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The advantage of fiber lasers is self-evident. Fiber is relatively low cost, flex-
ible for compact design, has a large surface area to volume ratio for efficient heat
dissipation, is alignment free, and provides good spatial beam quality due to its
properties as a waveguide. It can be highly user friendly due to the minimum
maintenance and much lower cost. The performance increases in fiber lasers
have allowed them to reach applications in the fields of manufacturing with las-
ing machining, multi-photon biological imaging, and laser surgery. Moreover,
fiber laser has rich nonlinearity so it provides a good play ground for nonlinear
phenomena study, such as Rogue waves.

Before 5 years ago, fiber laser had been dominated by soliton lasers [47] [9],
which gives good performance for solid state laser but has limited performance
for fiber lasers due to the accumulated large nonlinear phase due from strong
confined wave propagation within the small core of the fiber and relative large
local dispersion to generate short pulses according to the area theorem. The or-
dinary soliton fiber laser has limited pulse energy of 0.1 n]J. For dispersion man-
aged (DM) soliton fiber lasers, although the nonlinearity could be controlled
to some extend by temporal pulse broadening inside the cavity, which results
an order of magnitude increase of energy, it is still hard for fiber laser to com-
pete with solid state lasers in energy. Recent developments in the field of fiber

lasers over the past five years , particularly the dissipative soliton lasers at nor-



mal dispersion regime [1] showed a different nonlinear solution which does not
constrained by soliton area theorem, have enabled fiber lasers to compete with
solid state lasers in terms of energy around 100 fs regime.

To compete with solid state lasers, fiber lasers also must be able to achieve
short pulses down to a few cycles. Solid state gain media have gain bandwidths
of hundreds of nanometers while the bandwidth of doped fiber is around 40 nm,
which fundamentally limits the shortest pulses available from fiber source
based on commonly used mode locking mechanisms. Since the gain will act
like a filter to limit the possible average cavity solution both both soliton and
dissipative soliton lasers. Another difficulty is the relative large net dispersion
of fiber lasers compared with solid state lasers, which starts to place additional
limits on the pulse durations below 100 fs. Although 100 fs pulses can be rou-
tinely generated from fiber lasers, pulses as short as a few cycles are harder to
stabilize than in solid state lasers.

Over the past few decades, fiber lasers were typically made with Er-doped
fiber and later with Yb-doped fiber. Tm fiber lasers have drawn people’s at-
tention due to its potential applications for high harmonic generation, mid-IR
pumping source and many other areas. In this thesis, fiber lasers with different
gain medium, Erbium, Ytterbium and Thulium, will be presented with the ef-
fort of generating short pulses through the use of different mode locking mecha-
nisms. The extended self-similar propagation, which is different from previous
average cavity analysis, will be introduced as a route to few cycle pulse gener-
ation. Pulses as short a 6 cycles have been generated for both Yb and Er lasers.
The extended self-similar propagation can occur in either a piece of highly non-
linear fiber through passive self-similar propagation of parabolic pulses in nor-

mal dispersion fiber or through a segment of dispersion decreasing fiber, which



has a mathematical analogy to self- similar propagation in a gain fiber. The de-
sign guide for this type of cavity will be given, and energy scaling of this cavity

with large core fibers will be discussed.
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CHAPTER 1
INTRODUCTION

The development of ultrafast sources and technology has opened doors for basic
scientific research in areas such as chemistry and biology and in technological
development such as telecommunication and micro-machining. For example,
the shortest pulse will determine the fastest movement we can catch and study.
Although continuous wave (CW) lasers are widely used in machining, pulses
as short as 100 fs are found to give the best cutting in terms of quality and effi-
ciency, which is very useful for high precision manufacturing of things such as
medical devices. The growth of these fields also promotes the study of ultrafast
science to understand fundamental limits and to develop new sources based on

new understanding.

Until recently, solid state lasers, well represented by the Ti:sapphire laser,
dominated the market of ultrafast tools. Its material and spectroscopic prop-
erties enables both high energy and short pulses. The shortest pulses it can
generate, enabled by its large gain bandwidth, is 3 fs at 800 nm. The amplified
system can reach mJ level. However, the high cost and demanding maintenance
of solid state lasers set barriers to their potential users and widespread applica-

tions.

Fiber lasers have intrinsic advantages over solid state lasers in terms of cost,
compactness, and required maintenance. The growth of the telecommunica-
tions industry helped provide various fiber components at low cost. The bend-
ing property of fiber makes lasers made from it much more compact at all repe-
tition rates. As a natural waveguide, the alignment of the laser is minimized to

simple collimator alignment or even reduced to none for all fiber cavity. Fiber



also has a large surface area to volume ratio, which acts to dissipate heat ef-
ficiently and eliminates the need for cooling in most fiber lasers. Those prop-
erties are very user friendly and result in low maintenance. Thus, fiber lasers
have great potential to be routinely used for a variety of applications and even

in clinical settings.

The limitations of fiber lasers are also a result of the properties of fiber. The
tight confinement of the light within the fiber gives large accumulated nonlin-
ear phase, which bounds the highest energy fiber lasers can achieve without
care. But the strong nonlinearity of fiber also allows it to exhibit rich nonlinear
phenomena, which make fiber lasers an appropriate medium in which to study
nonlinear science, such as Rogue Wave. Fiber lasers also have relative large dis-
persion due to the length of the fiber needed to make a cavity. Another draw-
back of fiber lasers is that there are a limited choice gain media, which all have
much narrