rotates the azimuth of the elliptically polarized light in proportion to the light
intensity. The high and low intensity parts of the pulse experience different angles of rotation
after the nonlinear optical fiber. There is an intensity dependent polarization across the pulse,

and the polarizer changes this into an intensity dependent transmission. This method can be



adjusted to select the high intensity parts of the pulse while suppressing the weaker wings. In
2003, this method was used to achieve 36 fs pulses with an ytterbium doped gain fiber [5].
Figure 2-3 shows the dependence of the transmittance vs. intensity curve for NPE
mode-locking. It differs from a saturable absorber material since high intensities can
“overdrive” the transmittance, causing the negative slope regions in Figure 2-3 [6]. At high
energies, the NPE the transmission function becomes periodic because of the dependence on
the angle of rotation of the elliptically polarized light [16]. This over-driving of the mode-
locking creates limitations in the attainable pulse energy [17]. Despite limitations, NPE is

still a tremendously useful and broadly used technique for mode-locking.

N

N

Transmittance

p'g

Intensity

Figure 2-3: Artificial saturable absorber transmittance vs. intensity [6]

NPE is fundamentally rooted in the principle of the intensity-dependent nonlinear
refractive index (i.e. Kerr effect) which causes a rotation of the polarization of the pulses.
The amount of rotation is nonlinear in that it depends on the index of refraction, which itself
depends on the intensity [6]. Figure 2-4 shows a simplified NPE laser cavity and the
evolution of the polarization rotation within it. The basic components required (here, shown
in free space) are two quarter-wave plates (QWP1, QWP2), a half-wave plate (HWP), a
polarizer (which in the case of this thesis is a polarization beam splitter, PBS), and a fiber

with collimated ends.
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Figure 2-4: Evolution of the polarizations of high and low intensity light inside a simplified
cavity [6] [18]

Between each component, a low and a high intensity pulse’s polarizations are
depicted respectively with a small and a large oval or arrow (depending on the state of
polarization being elliptical or linear). The PBS splits the light into two orthogonal
polarizations. Light after the polarizer (PBS) is linear and then transformed into elliptical by
QWP2. At this point, the low and high intensities of a pulse have the same angle of rotation.
By injecting the pulse into the gain fiber, nonlinear effects become significant and the high
intensity part of the pulse undergoes more rotation than the low intensity parts; this happens
mostly in the length of nonlinearly-acting SMF (i.e. the Kerr medium) after the gain fiber.
QWPI then can be tuned to turn the high-intensity light back to linear. The HWP then
simply turns the orientation of the linearly polarized light entering the output coupling
polarizer, which acts as a polarization filter [18]. Arranging the orientations of the wave
plates causes the NPE to act like an artificial saturable absorber [6]. Although NPE is the
most important method of mode-locking for this thesis as it is the primary technique used,
other methods such as using a semiconductor saturable absorber mirror (SESAM) do exist
and are commonly used.

In an NPE ring fiber cavity such as the one used in bulk of this thesis, there are also
other components required besides the basic components shown in Figure 2-4. Firstly, a laser
pump is coupled into the ring cavity. In this work, two 980 nm laser diode pump lasers are
passed through a combiner and a fiber isolator to prevent damage to the sources before being

coupled into the cavity through a wavelength division multiplexer (WDM). Appendix A



describes how the laser sources which are controlled with current are converted to power
values. The purpose of the pump lasers is to cause population inversion which leads to lasing
in the gain medium. The ytterbium-doped fiber (see Appendix B for specifications of the two
types of gain fiber used) serves as the gain medium in this work and is pumped by 980 nm
light, and emits 1030 nm continuous wave (CW) light. After the gain fiber, there is a section
of SMF referred to in this work as the nonlinearly-acting SMF which contributes to the NPE-
action. If this length is too short, NPE becomes unachievable, and if it is too long the
attainable pulse energy level decreases [6]. In a cavity such as the one studied in this thesis,
there is a free-space region with bulk optical components. As discussed, the quarter-wave
plates and half-wave plate, in combination with a polarizer, are used for achieving NPE. In
this case, the PBS is used for both as a polarizer and as an output coupler. A pair of
diffraction gratings in the cavity is used to control with precision the total group velocity
dispersion (GVD) in the cavity since the SMF and gain fiber both provide normal dispersion
and the diffraction grating set adds anomalous dispersion, discussed in Appendix C. The net
amount of GVD is a large factor in determining what pulse shape will be generated in the
cavity, which will be seen in section 2.2 . An isolator inside the cavity ensures unidirectional
operation. Then the light is collected through a tilted-end collimator with antireflective
coating and an angle-polished internal fiber to prevent back-reflections in the cavity (50 dB
return loss). Next, the light passes through another length of SMF which is referred to as the
linearly-acting SMF since it is placed before the gain fiber and therefore receives relatively

low powered light. This SMF rejoins the gain fiber, completing the ring cavity.

2.1.2 SESAM mode-locking

One major short-coming of NPE mode-locking is that it is difficult experimentally to
avoid falling into the overdriven regions in the transmission curve from Figure 2-3. One of
the most recent techniques for avoiding this is a move towards using semi-conductor
saturable absorber mirrors (SESAM) instead of, or in combination with, NPE for mode-
locking. A SESAM does not typically have an over-driven region and its transmission curve
saturates monotonically, making it a more reliable technique for mode-locking.

A SESAM is typically produced on a substrate, such as a GaAs semi-conductor

wafer, and has two distinct layers on it. The first is the saturable absorber material layer,
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which can be designed with a certain absorption curve. The second is a Bragg mirror, which
reflects the light back through the saturable absorber layer [19].

SESAMs are advantageous because they can be designed with particular saturation
intensity, recovery time, reflection bandwidth, and so on, entirely in a small package [19]
[20]. However, SESAMs still are not ideal solutions for femtosecond fiber lasers. They are
limited in how short they can shape pulses due to their nature as semi-conductor materials.

Furthermore, SESAMs are easily damaged when used in high power lasers [21].

2.2 Regimes of operation

Mode-locked fiber lasers can operate in a variety of regimes, depending on their
cavity parameters. The main regimes of operation are solitonic, stretched-pulse, self-similar,
and dissipative soliton regimes [12]. These regimes are determined by the total GVD of the
laser cavity and different regimes generate different pulse shapes. This also depends on the
type of laser cavity, since different types of cavities operate at different values of GVD. All-
negative GVD cavities support solitons. Dispersion managed (DM) lasers can sustain
stretched-pulse, self-similar, and also dissipative solitons. All-normal dispersion (ANDI)
cavities typically support dissipative solitons, although they have recently generated self-
similar pulses as well [22]. Figure 2-5 shows a simplified map of where the regimes lie for
various regions of GVD: soliton pulses occur when the cavity dispersion is anomalous (2
<0), stretched-pulses can occur for normal or anomalous dispersion, self-similar pulses occur
at slightly-normal dispersion (B, >0), and dissipative solitons appear at very high net normal

dispersion [12] [3].

; Self-similar |

Soliton o _
9| : Stretched-pulse |(>| |6>| Dissipative soliton
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All .
negative —J( DM )k AND1
GVD

Figure 2-5: Simplified distribution of pulse regimes depending on net GVD of the laser
oscillator

11



It should be noted that the two most significant problems in designing fiber lasers are
dispersion and nonlinearity. Nonlinearity causes wave-breaking and instability in the pulse
when it is excessive. Dispersion within the cavity results in inevitable chirping of the pulse.
Anomalous dispersion causes a down-chirp of the frequency components, while normal
dispersion results in an up-chirp. Higher order dispersive effects cause additional changes to
the pulse shape. GVD (j,) broadens the pulse in time, and TOD (B3) causes asymmetric
ripples in the tail end of the pulse [12].

Looking only at the cavity GVD gives only a simplified perspective of how pulses
are shaped in different regimes. The nonlinear pulse propagation in gain fibers is described
with the nonlinear Schrdédinger equation. When a parabolic gain profile of the fiber is
considered, the resulting equation that describes the evolution of a pulse envelop described

by A, is:

4 _ _ ¢ [ 9 \A L 1AA+ g —
= 2(ﬁ2+Eﬂ§)at2+l}f|A|A+z{g DA

Eq.1

In this equation, z is the direction of propagation, /5 is the second order dispersion
(s*/m) parameter, Q, is the gain bandwidth, g is the gain per unit length, and / is the loss per
unit length. The term vy is the nonlinear coefficient which is equal to 2mm/AF. Here m, is the
nonlinear refractive index, A is the wavelength and Fis the core area of the fiber. The
nonlinear coefficient controls the self-phase modulation.

Following the Schrodinger equation, many different pulse shapes can arise depending
on the conditions in the cavity. Sech? pulses, or solitons, occur when there is both a negative
dispersion and when there are no gains or losses in the fiber, which results from the balance
of nonlinearity and anomalous dispersion. Other pulse shapes that can satisfy the
Schrddinger equation include chirped sech” pulses, Gaussian shaped pulses, and parabolic

pulses.
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Figure 2-6: Simplified pulse evolution in basic laser cavities for soliton, stretched-pulse, self-
similar and dissipative soliton operation. Note: The soliton cavity does not include the normal
GVD region. The dissipative soliton does not include anomalous GVD. The double bars denote
the beginning and end of a single pass of the cavity. [6]

Figure 2-6 shows a simplified diagram of the pulse evolution in several different
regimes: soliton, stretched-pulse, self-similar, and dissipative soliton. The bar along the
bottom of the figure illustrates the basic components of the cavity. Gain and loss, as well as
the pulse shaping effects of the saturable absorber are not shown here. This simply illustrates
the basic pulse propagation differences for the different regimes. For example, the soliton
keeps the same shape and amplitude throughout the cavity, which does not contain a normal
dispersion segment. Self-similar pulses have two locations of minimum pulse width, and
self-similar pulses have their minimum pulse width after the anomalous dispersion.
Dissipative solitons are typically produced in all-normal dispersion cavities with no
anomalous dispersion segment and maintain their size and shape. These various regimes will

be discussed in the subsequent sections.

2.2.1 Solitonic pulses

Solitonic pulses occur under highly negative cavity GVD. The anomalous GVD
contribution comes from a component with a positive nonlinearity [6]. Solitons occur when
the dispersion in the cavity and the self-phase modulation are balanced [23]. This generates a
transform-limited soliton with a sech?® pulse shape [24]. Solitonic pulses have no chirp and

have unchanging pulse energies within the cavity [3].
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Soliton lasers were introduced in the 1980°s [25]. This early on, soliton pulses were
only produced with erbium-doped gain fibers. The regular step-index fibers that were used
provided anomalous dispersion at the telecom lasing wavelength of 1550 nm, which was
needed to form a solitonic pulse [23]. Because of the long fiber lengths, dispersion and
nonlinearities both make significant contributions to the pulse shape in each pass through the
cavity and can cancel each other out to form solitons in negative dispersion fibers [26].

Real fiber cavities however have fluctuations in loss and gain. Typically, true
solitons cannot exist [27]. Strictly speaking, perfect solitons cannot be produced when the
pulse undergoes perturbations due to gain and loss. These perturbations cause the soliton to
lose energy in the form of dispersive waves which resonate in the laser cavity at certain
frequencies causing spectral side bands, called Kelly side-bands. Soliton sidebands occur
because part of the soliton energy is removed at the output coupler. The soliton then has to
build back up its energy over the course of the pulse’s next pass through the cavity. Since the
peak power varies throughout the cavity, a nonlinear index grating is formed, which changes
the soliton's properties as it propagates. The soliton adjusts to these changes by depositing
energy into dispersive waves, which appear as soliton sidebands [13]. The sidebands are
narrow peaks that occur in the spectral domain of the pulse and have lower intensities further
away from the central wavelength [28].

The dispersive waves are simply the non-soliton parts of the pulse that propagate in
the cavity and accumulate phase shifts. Each time passing through the cavity, the soliton will
generate dispersive waves which interfere with previous ones. Only constructively
interfering dispersive waves that have phase shifts equal to multiples of 2z will survive [14].
Dispersive waves propagate according to linear dispersion and therefore have a different
dispersion coefficient (fp) than the nonlinear soliton pulse (f5s). The 2n dependence for
constructive interference comes out of the fact that the strongest dispersive waves are
generated when they are phase matched with the soliton. This can be expressed with the
equation,

Bs(&m)L = Bp(&m)L + 2mm

Eq. 2
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Here, w,, is the difference between the mth sideband frequency and the central frequency, m
is an integer, and L is the cavity length [26]. By substituting the Taylor expansions [14] for
LBs () and fp(w) into this equation, the positions of the soliton sidebands can be predicted

by the equation

Eq.3

In equation (3), Ty is the soliton pulse width parameter, and £, and £; are the 2nd and 3rd
order dispersion coefficients [26]. This equation can be used to predict the locations of the
theoretical sidebands.

The transfer of energy into the sidebands is the major limitation to the minimum
pulse width achievable with soliton lasers. The energy and pulse width in soliton lasers are
inversely proportional, and as a result soliton lasers are optimal in the picosecond regime
where they can generate up to 10 nJ of energy [23]. In contrast, dispersion managed cavities

which produced stretched-pulses are not limited by Kelly side-bands [12].

2.2.2 Stretched pulses

Stretched pulses are formed using dispersion management (DM) and have
advantages over soliton lasers. DM allows the pulse to avoid nonlinearity by using lengths of
fiber with opposite signs of dispersion, allowing the pulse to breathe [6]. Alternating positive
and negative dispersion fibers increases the average pulse width and allows higher energy,
and it permits shorter pulses to be generated [23]. Higher energies are tolerable since the
broadening of the pulse reduces the peak power and in turn the nonlinear effects that can
limit the pulse energy. Gaussian pulses occur when the spectral broadening is equal to the
spectral compression (both of which are induced by SPM) in a pass through the cavity [23].
The pulses are generated by creating cavities that manage the dispersion within them by
using both positive (normal) and negative (anomalous) dispersion fibers, as seen in Figure
2-6 [27]. Soliton lasers cannot generate pulse widths as short as one can with DM fiber laser
systems. Gaussian pulses are generated from DM lasers and do not suffer from soliton

sidebands in the wings due to the pulse breathing while propagating within the cavity. A
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characteristic of a stretched-pulse is that it changes the sign of its chirp while propagating
through the cavity.

DM lasers are constructed differently for ytterbium-doped gain fiber than for erbium-
doped gain fibers. Telecom fiber lasers using erbium-doped gain fiber lase at 1550 nm. At
this wavelength, standard SMF provides anomalous dispersion in the cavity, which
compensates for the stretching of the pulse in the erbium-doped fiber. A crucial difference
between ytterbium-doped fiber lasers and erbium-doped is that the latter lase at 1550 nm
compared to 1030 nm for the former. Since 1550 nm undergoes anomalous GVD in the SMF
and normal GVD in the gain fiber, erbium-doped fiber lasers can be made entirely from
fiber. On the contrary, 1030 nm suffers from normal dispersion in the gain fiber as well as in
the SMF, meaning that dispersion compensation is usually needed in the form of bulk
elements such as prisms or diffraction gratings. The method of dispersion compensation
influences the types of pulses attainable [3]. Some fiber-based methods of controlling
dispersion include chirped fiber gratings, microstructured fibers for anomalous dispersion,
highly nonlinear fibers, photonic bandgap fibers [23], and also photonic crystal fibers [29].

Stretched pulses breathe in the cavity, stretching in the normal dispersion regions and
compressing again under the influence of anomalous dispersion. The pulse width can change
by up to an order of magnitude inside the cavity, which as mentioned previously is
advantageous as it reduces unwanted nonlinear effects [30]. Due to the breathing of the
pulse, these are sometimes called ‘average soliton’ pulses [24]. Typically, the pulse-width is
minimal and bandwidth-limited at two positions within the cavity [23]. As a result, these
lasers can generate more energy and shorter pulses than soliton lasers can by exactly
compensating the spectral broadening with spectral compression, both resulting from the
SPM [26]. Practically, stretched pulses occur in the near-zero net-cavity dispersion regime.

When the pulse is stretched, the effect of SPM is reduced; higher pulse energies can
be used since a given energy will have less unwanted nonlinearities than in a soliton laser of
the same energy [27]. When there is a slight net positive dispersion, the soliton sidebands are
suppressed, and under these conditions the smallest stretched-pulse widths are generated
[26]. The most important aspect of dispersion control is that it allows for pulses to have

energies higher than is otherwise possible in soliton lasers [27].

16



2.2.3 Self-similar (similariton, parabolic) pulses

The self-similar pulse regime exists in a net normal GVD laser cavity with no
nonlinearity in the anomalous dispersion component [6]. The chirp of the similariton is
always positive inside the cavity. Recalling from Figure 2-5, it requires more net positive
dispersion than the stretched-pulse regime; however, the same cavity conditions might
generate both the stretched-pulse and self-similar pulses [6]. Increasing the positive net-
cavity dispersion decreases the breathing range and drives the ratio of widest to narrowest
pulse width (breathing ratio) to unity. The pulse is chirped positively in the normal
dispersion region of the cavity. Since there is more normal dispersion than anomalous, only
some of this chirp is countered by the negative chirp of the anomalous region resulting in a
positively chirped pulse. The self-similar pulse regime is a special case of the wave-breaking
free regime where self-similar pulses are positively linearly chirped and have parabolic
spectral and temporal profiles [24]. Wave-breaking free pulses accumulate positive
frequency chirp inside the cavity which is partially compensated with segments of
anomalous GVD [31]. Pulse energies in fiber lasers are typically limited by wave breaking
resulting from high levels of nonlinearity; however, self-similar pulses in similariton lasers
are able to undergo higher levels of nonlinearity than other regimes without experiencing
wave-breaking [17].

Wave breaking of optical pulses is aptly named as it is analogous to breaking of
waves in water. It is the distortion of the temporal shape of the pulse resulting from self-
phase modulation. The SPM induced frequency chirp causes the red-shifted light at the front
of the pulse to speed up and the blue-shifted tail to slow down; however, the center of the
pulse is unaffected due to the linear frequency shift, and the low-intensity leading and
trailing tails of the pulse are also unaffected since they do not undergo nonlinear effects. The
aforementioned red and blue-shift overlap the low intensity pulse tails. This results in two
frequencies in these regions, generating new frequencies [32]. Wave breaking results in fine
structures in the edges of the pulse [33]. This can occur in a NPE cavity that is overdriven
[34].

A major problem with the stretched pulse regime is its susceptibility to wave-
breaking for a high intensity pulse. Wave-breaking free pulses have been known since the

1980’s [33]. Only in the 2000’s have self-similar pulses been achieved, first by simulations
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and later by experiments [17]. The first observed self-similar pulses relied on a short length
of ytterbium-doped gain fiber to compensate for losses in the cavity, while only negligibly
contributing to the dispersion and nonlinearity [17]. The spectral filtering of the gain fiber
due to the amplifier transition bandwidth must be wider than the input spectrum for stable
pulse propagation; unstable operation occurs when the bandwidth of the input pulse is
comparable to the gain bandwidth [35]. However, because of the decoupling of the gain-
bandwidth from the nonlinear effects due to the use of a short gain fiber, the gain-bandwidth
is able to filter the nonlinearly-generated bandwidth from the SMF to create a periodic, self-
consistent pulse [36].

Self-similar pulses can exist under stronger SPM (>m) compared to both stretched-
pulse (Gaussian) and solitonic (Sech?) pulses [23], and as a result have exceeded the wave-
breaking energy limits of stretched pulse lasers [34]. Self-similar pulses also have been
found to become unstable and lose out to the CW steady-state below a threshold value of net
cavity dispersion [37].

Self-similar pulses are distinct due to their parabolic shape in both the time and
frequency domains which aids in resisting optical wave-breaking. The pulse shape is
parabolic throughout the cavity, including at the output [23]. Ideal self-similar pulses also
have a linear frequency chirp throughout the cavity making pulse compression to the
transform-limit relatively simple [17]. Unlike soliton or DM lasers, there is one location of
minimum pulse width in the cavity, which naturally occurs after compression of the pulse by
the diffraction gratings, however this minimum is not transform-limited [36].

The most important distinction, however, is that the magnitude of anomalous
dispersion required to compress the pulse after it has exited the cavity is always more than
the magnitude of anomalous dispersion applied within the cavity (i.e. the “intra-cavity”
anomalous dispersion). This is a useful experimental means of distinguishing between self-
similar and stretched pulses, which is employed in this thesis. Since the stretched-pulse
regime has two pulse width minima in the cavity, less dispersion compensation is needed
outside the cavity to reach the transform-limit [17] [38] [39]. It is not enough to judge the
regime simply by the pulse shape because stretched-pulses can appear parabolic-looking and

can be easily confused with self-similar pulses [36] [40] [41].

18



Despite the self-similar pulse regime’s tolerance of optical wave breaking, this pulse
regime 1is still susceptible to multiple pulsing and bound pulses. Typically, multiple pulses
that occur when the pump power crosses a threshold value are randomly spaced in the
cavity; however under some conditions bound states of closely-spaced pulses can exist [40].

Multi-pulsing is an issue that has been found across different kinds of mode-locked
lasers and seems independent of the mode-locking technique. By increasing the pump power
delivered to the gain medium, the number of pulses in the cavity increases. This is a result of
the peak power and spectral bandwidth increasing with the energy circulating in the cavity.
When the spectral bandwidth becomes larger than the gain bandwidth, the pulse in the cavity
splits into lower energy pulses, which in turn have smaller spectral bandwidths [16].

Self-similar pulses are the focus of this work. One major reason for this is their linear
frequency chirp which causes them to have a high immunity against wave breaking and ease
of compression outside the cavity [31], and the robustness against optical wave-breaking

allows them to carry a high energy [17].

2.2.4 Dissipative solitons

Dissipative solitons occur in high net normal GVD cavities. They undergo loss and
gain in the cavity, unlike conservative solitons, and produce hyperbolic secant pulse shapes
[42]. They are also characterized by a small spectral breathing ratio (<5) [22], and are
strongly chirped due to the high GVD in the cavity [43]. Dissipative solitons have been seen
in some DM laser cavities, such as in this thesis, but are more commonly seen in all normal
dispersion (AND1) lasers, which have changed the direction of fiber laser research.

Prior to 2006, all femtosecond fiber lasers required the implementation of anomalous
dispersion to operate [44]. Increasing the positive net cavity GVD allows the pulse to be able
to carry higher energies without optical wave breaking. At certain values of high GVD,
stable pulses cannot be achieved without the additional use of spectral filtering. This concept
led to the generation of stable-mode-locked dissipative soliton pulses with only spectral
filtering and no dispersion compensation [44]. As a result of the lack of dispersion
compensation, the ANDi laser cavity is also capable of generating higher-energy pulses,
making it an important advancement in fiber laser technology. Initially, in [44], NPE was

used in combination with a spectral filter, which enhanced the self-amplitude modulation
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under higher nonlinearities. Pulses generated in the all-normal dispersion regime are
typically dissipative solitons. The GVD broadens the pulse, and the saturable absorber in
combination with the spectral filter shorten the pulse [45].

Gain fiber

Saturable
absorber

Output

Figure 2-7: ANDi fiber laser cavity for generating dissipative solitons

More recently, self-similar pulses have also been achieved in an ANDi laser [22].
This work relies on the long length of ytterbium-gain fiber acting as a local attractor, forcing
pulses of any shape to become parabolic. The narrow band filter of 4 nm acts to make the
pulse self-consistent, cutting the pulse’s duration drastically after monotonically increasing
in the gain fiber [22]. However, the highest energy pulses made to date with an ANDi laser
have been dissipative solitons pulses, not self-similar. Pulse characteristics comparable to
solid-state femtosecond fiber lasers have been achieved in a dissipative soliton fiber laser,
generating 80 fs pulses with over 1 W of average power and 200 kW of peak power [46].

The ANDiI laser cavity is advantageous not only due to its improved output pulse
power, but also due to the simplicity of its design. Removing anomalous dispersion
components makes it easier to develop an all-fiber laser cavity. ANDi lasers and their high-
energy dissipative soliton pulses are an important development in the field of femtosecond
fiber lasers. Studying this type of laser cavity will be considered as a future prospect on the

femtosecond fiber laser project, continuing where this thesis leaves off.

2.3 Improving power

It is difficult to generate high peak powers and pulse energies due to nonlinearity
deteriorating the pulse, and this concept applies also to amplification. The classic approach has

been to use an oscillator in combination with an amplifier such as in [47], which is shown in
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Figure 2-8. In this example, an approach similar to chirped pulse amplification (CPA) is

demonstrated.
PUGmP Pﬁlp
Stretched-pulse SMF | Gain fiber Dispersion- O
oscillator [ amplification [* ] compensation > Output

Figure 2-8: Classic oscillator with amplifier fiber laser approach [38]

CPA is a technique for minimizing unwanted nonlinearities during amplification,
commonly used in solid-state lasers. Strickland and Mourou introduced this technique for laser
amplification in 1985 [48]. CPA works simply by amplifying a pulse after chirping and
stretching it. By reducing the peak power with chirp-induced broadening, it is possible to
amplify the pulse significantly and to transfer large amounts of energy to the pulse before
saturating the available gain [13]. Pulses are stretched, amplified and then compressed; temporal
scaling increases the pulse energies that can be generated [27]. For all-fiber systems, chirped
fiber Bragg gratings can be used for pulse stretching and compression done through CPA [23].
Conventional bulk gratings, however, provide better saturation-fluence-limited energies [27].

In Figure 2-8, the pulse exiting the oscillator is stretched having to pass a long length of
SMF before the amplifier stage to increase the chirp. After amplification, the pulse is
compressed (in this case, with diffraction gratings). The disadvantages of this scheme include
additional complexity and also the additional amplification of noise. However most
commercially available fiber laser devices are based on this technique.

Another method used to increase the energy capacity of a fiber laser is to use fiber with a
larger core diameter which effectively reduces the intensity of the pulse [27]. The maximum
femtosecond pulse energies that have been generated in fiber lasers used chirped pulse
amplification (CPA) and large core fibers. The highest energies that can be generated are limited
by self-phase modulation, self-focusing, and damage that the pulses cause to the fiber [23].

The work in this thesis is towards obtaining a laser cavity with optimized parameters that
would generate high-energy pulses that do not need traditional external amplification. This
approach has advantages in terms of simplicity and in cost. Improving the output energy at the
oscillator stage also allows for the possibility of greater benefits from external amplification,

which can be added on later.
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Chapter 3 - Multipulsing

3.1 Introduction

The objective of this thesis is primarily to increase energy in an ytterbium-doped
femtosecond fiber laser by means of varying the doping parameter of the gain fiber. The
major obstacle in progressing with this work has been that multiple pulsing (multipulsing) in
the cavity would occur for unknown reasons. When multiple pulses are circulating inside the
laser cavity they must share the available energy. Consequently, this means that a cavity
with multipulsing will have lower energy per pulse than a laser cavity functioning optimally
with a single pulse per cavity period. Multipulsing prevented studying single-pulse dynamics
and was an issue that obstructed observing true single pulses for quite some time in this
experiment. Moreover, multipulsing is typically unstable and not a useful mode of operation
for fiber lasers.

Many problems were faced over the course of making the final experimental set-up
robust, as it is today. After determining that the laser cavity was not producing single pulses
of high enough energy compared to similar laser cavities in the literature [6], it was
concluded that despite the maximum pump power in this experiment being smaller than
those used in literature, the pump power was not the limiting factor in the low energy pulses
observed. Instead, the low threshold of multipulsing in the cavity limits the energy.
However, increasing the pump power past the threshold at which multipulsing occurs does
not improve the energy per pulse in a meaningful way, but increasing the energy threshold at
which multipulsing manifests would allow for more of the available pump power to be used
effectively.

General multipulsing is unstable and hinders the generation of usable single pulses.
However, occasionally bound multiple pulses are observed, which maintain their temporal
separation throughout the round trip of the cavity and are generally very stable. Furthermore,
bound pulses can in some special cases become equidistantly spaced and generate harmonic
mode-locking which could be used to control repetition rate for a constant cavity length.

This chapter presents the experimental set-up used in most of this thesis. Then it
examines possible causes for the seemingly low threshold for multipulsing observed in this

experimental set-up. The latter part of the chapter focuses on multipulsing bound states that
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were observed and are described qualitatively as they have stable operation and could be

useful in the future.

3.2 General experimental set-up

In general for conducting these experiments, the femtosecond fiber laser cavity was
arranged as shown in Figure 3-1 with some variations. Two 980 nm pumps were combined
and injected into the cavity via a wavelength division multiplexer (WDM). The fiber portion
of the cavity consists of a linear, low power region of SMF before the gain fiber and another
nonlinear, high power region of SMF after the ytterbium gain fiber. The free-space region
contains two quarter-wave plates and a half-wave plate for mode-locking by means of
nonlinear polarization evolution (NPE). A polarizing beam-splitter (PBS) cube was used as
both the output rejection port and as a polarizer necessary for NPE action. A pair of
diffraction gratings was used for anomalous dispersion compensation inside the ring cavity.
A Faraday isolator was used to ensure unidirectional operation in the ring cavity. Mode-
locking was therefore achieved by nonlinear polarization evolution in a cavity using a

combination of fiber and bulk optical components.

Laser Diode
[J
80 nm Fiber Isolator
_ Combiner >
PM-PM (980 nm) SMF (980 nm)
SMF (980 nm)
Laser Diode
980 nm O
WDM
Yb fiber 9801030 nm SMF
MF (1030 nm)
\ 4 f /4 SMF (1030
PBS I_I
Collimator I_I u g Zero-order Faraday Isolator Collimator
output
Output
2-Level Mirror
Gratings

Figure 3-1 Experimental set-up
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The output from the PBS is typically put through a 50/50 beamsplitter, where the
output is split between an optical spectrum analyzer (OSA) and an autocorrelator to measure
the pulse width. A small amount (~1 mW) of light escapes through the 4™ interface of the
beamsplitter, and this is used as an input to a photo-detector input to a high-speed
oscilloscope. The high-speed oscilloscope displays pulses that are broadly spaced (>0.8 ns)
in time as the resolution is limited to that of the photodetector (1.2 GHz).

3.3 Investigating causes of multipulsing

This section discusses some parameters that were investigated to determine their
effect on pulse energy over a long period of time during which the laser cavity was changed
frequently, thus from experiment to experiment some parameters vary. It should be noted
that this was not a methodical study of multipulsing, but an investigation of the experimental
apparatus at the time and the problem of why the pulse energy was low compared to what
was expected based on the literature.

It was observed early on in encountering undesirable multipulsing in the cavity that
the pump power had an effect on the amount of multipulsing. Increasing the pump power
increases the amount of gain, which in turn increases the nonlinearity, leading to wave-
breaking. Multipulsing could be observed on the high-speed oscilloscope or on the
autocorrelator depending on the separation of the pulses. It was noticed that multipulsing
manifests itself on the oscilloscope as a small pulse following the primary triggering pulse
into the detector; however, because the resolution is so low, it is not useful to use only this
method as the pulse separation may be lower than the detector resolution, making the pulses
indistinguishable from one another.

Turning down the pump power of the 980 nm laser diode pump lasers decreased the
temporal separation of the secondary pulse from the primary pulse on the oscilloscope until
they were irresolvable. Upon turning down the pump power further, the multiple pulses
would appear in better resolution on the autocorrelator. This indicates that the multiple
pulses got more closely spaced in time with lower pumping power, or conversely that higher

pumping breaks the pulse into multiple pulses that spread apart in the cavity.
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The pump power was reduced to get single pulses in experimental work in this thesis.
It should be noted that after doing this, the pump power could be increased again before
hitting the threshold for multipulsing again; however, this was not performed experimentally
because there is no warning before the onset of multipulsing when increasing the pump
power. This hysteresis is commonly observed [49] [50]. As the pump power decreases, the
intensity of all pulses will decrease until a pulse crosses below the threshold of a certain
peak intensity. Then the number of pulses will decrease one by one. At this point the energy
per pulse for the remaining pulses increases due to the energy balance, and then the peak
powers decrease again with the pump power until another pulse vanishes. This continues
until the laser is operating in CW mode after the final pulse crosses below the mode-locking
threshold [49].

Turning down the pump power to remove multipulsing is not a true solution to the
problem because in the literature higher pump powers are commonly used to achieve highly
energetic single pulsing, thus is it only a technique for circumventing multipulsing. Because
the threshold power of multipulsing is determined by the cavity design parameters, two
possible causes for the low threshold of multipulsing, filtering and back-reflections, are

investigated to determine their influence on increasing this threshold value.

3.3.1 Filtering effect

Initial work with the fiber laser was done in effort to compare the available output
energy to similar work done in the literature as a baseline for ensuring that the laser cavity
was operating at an acceptable level. Komarov et al. noted that multiple pulsing could result
from spectrally selective losses in the cavity [49]. This indicated that there may have been
elements in the cavity with bandwidths that were attenuating part of the circulating
spectrum, causing multipulsing.

After investigating the spectral bandwidth values of the components used in the free
space part of the cavity, it was determined that the isolator was the likeliest component that
could be causing multipulsing, if the multipulsing was in fact the fault of spectral losses. The
isolator, which is used inside the cavity to ensure unidirectional circulation of the light, is
placed in the cavity after the PBS and the intracavity diffraction gratings where the light is

linearly polarized. The isolator is a Faraday rotator which requires a linear polarization at its
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input. The central wavelength of the isolator (EOT 1030 — 1080 nm Faraday isolator) could
be changed by tuning the transmission axis; tuning the central wavelength shifts the 3 dB
bandwidth of 26 nm, effectively changing the allowable bandwidth inside the cavity.

To determine if the spectral bandwidth of the isolator was causing some of the
multipulsing problems, the total pulse energy per period vs. GVD was measured for two
cases where the isolator was tuned to two settings; setting A has a center wavelength of 1030
nm and setting B has a center wavelength at 1060 nm. The other pertinent laser cavity
parameters for this work are that there are 373 cm of linearly acting SMF, 61 cm of the
ytterbium-doped gain fiber (CorActive Yb214), and 118 cm of the nonlinearly acting SMF.
The repetition rate is 30.3 MHz.

The average power at the output port was measured, along with the repetition rate,
spectral bandwidth, and dechirped pulse width and the value of anomalous dispersion
required to dechirp the pulse. The maximum available pump power of 540 mW was used in
all of these measurements; however, multipulsing occurs so the energy calculated is total
energy of all pulses in a period, not the energy for a single pulse. The energy is plotted
against the GVD below in Figure 3-2; the GVD is tuned by adjusting the separation of the
diffraction gratings inside the laser cavity. What can be seen from this is that the isolator
with the incorrect central wavelength of 1060 nm, which limits the spectral bandwidth inside
the cavity, attenuates the total energy circulating inside the cavity as expected. However, the
operation was stable in the 1060 nm case and 1030 nm case, and multipulsing was observed
in both cases. The filtering of the spectrum attenuates the average power output by the laser.
The cavity is still favouring multipulsing during the process of mode-locking and single
pulses are not attainable. The comparison between the two cases is not fair because the
number of pulses could not be determined due to the lack of instrumentation. However, it is
expected that the number of pulses obtained in the 1030 nm case is lower than that of the
1060 nm case. In this case, the single pulse operation can be tuned by selecting the proper

filter.
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Figure 3-2: Energy vs. GVD with isolator in two different settings

This isolator was compared with a broader bandwidth isolator (I05-1030HP from
OFR with £ 40 nm), both with 1030 nm central wavelengths. These measurements are
shown in Figure 3-3. In this case, the length of nonlinear SMF is increased to 135 cm, the
linear SMF is 719 cm, and the length of Yb214 is 49 cm. For the results reported in
subsequent chapters in this document, the wideband isolator was used inside the cavity since
Figure 3-3 shows that causes less attenuation. The EOT 1030 — 1080 nm Faraday isolator is

used in the output port to prevent possible back-reflections from destabilizing the pulse.
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Figure 3-3: Energy vs. GVD for two isolators
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3.3.2 Reflections

Reflections in the cavity were investigated as a potential reason for some of the
multipulsing observed in the laser. Elements in the cavity (i.e. wave plates) were adjusted at
slightly off-normal incident angles to see if their small amount of back-reflection was
responsible for causing secondary pulses; however, this exploration did not eliminate any of
the multipulsing. Reflections from inside the cavity were not found to contribute to the
generation of secondary pulses; however, reflections from the output beam path were
responsible for causing some problems to stabilizing the mode-locking.

The tilt of the collimator placed in the output beam path outside the ring cavity to
collect light into the spectrum analyzer was found to have an effect on the stability of the
mode-locking. Back-reflections into the cavity from this collimator were found to cause
occasional disruptions that could collapse the pulses and revert the operating point of the
laser to the CW state. Furthermore, the autocorrelator in the output beam path was found to
occasionally disturb mode-locking while fine-tuning the mirrors inside of it. While
attempting to take measurements of the pulse shape, the process of aligning the
autocorrelator would disturb the mode-locking and cause the loss of the desired pulse mode.
To combat this, another isolator was put in the output beam path. This isolator was found to
improve stability of the mode-locked laser operation but not to reduce any form of

multipulsing.

3.4 Special cases of multipulsing: bound and harmonic pulses

One reason for the formation of multiple pulses that has been discussed is that of gain
filtering, where a narrow spectrum in the cavity causes multipulsing to be the favoured mode
of operation [50]. Another well-known reason that limits the generation of single pulses is
that the saturation of the NPE transmission curve [40]. The periodic saturation curve can
lead to the break-up of pulses with high pumping power. When the pulse intensity is too
high, the threshold of single pulse operation may be crossed, leading to multiple pulses.
When there is a constant phase relationship between the pulses, they become bounded and
have a fixed temporal spacing in the cavity. In general, commonly observed multiple pulses

are randomly spaced in a cavity [40]. In lasers mode-locked with NPE, bound states can be
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generated by rotating the waveplates used for controlling the polarization [49]. In soliton
lasers, the multiple pulses are usually too far apart to interact with one another and become
bound, unless the waveplates are adjusted to lock their phases [51]. In solitons these bound
pulses result from the interactions between the soliton and the resonant dispersive waves; in
stretched pulse lasers, the bound pulses directly overlap when they are stretched in the
normal dispersion part of the cavity [40]. In the self-similar regime, the existence of bound
pulses has been explained by the existence of a non-vanishing pulse tail that allows for stable
binding of highly chirped pulses [41].

Under the right cavity conditions, single pulses can break apart into bound pulses
with nearly equidistant spacing in the temporal domain. This type of mode-locking is called
harmonic mode-locking and is typically quite stable [40]. The first published harmonic
mode-locking in a passively mode-locked ytterbium-doped femtosecond fiber laser was in
2004 [52], but it has not been observed in a similariton laser with self-similar pulses to my
knowledge. Changing the orientation of the waveplates can generate harmonic mode-locking
by changing the characteristics of the saturable absorber [52], and this technique is what was

used to find harmonic mode-locking in this section.

3.4.1 Bound state pulses

Self-similar bound pulses were observed with the experimental set-up in Figure 3-1;
bound pulses in this regime have been documented before [41] [40]. In this section,
experimentally measured bound pulses are presented as a confirmation that this could be
achieved; bound states were rarely observed in mode-locking and two such examples are
presented here.

The cavity was set as in Figure 3-1, with 19 cm of ytterbium-doped gain fiber
(Coractive Yb214), 134 cm of nonlinearly acting SMF, and 387 cm of linear SMF. Bound
states in the form of triplet pulses were observed at two values of net cavity GVD in this
arrangement (0.0325 ps2 and 0.0390 psz). At maximum pump power, the mode-locking was
fairly unstable at most values of GVD and was reduced; for these two values of GVD, bound
pulses were found after reducing the pump power. For the first case (0.0325 ps?) the first

laser source was set to its maximum value and the second source was reduced to 383 mA,
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making the pump power 335 mW (see Appendix A). For the second case (0.0390 ps?), the
second laser source was only reduced to 933 mA, resulting in 498 mW.

The autocorrelation trace of both cases of observed chirped bound pulses are shown
in Figure 3-4. Both of these cases show triplet pulses, since the autocorrelation of three
pulses results in a pattern of five pulses on the oscilloscope. If the pulses are of equal
magnitude, they ratio of magnitudes of the five detected pulses is 1/3:2/3:1:2/3:1/3. In both
Figure 3-4 (A) and (B) this ratio is not held, and this indicates that the pulses do not have the
same amplitudes.

Using the autocorrelation traces in Figure 3-4 (A) and (B), the separation between
adjacent pulses can be gathered from the measured separation of the main autocorrelator
peak to both the peaks to one side of the main peak; the distance to either side of the main
peak is symmetric due to the nature of the autocorrelation function. From Figure 3-4 (A) the
time separation between the adjacent pulses was found to be 35.38 ps and 67.98 ps, and from
Figure 3-4 (B), the time between pulses in the triplet is found to be 35.64 ps and 68.51 ps.
The separation between the pulses results in interference causing spectral modulation [40].
The spectra for both cases are shown in Figure 3-5 (15.28 nm in (A) and 19.36 nm in (B)),
but only in Figure 3-6 which shows the zoomed-in region of the spectral bandwidth is there

some evidence of this spectral modulation.
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Figure 3-4: Autocorrelation trace of the chirped pulse out of the cavity via the zero order
reflection of the intracavity diffraction grating with a net cavity GVD of (A) 0.0325 ps’, and (B)
0.0390 ps’
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Figure 3-6: Zoomed-in view of bound pulse spectrum at a net cavity GVD of (A) 0.0325 ps’, and
(B) 0.0390 ps’

The expected interference pattern should have peaks in the range of 0.05 — 0.1 nm;
this is found by converting the bandwidth from a time interval (i.e. the pulse separation, or

period A1) to a measure of length using the wavelength A and the speed of light c:

21
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Eq. 4
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Figure 3-6 (A) shows a bit more clearly the alternating of higher and lower intensity
fringes that is commonly seen in the spectral domain of triplet pulses [40]. However, since
the resolution of the spectrum analyzer is only 0.05 nm, the interference pattern is not
sampled enough to be used to interpret anything about the pulses, but instead is simply
qualitative confirmation of the expected fringes seen in a bound triplet pulse.

The dechirped pulses after being passed through the compression gratings are shown
in Figure 3-7 for both values of GVD, 0.0325 ps® for (A) and 0.0390 ps® for (B). The
dechirped pulse widths for (A) and (B) respectively are 187 fs and 165 fs. The anomalous
dispersion values used for compressing the pulses to these minimal pulse widths for both
cases were larger in magnitude than the anomalous dispersion values inside the cavity,
which is the main identifying factor of a self-similar pulse [40].

Figure 3-8 shows the pulse train of the chirped output pulses (i.e. not compressed
pulse train). This trace is done on a high-speed oscilloscope (40 GHz) using a photodetector
(1.2 GHz). This was done to ensure there are no other pulses in the period of the laser cavity
with separations outside the range of the autocorrelator. This trace confirms that the
repetition rate is 30.54 MHz, and that no other pulses are circulating. Figure 3-9 shows a
zoomed in version of the impulse from Figure 3-8 for both cases. This was always checked
because closely spaced pulses could appear as one in the wider view but upon closer

inspection could be resolved.

(A) (B)
F o8| 308
] "
] ]
£ 0. 1 208
3 3
3 04; 3 04/
E 02} E 02}
oo™ 200 200 o doo 200 200 400

0 0
Delay (fsec) Delay (fsec)
Figure 3-7: Autocorrelator trace of the dechirped pulse exiting the cavity at a net cavity GVD

of (A) 0.0325 ps’, and (B) 0.0390 ps’
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Figure 3-9: Zoomed-in view of pulse waveform at a net cavity GVD of (A) 0.0325 ps’, and (B)
0.0390 ps’

3.4.2 Harmonic mode-locking

Harmonic bound pulses in a self-similar fiber laser have not been represented in the
literature, to the best of my knowledge prior to this work. Herein, a harmonic mode-locking
was observed in the self-similar regime. The detected repetition rate in Figure 3-10 (A) was
61.5 MHz measured with the high-speed oscilloscope, which is twice the fundamental
frequency for this cavity arrangement of 30.76 MHz. This indicates that this is the second
harmonic. The laser cavity included 17.5 cm of Yb214, 385 cm of linear SMF and 134 cm of
nonlinearly-acting SMF after the gain segment. The value of net cavity GVD upon observing

this rare mode-locking was 0.0316 ps®. Figure 3-10 (B) shows no secondary pulses in the
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range of a few ns from the peak. Figure 3-11 shows the radiofrequency spectrum which
more clearly shows the frequency detected to be near 60 MHz, and not near the fundamental
frequency. The RF spectrum was also used to ensure that of the harmonic mode-locking at

the second harmonic frequency was stable.
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Figure 3-11: Radiofrequency (RF) spectrum of the pulse train

The chirped pulse out of the cavity was measured using an autocorrelator (200 ps
scanning range) which produced the intensity profile shown in Figure 3-12 (A). The chirped
pulse width was found to be 4.50 ps. Figure 3-12 (B) shows the intensity profile of the
compressed pulse after dechirping with diffraction gratings outside the cavity, which has a

pulse width of 147 fs. The magnitude of anomalous dispersion from the compression
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gratings (-0.1702 ps®) is larger than the anomalous dispersion contribution from the
diffraction gratings inside the cavity (-0.1008 ps®). In combination with the parabolic pulse

shape and spectral shape (21.12 nm bandwidth) shown in Figure 3-13, this is a confirmed

example of self-similar second harmonic mode-locking.
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3.5 Conclusion
Multipulsing is an energy-limiting effect that the fiber laser in this experiment suffers

from. The threshold power of multipulsing is determined by the parameters of the cavity

components. So by the proper engineering of the laser cavity, the multipulsing threshold
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power can be moved up, as seen in the filtering effect. Multipulsing is an issue that requires
further study to be avoided in the fiber laser.

Bound pulses and harmonic mode-locking were observed in the cavity; these are
special cases of multipulsing and may be studied further in the future as there is interest in
the literature focusing on bound pulses in fiber lasers. Bound pulses benefit from stability
but lack the possibility of the high peak powers of single pulse operation. Studying harmonic
mode-locking in particular, with more control over the amount of pulses and their separation,

can be used to control the repetition rate of the laser, while maintaining the size of the cavity.
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Chapter 4 - Dispersion

The initial objective of the work presented in this chapter was to investigate the third
order dispersion (TOD) inside the cavity and how it affects the energy and mode-locking in
terms of pulse stability. This avenue of exploration was inspired by some early work
described in section 4.1 The rest of the work done in this chapter provided interesting and
unexpected results related more to the net cavity group velocity dispersion (GVD) than to
TOD contributed from the diffraction gratings, which will be pursued further by others in the
future. The main finding is that there are two stable pulse regimes of operation for some
values of dispersion, an original discovery about which there is little information in the
current literature.

Although the second order dispersion term typically dominates dispersion-induced
pulse broadening, it is well-known that as it approaches zero, TOD effects become more
apparent. Moreover, in pulses of less than 1 ps in duration, TOD cannot be ignored. For
example, when it becomes dominant factor, it causes distortions that appear as oscillations in
the pulse shape, either in the tail if the TOD parameter £; is positive or in the leading edge of
the pulse if it is negative [53]. In addition to temporal asymmetry, TOD also causes
asymmetry in the spectral profile of the generated pulse [37]. Although TOD is commonly
associated with negative effects in solitons, less is known about its effects in stretched-pulse
and similariton (self-similar pulse) lasers. For example, it was shown recently that contrary
to common belief, TOD could be used to shorten pulse durations in the stretched-pulse
regime [54]. Since relatively little is known about TOD effects in passively mode-locked
fiber lasers, especially for self-similar pulses, this was the motivation for this investigation,

which led to unexpected results.

4.1 Motivation for dispersion investigation

After observing and working with self-similar pulses with Yb214 fiber
experimentally in the laser cavity, the next stage was to move toward studying the Yb501
fiber, which has a lower doping, in preparation for comparing the two fibers (shown in
Chapter 5). The laser cavity was set up as shown previously in Figure 3-1. The two
diffraction gratings inside the cavity with 900 lines/mm were set up parallel to each other

such that the light would hit the first one with a 20° incident angle (see Appendix C for the
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diffraction grating geometry for anomalous dispersion). A long length of Yb501 was spliced
into the cavity for the purpose of investigating the effect of the length gain fiber on the pulse
energy (as done in Chapter 5). The length of linear SMF in the cavity was 381 cm (SMF1)
and the gain fiber was 66.5 cm (Yb501). Initially, self-similar operation could not be found
with this cavity arrangement and the length of nonlinear SMF had to be increased from 83
cm to 110 cm (SMF2) to achieve it. When SMF?2 is too short, there is an insufficient amount
of nonlinear action to get mode-locking with nonlinear polarization evolution (NPE). With
the longer length of SMF2, self-similar pulses were achieved, but they suffered from
multipulsing. There is typically a compromise between increasing the NPE action to
facilitate mode-locking and accumulating excess nonlinear phase-shift causing optical wave-
breaking, when playing with SMF2. Some references such as [6] have noted that a minimum
of 1 m of SMF after the gain fiber was required for NPE action for their cavity parameters.

With 110 cm of SMF2 and 66.5 cm of Yb501, self-similar pulses were found. The
pump power was reduced until a single pulse was observed on the autocorrelator trace of the
output pulse (120 ps resolution) and on a high speed oscilloscope (1.2GHz), circulating at
the expected repetition rate defined by cavity length. Lowering the pump power shows the
maximum energy that a pulse can carry without breaking up into multiple pulses for
particular cavity conditions. For example, at one particular value of net cavity GVD that was
investigated, the effective energy during multipulsing was 6.8 nJ split up over several pulses
in a period; reducing the pump power reduced the energy to 4.8 nJ for a single pulse per
period.

High values of net cavity GVD were quite stable for the cavity conditions described;
however, lower values of GVD suffered from poor stability and severe multipulsing, causing
the energy to drop significantly for single-pulses. This result suggested that the TOD was
causing problems at low GVD since it is well known that as GVD approaches zero, higher
order dispersion becomes more apparent [54]. I decided to try reducing the TOD by
replacing the diffraction gratings inside the cavity from 900 lines/mm to 600 lines/mm (also
at a 20° incident angle), knowing that the 600 line/mm gratings have a smaller TOD from

equation [26]:
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In Eq. 5, the third derivative of the frequency-dependent phase-shift represents the
TOD, the second order derivative is the GVD, d is the line spacing of the diffraction
gratings, m is the diffracted order, A, is the central wavelength and 6 is the angle of
incidence.

Several data points were measured for the two cases. The 900 line/mm gratings
inside the cavity generate a high TOD (f8;=14233 fs’’/mm) and the 600 line/mm case
demonstrates a lower TOD (83=2925 fs’/mm). The GVD parameter of the 600 line/mm
gratings is -1506 fs*/mm and requires a larger spacing than the 900 line/mm gratings (5, = -
4759 fs*/mm) to achieve the same values of net cavity dispersion. Despite this, the TOD
value (i.e. 3 multiplied by the grating separation) of the 900 line/mm gratings is still larger
than for the 600 line/mm gratings when their spacing gives the same net cavity GVD value.
It should be noted that the TOD contributed from the fiber is positive, and constant between
both cases, so it is not considered in the comparisons of TOD of the diffraction gratings.

The results for the single pulse energy vs. GVD for both of these cases are in Figure
4-1, denoted by the line density of the gratings. There is still another difference between the
pairs of diffraction gratings, which is that their efficiency is not the same. The 600 line/mm
gratings have more loss and the 900 line/mm gratings are more efficient. The light passes
twice through the pair of gratings due to the retroreflector mirror (see Appendix C), so the
efficiency of the sets of gratings is the individual grating efficiency to the power of 4. The
600 line/mm set of gratings has a measured efficiency of 23.5%, and the 900 line/mm set of
gratings has 29.9% efficiency, which are in the same region and are not expected to
influence the results greatly. In fact, contrary to expectations, the lower efficiency (lower

TOD) gratings produced higher energy single pulses.
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Figure 4-1: Single pulse output energy for two different pairs of gratings in the cavity vs. net
cavity GVD

It can be seen in Figure 4-1 that the 600 line/mm (lower efficiency, low TOD)
diffraction gratings have a much higher single pulse energy output. The energy was
measured for a series of net cavity GVD value, controlled by changing the separation of the
anomalous diffraction gratings within the laser cavity. It is important to note that the pump
power was maximal for the entire 600 line/mm data set in Figure 4-1, indicating that there
was good stability and multipulsing was not a limiting problem; on the contrary for the 900
line/mm case, multipulsing was an issue and for all the data points in Figure 4-1 and the
pump power had to be lowered for each to achieve single pulsing. In addition, fewer ripples
were observed on the high speed oscilloscope waveform with the low TOD diffraction
gratings.

The subsequent measurements were taken with the 600 line/mm gratings tilted so
that the incident angle was reduced to 5° degrees from 20°. Decreasing the incident angle to
5° translates to increasing the TOD to f5= 5343 fs’/mm. This change results in lowering the
net cavity GVD region of stable mode-locking as shown in Figure 4-2. However,
multipulsing in the pulses at 2° is observed, so the pump power is lowered to get single pulse

results, which are shown alongside the results for the same gratings at 20° in Figure 4-2.
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Figure 4-2: Single pulse energy for varying GVD for two different incident angles of the
diffraction gratings (note: the 20 degree points are at maximum pump power, and the 5 degree
points are at lower pump powers to achieve single pulsing)

It is well-documented that high TOD causes asymmetry in the frequency domain.
Experimentally, TOD effects were evident immediately in the spectral shape, agreeing with
the sense that it cannot be ignored in this case.

The results in Figure 4-1 and Figure 4-2 suggested that studying the TOD in the
cavity would be an interesting route to explore further as the only differences between the
various cases investigated are TOD and losses. Intuitively, it does not make sense that a laser
with higher losses should have a higher output power, and in this case the losses are
reasonably the same, so it is TOD that is the most interesting thing to pursue.

It should be noted that much of this work was preliminary and was done before
having access to a high-speed photodetector. It is very likely, in hindsight, that there is
multipulsing in the 600 line/mm, 20° angle of incidence case in the ‘dead zone’; extra pulses
may not have been visible if their separation was above the resolution of the autocorrelator

and below the resolution of the photodetector.
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4.2 Experimental design and set-up

Based on the inspiration from the work in section 4.1 it is hypothesized that
diffraction gratings used for anomalous dispersion inside the laser cavity with low TOD can
give higher energy self-similar single pulses than more power efficient, higher TOD
diffraction gratings. Furthermore, it is expected that the TOD will have an effect on the
mode-locking ability of the laser because from the preliminary work, the high TOD case had
difficulties generating single pulse, resulting in lower pulse energy due to the occurrence of
multi-pulsing. This can be interpreted as the low TOD case increasing the threshold at which
multipulsing occurs, resulting in higher energy single pulses.

The experiment is designed to compare two identical laser cavities, with the
exception of the arrangement of the diffraction gratings used for dispersion compensation, to
investigate differences in the pulse characteristics that depend on the diffraction gratings. By
taking one set of gratings and changing the angle of incidence, the TOD contribution is
effectively changed with negligible change to anything else. The laser is set-up with 16 cm
of Yb214, 349 cm of linear SMF and 132 cm of nonlinearly-acting SMF. One set of
diffraction gratings with 600 lines/mm is used for both cases studied and only the angle of
incidence and separation is changed.

For the first case investigated, the angle of incidence is 20°, resulting in the m = -1
order diffracted beam at 16.02° using the grating equation in Appendix C. This causes the
GVD parameter of the gratings to be f; = -1506 fs*/mm and the TOD parameter to be ; =
2924.574 fs*/mm. For the second case, the diffraction gratings were tilted such that the angle
of incidence was only 2°, and the m = -1 order diffracted beam is found at 35.67°,

generating > =-2108 fs*/mm and p3=15343 fs*/mm.

4.3 Yb214 Results

For each case investigated (20° and 2° incident angles), several data points were
taken for the fiber lengths used. The grating separation was changed to adjust the net cavity
GVD, and the energy recorded is plotted against this cavity parameter. Changing the
separation of the diffraction gratings does have an effect on the total TOD contribution of the

gratings, so some comparisons between the two cases are done in the TOD domain.
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4.3.1 Incident angle of 20°

For each consecutive step of changing the separation of the diffraction gratings set to
a 20° incident angle, the waveplates were tuned to try to attain self-similar pulses. At lower
GVD values (~10,000 — 25,000 fs®) self-similar pulses were found. These pulses suffered
from multipulsing and required a reduction in pump power to become single pulses. At
higher GVD values, a dissipative soliton mode was observed. This is a highly chirped pulse
mode [6]. These pulses were high-energy, single pulses which did not require lowering of
the pump power. Of most interesting note, as seen in Figure 4-3, there is an overlap in the
net cavity GVD region where both of these modes exist, based only on the tuning of the

waveplates (i.e. tuning the NPE mode-locking).
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Figure 4-3: Energy for single pulses vs. net cavity GVD

For each value of GVD, the pulse spectrum, the chirped and dechirped (compressed)
pulse, the pulse train, the power out of the cavity, the power reflected in the 0"-order beam
off the first diffraction gratings, and the repetition rate were recorded. Figure 4-3 shows the
output single-pulse energy as well as the total energy of the same pulse circulating inside the

cavity against the variable values of net cavity GVD. The increase in self-similar pulse
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power was expected [17]; however, the observation of a region of overlap with the

dissipative soliton mode was not.
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Figure 4-4: Total calculated nonlinear phase shift for each mode-locking

Figure 4-4 shows that as the GVD increases in the region of 10,000 — 25,000 fs
responsible for the self-similar pulses, the nonlinear phase shift limit before wave-breaking
(and the loss of single pulsing) increases. Conversely, as the net GVD increases in the higher
region of the dissipative soliton mode, the nonlinear phase shift decreases (however, it
should be noted that this is no longer the limiting nonlinear phase shift since the pulses in the
dissipative soliton mode were not limited by pump power).

As mentioned, many of the points in Figure 4-3, and Figure 4-4 were not taken at
maximum pump power so as to achieve single pulsing. Only eight points were not limited by
pumping power, and those were for the dissipative soliton mode. Another evident difference
between the two modes appears in a plot of the anomalous dispersion of the gratings inside
the cavity and of the dechirping (compression) gratings outside the cavity versus the total net
cavity dispersion as shown in Figure 4-5. The dechirping gratings are set up similarly to the

ones inside the cavity; the laser’s output beam path enters the set of gratings, and the
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separation is tuned to achieve the shortest pulse. In Figure 4-5 is the anomalous dispersion
needed to generate the shortest pulse plotted against the net GVD of the cavity which
generated the pulse is shown. The other set of data in this figure is simply the linear
contribution of anomalous dispersion inside the cavity for each GVD value for generating
the pulse. It is clear to see that the relationship between the two sets of data changes
drastically in the region of the two overlapped pulse modes. For the low-GVD self-similar
pulses, the magnitude of the dispersion needed to dechirp the pulse is larger than the
contribution from the gratings inside the cavity. The slope then radically steepens in the
GVD region responsible for the dissipative soliton mode. This further indicates that this is in

fact the highly chirped dissipative soliton regime, as it requires a much larger amount of

dechirping to compress the pulse.
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Figure 4-5: Comparison of dispersion contributed from intracavity gratings and dechirping
gratings

Furthermore, the difference in pulse modes is evident for each data point taken, not
just from the general trend in energy and chirp. The spectral bandwidth for both observed

modes is very different. The self-similar pulse is known to have a parabolic pulse shape as
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seen on the linear scale in Figure 4-6. At the same value of GVD, under the same cavity
conditions, except for the bias point of the NPE determined by the angle of the waveplates,
the spectrum in Figure 4-7 is found. This spectrum is notably less parabolic and curved in

the center.
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Figure 4-6: Self-similar pulse mode spectral shape at 24000 fs” in dBm (measured) and in a
linear scale (normalized)
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The dechirped pulse widths for both modes are also different. As shown in Figure
4-8, the dissipative solitons cannot be compressed as much as the self-similar pulses. Both

could probably be shortened if the TOD were compensated as well.

4.3.2 Incident angle of 2°

The measurements from section 4.3.1 were repeated for an incident angle of 2° onto
the diffraction gratings. Figure 4-9 shows the same trends for the energy of single pulses vs.
net cavity GVD. Figure 4-10 shows the total nonlinear phase shift. Figure 4-11 displays the
same change in required dispersion compensation for compressing the pulse for the two
modes as in the previous section. And, finally Figure 4-12 shows the difference in pulse

width for the two modes observed.
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Figure 4-9: Energy for single pulses vs. net cavity GVD
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Figure 4-12: Dechirped pulse widths for two modes observed

In Figure 4-12, it should be noted that there is less of a difference in dechirped pulse
width in this case than previously in Figure 4-8. With a smaller angle of incidence on the
intracavity diffraction gratings, the overlapped region between the two modes has almost the

same dechirped pulse width for both modes.

4.3.3 Comparison between 2° and 20° angle of incidence configurations in Yb214

The discovery of the additional dissipative soliton regime was unexpected in this
work as it had not been seen in previous experiments. The focus of this thesis is heavily on
self-similar pulses, as they are the highest energy pulses that could be mode-locked in most
cases. However, data for both modes was measured out of interest and to see how the TOD
affects both these regimes as the TOD was the motivation for these measurements. Figure
4-13 plots together the output energy of both cases from Figure 4-3 and Figure 4-9. It is
evident that the change in TOD has no discernible effect on the output power measured. This
was a truly unexpected result, based on the preliminary work that inspired these

measurements. In this figure, the dissipative soliton points are circled.

50



Figure 4-13 does show that for a 2° incident angle there is a small shift towards
higher values of GVD for the stable pulse region for both pulse types. This implies that
perhaps a larger TOD can push the operating point to a higher GVD; however, this shift
could also be a result of systematic error in calculating the GVD from the measured
separation of the diffraction gratings.

Figure 4-14 instead plots the output energy of both trials against the TOD value. Here
it can be seen that tilting the grating from 20° to 2° shifted the TOD range to higher values,
as expected. Again, the circled data highlights the dissipative soliton mode. The overlapped
region of the two modes is larger under the effects of higher TOD.
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Figure 4-13: Comparing output energy for two different incident angles on the diffraction
gratings in the cavity
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Figure 4-15 shows the dechirped pulse widths both incident angles and both pulse
types observed. The narrowest pulses seem to be the self-similar pulses with higher TOD.
This is counterintuitive because the accumulated TOD which is known to cause distortion in
the pulse shape is not compensated with the pulse-compressor. However, this effect has been
demonstrated in the stretched-pulse regime [54], and appears to hold for both of the pulse

regimes in this study.

4.3.4 Discussion

There was no improvement in energy from changing tilt of the diffraction gratings,
and effectively the TOD. Reasons for the inconsistency between the results and the
predictions and expectations are two-fold. Firstly, the results in section 4.1 may have
suffered from multi-pulsing since the measurement techniques were not robust enough to
detect all multi-pulsing. The electrical channel of the oscilloscope was limited by the
bandwidth of the photodetector, so it is possible that the measured single-pulses and their
corresponding single-pulse energies were in fact unresolved multiple pulses. Secondly, the
work was done with a longer gain fiber, pushing the operating point to a more unstable
region due to higher nonlinearity.

The experiment from section 4.1 which motivated the investigation of TOD was
repeated using a higher resolution technique of observing multipulsing; the high resolution
technique was used for all the other measurements in this chapter. This resulted in having to
lower the pump power drastically to achieve single pulsing, indicating that in section 4.1
there was undetected multipulsing. The energy values in Figure 4-1 are therefore not for
single pulses. Figure 4-16 shows the results from repeating the experiment done in section
4.1. Tt can be seen from this figure that there was no impact of the TOD on the energy,
indicating that the work that motivated the study of the TOD was misleading.
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Figure 4-16: Single pulse output energy for two different pairs of gratings in the cavity vs. net
cavity GVD, using the optical channel of the high-speed oscilloscope

The results are still useful. Firstly, it is important to know that the TOD contribution
at this length is negligible to the pulse energy. This means that gratings with different values
of line spacing can be used in the cavity based on what is most convenient for practically
setting up given the available space. On the contrary, it becomes challenging to set-up the
gratings experimentally when they are very close together, so gratings with a smaller £, can
be used to increase the separation. The target GVD is typically known, so the value of
anomalous dispersion required can be used to determine how far or how close the gratings
must be.

The most important result, however, is the overlapped region of the self-similar and
dissipative soliton modes. This change in regimes resulted from only changing the angles of
the wave plates and nothing else, meaning that the operating points of NPE were shifted. It is
believed that the wave plates change the transmittance curve of the NPE mode-locking,
allowing for a lower energy regime to exist in part of the region of GVD values that the
dissipative soliton pulse mode exists. This to my knowledge has not been observed for these
two modes by other researchers. An over-lapped region has been seen in other modes (i.e.
stretched pulse and self-similar) at lower GVD values, so it is not completely unexpected

that it could be found in this higher GVD region as well [6] [40].
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Chapter 5 - Increasing energy with low-doped gain fiber

5.1 Introduction

This chapter discusses the major objective of my studies, which was to show that by
using a long length of low-doped ytterbium gain fiber instead of a traditional short length of
highly doped gain fiber, more energetic pulses can be achieved out of the cavity. The
increase in energy is due to the slower accumulation of the nonlinear phase shift, which
limits the energy of the pulse before optical wave-breaking. Experimental results were
published [55] and verify that an increase in length of gain medium with a lower doping
results in an increase in the output pulse energy. This chapter is based on the results from
[55] with additional information on selecting the lengths of fiber that were compared and
verifying that the nonlinear phase shift was comparable in both cases that were studied.

This chapter first discusses the theory behind this experiment that led to the
hypothesis that a longer length of low-doped gain fiber could generate higher peak power
pulses than a short length of a more highly-doped gain fiber. Results from a preliminary
experiment are discussed in Appendix D where the results support the hypothesis, but the
details are not accurate since the measurement technique at the time could not detect
multipulsing. The experiment was repeated in a more robust manner, which is presented in
section 5.3 for not only NPE mode-locking, but also for a cavity using a SESAM. Here the
experiment was performed with the same fiber lengths as in the preliminary work in
Appendix D, and then again for fiber lengths chosen by a different and more accurate set of

criteria.

5.2 Theory of method for generating higher energy pulses

Two ytterbium (Yb™) doped fibers with different doping parameters are selected for
comparison in a femtosecond fiber laser cavity where one fiber is highly doped and the other
is lightly doped; the ratio between the doping levels of the two fibers is 1.5. The total fiber
length is fixed to have constant repetition rate by ensuring that the sum of the ytterbium-
doped gain fiber and the subsequent SMF is the same for both cases, which also ensures that
the nonlinearity in both cases is comparable. The two fibers were chosen such that their

characteristics (such as core diameter, mode field diameter, and core numerical aperture)
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were all the same except for the doping and absorption (dB/m). All cavity parameters within
reason are held constant while comparing the two cases with the exception of the gain fiber
parameters previously mentioned and also ratio of gain fiber to SMF in the cavity. The
repetition rate, pump power and range of group velocity dispersion (GVD) values of the
cavity were all constants between the two sets of measurements.

The basic principle of the experiment is that lowering the doping of the gain fiber
will increase the energy per pulse output for an otherwise identical laser cavity by reducing
the rate at which the nonlinear phase shift is accumulated. Figure 5-1 shows a simplified
depiction of the evolution of the peak power through the Yb™ gain fiber and the nonlinearly-
acting SMF that the light passes through after amplification; this figure shows the change in
peak power for both a highly-doped gain fiber cavity and a low-doped gain fiber cavity. The
short Yb fiber with length LYb! HighDoped has higher gain per unit length, indicated by its
slope, than the long Yb fiber with length LYb2 LowDoped. The long, low-doped case can
reach higher peak powers due to the slower accumulation of nonlinear phase shift. As an
approximation, the base area is neglected to simplify the qualitative depiction. The peak
power in the cavity is shown to drop off at the PBS in the cavity since that acts as the

rejection port.
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Figure 5-1: Sketch of peak power evolution through the gain and high power regions of the
cavity for two cases of varied ytterbium and single mode fibers.

The total nonlinear phase shift must be constant to compare only the rate of

accumulation of the nonlinear phase shift resulting from varying the length and doping of the
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gain fiber; as a result the area under the peak power (Ppeax) vs. length (L) curve in Figure 5-1
must be the same for both cases for this condition to be met. The integration of both curves

in Figure 5-1 must be equal for the two cases given the relationship [18]:

(Dmax = z 7PPeakL
Eq. 6

In Eq. 6, @, is the maximum excessive nonlinear phase shift, y is the nonlinear
coefficient, P is the peak power and L is the length of each section of the cavity. The
limiting factor of the peak power according to this relationship is the maximal nonlinear
phase shift, which is equal to the area under the curve in Figure 5-1. By keeping this area
constant between two cases and using a lower doped gain fiber with a lower gain per unit
length, Py, 1s allowed to increase further than a higher doped gain fiber while still avoiding
optical wave breaking. It is clear from the figure that the peak power for the case of low
doped fiber is much higher at the location of the polarization beam splitter in the cavity,
which is where the output is coupled. In turn, it is predicted that using lower doped, longer
lengths of ytterbium gain fiber will achieve higher energy per pulse outputs for a self-similar

femtosecond fiber laser by avoiding the optical wave breaking.

5.3 Experimental work

The preliminary work in Appendix D seemingly proved the hypothesis that a long
length of a lower-doped gain fiber is able to provide higher energy per pulse than the more
highly-doped gain fiber when mode-locked before the threshold of multi-pulsing. However,
my colleagues and I later determined that this work would need to be revised as the data was
taken using the electrical channel of the oscilloscope using a photodetector of only 1.2 GHz
(similarly to section 4.1 ) which indicates that it is possible that there was multi-pulsing in all
of the data taken. The comparison of the total energy circulating for the low and high doped
cases is still valid because the nonlinear phase shift in both cases was comparable, although
it is not a rigorous enough to make a statement about the improvement in single pulse energy
or peak power. Using the optical channel of the high-speed oscilloscope which has an
embedded detector with a bandwidth of 30 GHz the experiment could be repeated, having

full confidence that single-pulse data would be recorded.
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5.3.1 Experimental procedure

The process of measuring the single pulse energy for various values of net cavity
GVD for two differently doped gain fibers was repeated using the standard laser set-up used
previously in the rest of this thesis. The comparison of the two fibers was also done using a
SESAM for mode-locking instead of NPE. The transmittance curve of NPE is a challenging
factor in trying to compare two identical cavities as it changes with the orientation of the
wave-plates and can result in changing the maximum attainable energy. Using a SESAM as
a saturable absorber avoids the issues resulting from the variable and periodic NPE

transmittance curve [16].
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Figure 5-2: Modified set-up for mode-locking with SESAM

Figure 5-2 shows the modified cavity set-up which includes a SESAM (Batop
optoelectronics, SAM-1040-30-500fs) used for mode-locking. The output beam is taken
from PBS1. The half-wave plate between PBS2 and the gratings is to set the polarization
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into gratings for maximum efficiency of the diffraction gratings. The quarter-wave plate
between PBS2 and SESAM acts like a half-wave plate after two passes and effectively acts
like a switch in combination with PBS2, which changes the beam path. The half-wave and
quarter-wave plates between the collimator and PBS1 add extra degrees of freedom for

tuning the mode-locking.

5.3.2 Fiber length criteria: calculating nonlinear phase shift

To make a fair comparison between the two cases with differently doped gain fibers,
the nonlinear phase shift must be the same. Experimentally, the nonlinear phase shift was
presumed to be the same at the threshold for multipulsing, determined by the value of
pumping power. Mode-locking was achieved for the highest pump power at which
multipulsing would not occur for both fibers, indicating that the nonlinear phase shift should
be equal in both cases, since it is the trigger for multipulsing.

However, the technique used to choose the optimal fiber lengths in the preliminary
work from Appendix D is not necessarily valid as it was also skewed by undetected
multipulsing. An improved method of determining comparable lengths of highly doped and
low doped gain fibers is to calculate the nonlinear phase shift for one case and to use that
value to find the length of the other fiber needed to achieve that.

The nonlinear phase shift can be calculated as the area under the curve in Figure 3-1
for both the high and low-doped gain fiber cases. The gain (g) cannot truly be approximated
linearly as shown in the sketched graph in Figure 3-1. Instead, at low powers an effective
small signal length of the gain fiber is defined where the small signal gain e9 can be used
instead. The effective small signal length is where e9" is equal to the measured large signal
gain. The gain parameters of the fibers used are gypy14=41.953= m™ and gybsor = 20.23 m™.
The nonlinear parameter y for the ytterbium used is 4.7 km™ W™

The total nonlinear phase shift can be calculated as the sum of the contributions from
each segment. The only segments that contribute non-trivially to the nonlinear phase shift
are the gain fiber and the length of SMF following it:

Dy = Gy + Psyry,

Eq.7
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The nonlinear phase shift contribution of the nonlinear segment of SMF (length L,) is
simply derived from Eq. 6 :
Psmry, = YP2Lo
Eq. 8

L; and L, are the lengths of the segments of gain fiber and nonlinearly-acting SMF,
respectively, and P, and P, are the peak power leaving each corresponding segment. The
large signal gain is approximated by measuring the total output power and dividing by the
power inside the cavity factored by the known losses of bulk components following it (i.e.
diffraction gratings, isolator losses).

For the length of ytterbium-doped gain fiber, only a part of the fiber undergoes gain.
To find the area under the curve of the small signal length, the integral is taken over the
length of the fiber:

P, = P;,e9t
Lss

Area = P, f eILldL
0

e9Llss — 1
Py
g

The gain fiber segment must be split into small signal and large signal components.

So adding the small signal gain section to the rest of the fiber (length L;- Lgs), the nonlinear
phase shift for the entire length of ytterbium-doped fiber can be expressed roughly as:

by = YP1(Ly — Lss) + P1/g
Eq.9

For both the low-doped and highly-doped cases in this section, the fiber lengths used
in the preliminary work is repeated (section Appendix D) to be able to compare then directly
to see if the masked multipulsing inflated the observed energy values. Then the nonlinear
phase shift for the highly-doped case was calculated and the length of low-doped fiber and
SMF needed to match the nonlinear phase shift was determined by a PhD student. These
new lengths were used to repeat the measurements (section 5.3 ) such that the two cavity

arrangements could indeed be compared.
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5.3.3 Results with preliminary lengths of fibers

Using the lengths of fiber determined in section Appendix B, measurements were
taken with both types of gain fiber for both the NPE mode-locking cavity and the SESAM
cavity to see if the results from work in Appendix D hold true. These measurements included
pulse width, spectral width, output power, repetition rate for single-pulse operation, as
before.

For the highly-doped case (Yb214), the length of gain fiber was 25.5 cm and the
length of nonlinearly acting SMF was 143.5 cm. The repetition rate was 32 MHz. For all the
measurements, the pump power was reduced to attain single-pulsing. For the low-doped case
(Yb501), the length of gain fiber was 97.5 cm, and the length of nonlinearly acting SMF was
71 cm, such that the repetition rate was also 32 MHz.

The single pulse energy vs. net cavity GVD using NPE mode-locking is shown in
Figure 5-3. Although the output energy is larger for the low-doped fiber, the downward trend
is concerning. At higher values of GVD, mode-locking the low-doped fiber was not possible,
so it is unclear if the trend reverses. The corresponding peak power for single pulses
circulating the cavity is shown in Figure 5-4. It is presumed that the NPE masks higher GVD

values and causes the negative slope of the low-doped fiber results in Figure 5-3.
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Figure 5-3: Comparison of output energy using NPE mode-locking, with 97.5 cm Yb501 (71 cm
nonlinear SMF), and 25.5 cm Yb214 (143.5 cm nonlinear SMF)
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Figure 5-4: Peak power of output pulse width vs. GVD using NPE for cavities with 97.5 cm
Yb501 and 25.5 cm Yb214

Using the same fiber lengths, the same measurements were taken with the cavity
mode-locked using a SESAM. Figure 5-5 demonstrates that the low-doped Yb-fiber appears
to have a higher energy, over a broader range of GVD values, avoiding the sharp decrease in
energy observed with the NPE mode-locking. However, Figure 5-6 demonstrates that only
for the lowest GVD values is there actually an improvement in peak power. This indicates
that the apparent increase in energy is simply caused by an increase in pulse width. To prove
the idea from section 5.2 it is necessary that the peak power is shown to increase in the low-

doped gain fiber scenario.

62



2.5

1.5

Output energy (nJ)

0.5

i
[ [ |
N . BT [ [
u g A
A
D A ......... - A ...................................
A AYb214 HYb501
0 5000 10000 15000 20000 25000 30000

35000

Net cavity GVD (fs2)

Figure 5-5: Output pulse energy using SESAM mode-locking and 97.5 ¢cm of Yb501 and 25.5
cm Yb214
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Figure 5-6: Output peak power using SESAM mode-locking and 97.5 ¢m of Yb501 and 25.5 cm
Yb214

The idea was verified for values of net GVD only below 15 000 fs*. The major
problem with these results was found to be that in reality, the calculated nonlinear phase

shift in the higher GVD region was not equal for both gain fiber cases.
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5.3.4 Modified lengths of fibers

To ensure the condition that the nonlinear phase shift is equal in both cases under
comparison, the nonlinear phase shift from the highly-doped case was used to determine
what length of low-doped ytterbium would produce the same result. A colleague and I found
that 72.5 cm of low-doped Yb501 would produce the same nonlinear phase shift as 25.5 cm
of highly-doped Yb214.

The low-doped fiber results are repeated for both the NPE and the SESAM cavities
and are plotted with the previous results for the highly-doped gain fiber. The length of low-
doped Yb is 72.5 cm, and the nonlinear SMF length is changed to 98 cm to preserve the
cavity length.

Figure 5-7 shows the comparison of the two fibers with NPE mode-locking. It is
clear that this does not support the hypothesis for all values of GVD. At low GVD the results
are what were expected, but then at higher GVD values, the trend reverses until a point at
which the highly-doped fiber has higher output energy. This is likely due to the
transmittance curve for NPE and is expected to not be a problem in the SESAM case. Figure
5-8 shows that only for low GVD is there a significant improvement in the output peak

power for the low-doped gain fiber.

2.5

A
A
2 T
g E
= [ | u A
RS [ | n [ |
B 15 fommemememmememee - M R
s ]
3 m A A u
= T
&
=
S AYb214
e mYbs0l |
0 T T T T
0 10000 20000 30000 40000 50000

Net Cavity GVD (fs?)

Figure 5-7: Comparison of output energy using NPE mode-locking, with 72.5 cm Yb501 (98 cm
nonlinear SMF), and 25.5 cm Yb214 (143.5 cm nonlinear SMF)
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Figure 5-8: Peak power of output pulse width vs. GVD using NPE for cavities with 72.5 cm
Yb501 and 25.5 cm Yb214

The measurement was repeated for the SESAM and the new fiber lengths for the
low-doped case. Figure 5-9 shows clearly that the low-doped case does retain higher energy
values before the limit of wave breaking across the GVD range which could be mode-locked
when not limited by the NPE. The slopes are nearly parallel and won’t intersect until the
negative GVD region, which is not the same pulse regime. Figure 5-10 shows the
consistency of the dechirped pulse widths and Figure 5-11 shows that indeed the peak power
is higher for the low-doped case. It is clearly shown that with SESAM mode-locking, a low-
doped, longer length of gain fiber allows for higher peak power, and higher energy pulses.
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Figure 5-11: OQutput peak power using SESAM cavity

5.4 Conclusions

The most important and original finding of this part of my work is that the lower-
doped gain fiber is able to provide higher peak power pulses than the more highly-doped
gain fiber when mode-locked before the threshold of multi-pulsing. The low doped gain
fiber allows for the nonlinear phase shift in the nonlinear region of the cavity to accumulate
more slowly than in the cavity with a higher-doped gain fiber; the slow accumulation of
nonlinear phase shift allows the cavity to generate a higher output energy (and thus operate
at a higher energy circulating in the cavity) before approaching the optical wave-breaking
limit. The low-doped case is shown to provide better output peak power and energy, which
proves that the slow accumulation of nonlinear phase shift is advantageous in a self-similar
(similariton) femtosecond fiber laser. The nonlinear phase was first estimated to be the same
in both cases since both were mode-locked to operate at the highest energy circulating in the
cavity just before the limit of wave breaking, given that wave breaking occurs at the same
threshold value of nonlinear phase shift in both cases; later it was calculated and the fiber
lengths were adjusted to ensure constant nonlinear phase shift.

The SESAM cavity shows a clear improvement in attainable peak power for a longer
length of low doped gain fiber which was previously masked by the NPE action. NPE can be
overdriven and its saturable absorber (i.e. transmittance) curve causes problems depending

on where the bias point is. It was also expected that the SESAM would be able to sustain
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higher values of energy than the NPE mode-locking since NPE can be overdriven into a state
where higher intensities are attenuated; there is an improvement of 0.5 nJ that can be seen at
25 000 fs in Figure 5-9 using the SESAM compared to Figure 5-7.

This is the first work to our knowledge to do a direct, non-trivial comparison of high
doped versus low doped gain fiber in two fiber-laser cavities with the same repetition rate,
nonlinear phase shift, net GVD and nonlinear length that generate femtosecond regime
similariton pulses. Furthermore, it demonstrates the negative energy-limiting effects of NPE

mode-locking.

68



Chapter 6 - Conclusion

The original intent for this thesis was to develop an all-fiber laser to be used as a
source for confocal microscopy. However, working on the laser led my research down
different roads, such as multipulsing and TOD. The work that was done was necessary for
establishing the fundamentals and paving the way to make an all-fiber laser. The results
showing that a long length of low doped gain fiber is advantageous are aiding the
development of the high power all-fiber laser. The work done in this thesis opened the doors
for a wide variety of future work, but most importantly the development of the all-fiber
prototype.

In this chapter, I summarize the work done in each chapter and suggest future
directions that the femtosecond fiber laser project can take as a result of this work. The work
central to this thesis investigated the femtosecond fiber laser experimentally and then
optimized it, as the project has been predominantly theoretical previously. The major
motivation was increasing the single pulse energy per period for the purpose of optimizing

the output before making an all-fiber prototype for confocal microscopy applications.

6.1 Summary

Multipulsing was the first problem to investigate and address as it limits the single
pulse energy by requiring that the pump power be reduced until there is only one pulse.
Certain aspects of the cavity were investigated to ensure that they were not contributing to
the damaging effect of multipulsing in the cavity. Bound pulses and rare harmonic mode-
locked were observed in the cavity and recorded out of interest.

Third order dispersion became a topic of interest after some preliminary results
suggested that it may be an interesting avenue of study. Although the experiments showed
no energy dependence on the TOD, an interesting region was observed where two types of
mode-locking could be achieved by simply tuning the nonlinear polarization evolution by
means of the waveplates. This has been observed previously at low GVD values between the
stretched-pulse and self-similar modes [6], but not at higher GVD values for overlap of self-
similar and dissipative soliton pulse modes.

The goal of the final chapter was to show that a longer length of low-doped gain fiber
could help produce higher energy pulses than a shorter length of highly-doped gain fiber. It
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took a number of iterations of work to finally prove the hypothesis. In the end, it was
necessary to use a SESAM for mode-locking because the NPE was masking the data at
higher values of net cavity GVD. This chapter shows an interesting comparison of the
limitations of NPE directly against the SESAM technique. In the end, the idea was verified
thoroughly.

6.2 Future work

The principal work to be done with this experiment is to move towards an all-fiber
high power set-up which can be used with a confocal microscope. There are still many steps
that can be taken before reaching this end. The cavity can be improved upon significantly to
increase the magnitude of the energy of single pulses. The environment affects the laser set-
up, especially in the nonlinear length of SMF, which had to be wound and secured carefully
to reduce the likelihood of disturbances. Stresses from nearby vibrations have upset the
mode-locking during various experiments causing the pulses to collapse. Changing the
mode-locking technique to a SESAM which is polarization independent is a first step
towards improving mode-locking due to its constrained transmission curve compared to
NPE; a SESAM allows for the adoption of polarization maintaining fibers to reduce the
environment effects on the system.

It is possible that the stable instances of multipulsing that were observed, such as
bound pulses and harmonic mode-locking, may be studied further in the future. There is
interest in the literature of the physics of the interactions of these pulses. Controlling
harmonic mode-locking in a cavity such as this would be an interesting way to control the
repetition rate without changing the length of the cavity. It is important to keep mindful of
the pump power threshold at which multipulsing begins to occur, as there is no explanation
of why the energies I measured were lower than those seen elsewhere in the literature, such
as in [6].

The TOD work could also be expanded in the future. As I showed, in some instances,
higher TOD contributed to narrower pulses. This could be studied further to find an optimal
value of TOD which can contribute to generating narrower pulses. This could be useful later
in optimizing and controlling pulse specifications in this laser. More importantly, the region

of overlap between the two modes should be studied in greater detail as it is novel and was
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only observed with one type of fiber. Understanding the conditions of this region would be
interesting and even useful in designing a laser with two optional modes that can be toggled
simply by changing the orientation of the wave plates.

After showing that the long length of low-doped gain fiber gives a relative
improvement, the next steps for the project include replacing all the SMF in the cavity with
only low-doped ytterbium. Thus, a new fiber with even lower doping needs to be
characterized and investigated. This is the idea that motivated the work done comparing two
different doping values. Doing this will, in theory, allow even more nonlinear phase shift
accumulation to increase the pulse energy further.

Furthermore, in the future, the laser will be tested with a confocal microscope set-up.
A primary concern that has kept this from being undertaken so far is that the average power
is still too low to investigate modalities such as coherent anti-Stokes Raman scattering.
Another reason is that the set-up that is available to test with is fiber-delivered and will
require pre-compensation for the high dispersion that will be accumulated in the fiber
delivery system. A study of how the prechirp (additional anomalous dispersion when
compressing the pulse) will affect the pulse. Studies into other realms of biomedical

applications will be worthwhile as well, since this laser can be optimized for various needs.
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Appendix A Laser source current

The laser source used as a pump in this thesis is two 980 nm laser diodes which are
combined and injected into the cavity through a WDM. The power supply drives each with a
particular current, set by the user. The two sources are called Lasl and Las2 and can be
tuned individually. To determine the pumping power entering the laser cavity, the SMF
immediately after the WDM (before the Yb-doped fiber) was cut and focused with a lens
onto a power meter. Four cases where characterized, as shown in Figure A-1:

1) Las1 turned off, varying Las2,

2) Lasl set to 1000 mA (the maximum), varying Las2,

3) Lasl varied, Las2 off,

4) Laser 1 varied, Las2 set to 1000 mA.
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Figure A-1: Pump power into the cavity vs. current

Experimentally, the laser sources were always tuned such that one of these four cases
was always true. That is to say, when recording data both lasers were never varied at the
same time. Each set of data was fit with a linear model to get an equation of best fit, from

which the pump power could be determined for any experiment.
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The equations for each case are as follows:
1) Lasl =0 mA, Las2 =1, [mA]:
Pyump[mW] = 0.31251, — 4.5636
R2=0.9992

2) Lasl = 1000 mA, Las2 =1, [mA],
Pyymp[mW] = 0.29561, — 221.73
R?=0.9992

3) Lasl =1, [mA], Las2 = 0 mA
Pyump[mW] = 0.23031; + 4.8333
R?=0.9954

4) Lasl =1; [mA], Las2 = 1000 mA
Pyump[mW] = 0.21401; + 307.02
R2=0.9979
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Appendix B

Fiber types

Two different types of ytterbium-doped fibers are used in the experimental set-up for

this thesis. They are both single-clad fibers, designed by CorActive to be used with single-

mode pumping. The two ytterbium-doped gain fibers are called Yb214 and Yb501, which

were selected based on their similar physical characteristics and different values of doping.

Yb214 has a higher level of doping level of 1.85 x 10*° jon/m’, while the Yb501 has a

doping level of of 1.26 x 10%® jon/m>. The parameters of the fiber as given by CorActive are
listed below in Table B-1 for the Yb214 and in Table B-2 for the Yb501.

Finally, the single mode fiber used in the cavity was Corning Hi 1060 Specialty fiber.

Its specifications are listed in Table B-3.

Table B-1: Yb214 optical and physical properties

Optical and physical properties Specification Measurement
Numerical aperture 0.14 £0.02 0.14

Peak absorption at 915 nm 350 £ 70 dB/m 350 dB/m

Mode field diameter at 1060 nm 6.0+ 1.0 pm 6.1 pm
Attenuation at 1200 nm <30 dB/km 22 dB/km
Low-pass cut-off wavelength 800 — 900 nm 838 nm
Cladding diameter 1247+ 1.0 um 125.0+ 0.8 pm
Coating diameter 250.0 £ 10.0 pm 250.0 £ 10.0 pm
Screen proof tested > 100 kpsi 110 kpsi

Table B-2: Yb501 optical and physical properties

Optical and physical properties Specification Measurement
Numerical aperture 0.14 +£0.02 0.13

Peak absorption at 915 nm 150 +£30 dB/m 139 dB/m
Mode field diameter at 1060 nm 6.0 £ 1.0 um 6.0 um
Attenuation at 1200 nm <30 dB/km 21 dB/km
Low-pass cut-off wavelength 850 — 950 nm 930 nm
Cladding diameter 124.7+ 1.0 um 125.0+ 0.3 um
Coating diameter 250.0 £10.0 pm 252.0£0.6 um
Screen proof tested > 100 kpsi 100 kpsi
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Table B-3: SMF optical and physical properties
Optical and physical properties Specification
Numerical aperture 0.14

Mode field diameter at 1060 nm 6.2+ 0.3 um
Mode field diameter at 980 nm 5.9+£0.3 um
Maximum attenuation at 1060 nm | 1.5 dB/km
Maximum attenuation at 980 nm 2.1 dB/km
Low-pass cut-off wavelength 920 + 50 nm
Cladding diameter 125 +£0.5 um
Coating diameter 245+ 10 um

Screen proof tested

100, 200 kpsi
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Appendix C Diffraction gratings

Diffraction gratings are commonly used in ultrafast optics to provide anomalous
dispersion to compress pulses of light temporally. Diffraction gratings are known to generate
spatial dispersion. The blue-shifted light off the diffraction grating acquires a smaller angle
of diffraction than the red-shifted components. By placing a second diffraction grating in the
path of the dispersed light, one can recombine the frequencies into a parallel ray of light,
where the red-shifted light has acquired more delay as a result of a longer path length,
translating into effectively increasing the phase velocity of the blue-shifted light.

Grating #1

Figure C-1: Diffraction grating pair geometry

In Figure C-1, b is the slant length between the diffraction gratings, L is the normal
separation, v is the incident angle and 0 is the diffracted angle (which is actually a function
of wavelength, A). The number of lines/mm of the gratings is characterized by the variable d.

The central wavelength and central frequency are 4, and w, respectively.
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In 1969, Treacy found the relationship for the phase-shift off of a grating as a
function of frequency, which came out to [56]:
bA3 (w — wy)?

= Qg b -1 — Wo) —
¢(w) ¢o + bc (1+ cos8)(w — wy) 4nczd2[1—(/1/d—sinl,b)2]

Eq. 10
In Eq. 10, ¢, represents the initial phase shift.

The group velocity dispersion is simply the second derivative of the phase shift with
respect to angular frequency. One can put equation Eq. 10 in terms of 8 to simplify the
derivation. In combination with trigonometric laws to simplify the denominator in Eq. 10,

one can use the grating equation [18]:

. . mA
siny +sinf = —
d
Eq. 11

In the grating equation, m is the order of diffraction, which is equal to -1 since the
first order is the most powerful, and the negative sign indicates the direction.
The simplified equation is:
b3 (w— wy)?
4mc?d? (cos 6)?

P (W) = ¢y + bc (1 + cos 0) (w — wy) —

Eq. 12
The derivative then becomes:
o p(w) ~ —bA3
O w? "~ 2mc2d? (cos 0)?
wW=wy
Eq. 13

The second order dispersion, f,, that is to say, the GVD per unit length (actually
GDD/path length), accumulated across the light’s path length b is simply:

_12°¢(w)

B =350z

wW=wy

Eq. 14

Substituting the GVD equation and returning back to incident angle since it is more
useful experimentally, the equation for anomalous dispersion between two diffraction

gratings is:
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B2 = %
2 2mc2d?[1 — (A/d — sin)?]

Eq. 15

A mirror is used at the output of the diffraction grating pair to pass the light back
through the two gratings. This not only doubles the temporal dispersion attained, but also
undoes for the spatial dispersion by making the blue and red-shifted light return along their
prior paths [26].

So for a grating pair using a retro-reflecting mirror to pass the light back through the
compressor, the equation becomes:

_ 2
- mc2d?[1 — (A/d —siny)?]

B>

Eq. 16
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Appendix D Preliminary experiment for increasing energy with low-doped
gain fiber

N.B. The work in this appendix was done using the electrical channel of the oscilloscope
with a photodetector of only 1.2 GHz, so it is likely that undetected multipulsing is
occurring. The results are still qualitatively useful, even though they do not prove the theory
in section 5.2

The experimental set-up is similar to section 3.2 . The laser cavity was built of the
same components, with some of the fiber parameters changed; the fiber parameters are
determined in section D.1. The zero-order output of the intra-cavity diffraction gratings was
used to capture the chirped pulse on the autocorrelator and to watch for multiple pulses
circulating the cavity with a small temporal separation using an autocorrelator with 120 ps
scanning range. The average power at this port was also used to estimate the power inside
the cavity entering the diffraction gratings; this was calculated using the fixed power
efficiency of the diffraction grating pair and the measured ratio, at a fixed incident angle, of
the zero order reflection to the first order which remains in the cavity.

The level of doping of the gain medium was varied by using lengths of differently
doped ytterbium fiber. The fibers’ characteristics are shown in Appendix B.

As mentioned previously, the average power measured at the zero order output port
during mode-locking was used to estimate the power inside the cavity entering the
diffraction gratings in addition to being the port at which the chirped pulse measurement was
taken with an autocorrelator. The pulse energy circulating inside the cavity was calculated
given the measured ratio, at a fixed incident angle, of the zero order reflection to the power
of light incident on the diffraction grating. The ratio of zero order to incident power was
measured on the 600 line/mm gratings (Edmund Optics, NT49-573) with CW light and was
found to be 0.0386. To determine the energy per pulse inside the cavity (for pulses entering
the PBS), the output energy per pulse was added to the pulse energy remaining in the cavity.
The pulse energy remaining in the cavity was determined from the measured average power
in the zero-order reflection, which was divided by 0.0386 and by the pulse repetition rate to

get the energy.
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D.1 Determining optimal fiber length
Before being able to begin comparing the effects of the length and doping of the gain

fiber within the laser cavity, the optimal lengths of ytterbium fibers to be used for
comparison need to be selected. The optimal lengths of ytterbium gain fibers occur at the
lengths at which there is complete population inversion in the fiber causing the maximal
gain; this can be determined empirically based on the detection of the pump wavelength of
980 nm inside the cavity. If the gain fiber is too short, 980 nm pump breakthrough can be
measured on the optical spectrum analyzer. If the gain fiber is too long, the gain will be
reduced due to reabsorption of the amplified wavelength. It should be noted that the optimal
length of gain fiber is hypothesized to be different under pulsed operation than in CW (due
to the high peak power and slow transition time) and should be shorter than the predicted
lengths from CW simulations.

Initially, simulations were attempted using VPI software using the Giles parameters
of the fibers (i.e. wavelength-dependent absorption and gain coefficients) to try to determine
the optimal lengths of gain fiber for both cases. These simulations predicted that the optimal
gain in CW operation for a fixed pump power would be found at 29 cm of highly doped
Yb214 and at 95 cm for the low-doped fiber, Yb501. No one to our knowledge has studied
determining the optimal length of gain fiber under mode-locking conditions. Using these
values as a starting point, a series of measurements were done for each fiber to determine the
approximate optimal length of operation.

The length of ytterbium fiber was varied by cleaving the fiber and splicing it again to
close the cavity. The mode-locked output energy and energy inside the cavity were measured
and calculated respectively, and this was repeated for a series of lengths for both ytterbium
fibers. The highest energy inside the cavity was taken as an indicator of the optimal length
instead of the actual output energy (though for most cases, they were the same). This highest
energy circulating in the cavity before wave-breaking was used as the indicator for the
optimal length of gain fiber since it is the highest energy per pulse that can be sustained in
the cavity before the limit at which multipulsing occurs. It was determined that the lengths of
ytterbium that produce the highest energy mode-locked pulses inside the cavity can be
compared since they are both optimized; it should be noted that the gain in the optimal

length of Yb214 and Yb501 are not the same. The difference in total gain is not a problem as
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the different rate of gain/length (slope in Figure 5-1) for the two fibers changes the rate of
accumulation of nonlinear phase shift, which in turn changes the energy that can circulate in
the cavity before reaching mode-locking.

While performing the cut-back measurements to determine the optimal lengths of
both fibers, the amplified stimulated emission (ASE) power was measured in CW operation
at both fiber collimators inside the cavity in the forward and backward directions of light
propagation. It was hypothesized that at optimal gain, the ASE power would be equal in both
directions since, but under pumping conditions any noise can be amplified and the results
were unstable. This approach could be improved with a systematic study using a 1030 nm
seed pump in addition to the 980 nm pump laser.

It has been convention in fiber laser experiments to simply use a short gain fiber
since it works well and provides ample gain. For this work, it was important to compare
laser cavities that are as close to being the same as possible with the exception of the length
and doping of the gain fiber; this is why it was significant to compare optimal lengths of

both of the gain fibers.

D.1.1 Yb214 - Highly-doped gain fiber length

To determine the optimal length of gain fiber for the fixed pump power of 530 mW, a
series of measurements is taken for three different lengths of Yb214: 25 cm, 29.5 cm, and 40
cm. The repetition rate was held constant by compensating for the change in length of gain
fiber by adding SMF. Figure D-1 shows the output energy for each length at several values
of GVD to feel confident in the measurements. Figure D-2 shows the total maximal energy
per pulse inside the cavity (before the output port and after the gain section). It is clear that
the 25 cm length of gain fiber provides the lowest output power for most values of GVD, but
also the largest total power. For this reason, 25 cm was selected as the optimal length. It
should be noted that at 25 cm there was a small amount of 980 nm breakthrough detected,
which implies that this length is in fact very close to the length of perfect pump absorption at

the maximum pump power of 530 mW.
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Figure D-1: Output energy vs. GVD for various lengths of Yb214 highly-doped gain fiber
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Figure D-2: Energy inside the cavity after the output port vs. GVD for Yb214 highly-doped
gain fiber
D.1.2 Yb501 - Low-doped gain fiber length

The same set of measurements was repeated for several lengths of low-doped gain
fiber, Yb501. The lengths investigated were: 55.5 cm, 65 cm, 82.5 cm, and 102.5 cm. The
core absorption of the highly doped fiber was nearly 3 times that of the Yb501, so it was
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expected that the optimal length will be much longer than the length of Yb214. Figure D-3
shows the output energy, which was highest at 65 cm, and then 102.5 cm. Figure D-4
similarly shows that 65 cm is highest total energy followed again by 102.5 cm. However, all
of the total energy values are confined to a range of 2 nJ. 102.5 cm was chosen as the
optimal length for comparison due to it having a more stable operating point and that it has a
very high total energy per pulse. Furthermore, since I am trying to prove that the long, low-
doped case provides higher energy, it was more critical to carefully optimize the highly
doped case than the low-doped. If the hypothesis is proven with a low-doped gain fiber
length that is not quite optimal, it would only be proven more convincingly with an ideal

case.
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Figure D-3: Output energy vs. GVD for various lengths of Yb501 low-doped gain fiber
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D.2 Results

For the optimal length of gain fiber for both cases, a set of measurements was taken
to determine if the slow accumulation of nonlinear phase shift helps to increase the total
energy generated before wave breaking. For a series of intracavity GVD values, average
power is measured at the output port and at the zero order reflection off of the intracavity
diffraction gratings. The repetition rate, pulse train, spectral width, chirped and dechirped
pulse widths are recorded for each point. The repetition rate is held constant by
compensating the change in length of gain fiber with SMF in the nonlinear region of the
cavity. This keeps the repetition rate the same and also the effective nonlinear length the

same for the sake of the consistency of the NPE mode-locking.

D.2.1 Yb214 - Highly-doped gain fiber results

The optimal length of the highly doped ytterbium gain fiber (CorActive, Yb214) for
the laser cavity for a fixed set of cavity conditions was found to be 25 cm (with a doping
level of 1.85 x 10 jon/m’ and a 6 pum core diameter) as this was where the highest total
energy was found circulating the cavity. This length of gain fiber gives 4.1 nJ of mode-
locked output energy with a net normal GVD of 0.0289 ps” at the point of maximal energy

inside the cavity as shown in Figure D-5. It was necessary to optimize the total energy inside
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the cavity to ensure that the nonlinear phase shift is the same in both the high and low doped
gain fibers. It should be noted that the theory suggests that output energy must increase with
increasing total cavity GVD [17]; however it can be seen in Figure D-5 that the energy is a
monotonic function with changing GVD. This may be due to the saturation of the NPE, since
its sinusoidal transmission function may be blocking energies at certain values of power
[57]. This pulse is recognized as a similariton pulse due to the parabolic spectrum inside and
outside the cavity and also from the relationship between the anomalous dispersion required
to dechirp the parabolic pulse compared to the intracavity grating dispersion as shown in

Figure D-6.
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Figure D-5: Total energy inside cavity per pulse after nonlinear SMF and output energy at
rejection port, versus net cavity GVD for 25 cm of highly doped Yb (149.5 cm SMF after the
gain length)
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Figure D-6: Comparison of dispersion contributed from intracavity gratings and dechirping
gratings

Figure D-6 shows that the pulse is always positively chirped inside the cavity since
the magnitude of the anomalous dispersion required for optimal compression is larger than
the intracavity anomalous dispersion, which indicates that the pulse is highly positively
chirped before being injected into the normal dispersion SMF after the intracavity gratings;
the positive chirp throughout the cavity in combination with the parabolic spectral shape
support that this is in fact a self-similar mode of operation [40].

Since it is known that the pulses are parabolic, the measured pulse width from the
autocorrelator was compensated by a factor of 0.875 to account for the shape [30]. As
mentioned, the maximal energy inside the cavity occurs at a net GVD of 0.0289 ps®, which
generates 4.1 nJ at the output port. Figure D-7 shows the chirped pulse (5.8 ps FWHM), the
dechirped (compressed) pulse (170 fs FWHM), the waveform with a repetition rate of 30.29
MHz, and the spectrum with a bandwidth of 19.92 nm.
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Figure D-7: Output pulse characteristics for 25 cm of highly doped Yb fiber with a net GVD of
0.0289 ps’(A) Chirped pulse with actual width 5.8 ps, (B) Dechirped pulse with actual width
170 fs, (C) waveform at 30.29 MHz on oscilloscope showing no multiple pulsing on the zoomed-
in pulse envelop shown in the inset, (D) parabolic spectral bandwidth (19.92 nm).

D.2.2 Yb501 - Low-doped gain fiber results

The maximum total energy circulating the cavity was found to occur at 102.5 cm
using the lower doped gain fiber (CorActive Y6501), which has a doping level of 1.26 x 10*°
ion/m’ and also a 6 pm core diameter. After replacing the highly doped gain fiber with the
longer, lower doped fiber, the nonlinearly acting SMF after the gain fiber was shortened to
keep the effective nonlinear length the same in both cases and also to maintain the repetition
rate at 30.3 MHz. The maximal energy inside the cavity appeared at the extreme point at
0.0222 ps*; however, this value has uncharacteristically low output energy. To maintain a
constant net GVD to compare with the highly-doped case, the next highest total cavity
energy point was used for the comparison, which occurs at 0.0237 ps”. The output energy for
this point is 8.4 nJ, as shown in Figure D-8, and Figure D-9 supports that this is in fact a self-
similar mode of operation. Figure D-10 shows the chirped pulse (4.4 ps), the dechirped pulse
(146 fs), the waveform with repetition rate of 30.33 MHz, and the parabolic spectrum with a
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bandwidth of 24.72 nm for the optimal length of low-doped Yb gain fiber for these cavity

conditions based on maximal total energy circulating in the cavity.
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Figure D-8: Total energy inside cavity per pulse after nonlinear single mode fiber, and output

energy at rejection port, versus net cavity GVD for 102.5 cm of highly doped Yb (72cm SMF
after the gain length)
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Figure D-10: Output pulse characteristics for 102.5 cm of low doped Yb fiber with a net GVD
of 0.0237 ps’ (A) Chirped pulse with actual width 4.4 ps, (B) Dechirped pulse with actual width
146 fs, (C) waveform at 30.33 MHz on oscilloscope showing no multiple pulsing on the zoomed-
in pulse envelop shown in the inset, (D) parabolic spectral bandwidth (24.72 nm)

D.3 Comparison

The application of the low-doped gain fiber produced a higher output energy (8.4 nJ)
compared to the highly-doped gain fiber (4.1 nJ) under the same cavity conditions (i.e.
repetition rate, effective nonlinear length and nonlinear phase shift) which supports the
theory for generating more energetic pulses. The spectrum is broader and the compressed
pulse width is shorter for the low-doped case (24.72 nm and 146 fs for the low-doped; 19.92
nm and 170 fs for the highly-doped).

The resulting peak power of the low-doped case is also higher (23.5 kW compared to
10.0 kW for the highly doped case) as expected after the set of compression gratings, which
have a total efficiency of 0.8* since each grating degrades the power by 20%. It should be
noted that the amplified stimulated emission (ASE) output after the gain fiber for both cases

showed only small amounts of pump wavelength (980 nm) breakthrough. This indicated
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ideal population inversion before re-absorption of pump, which further supports that the

lengths of fiber used were correct.
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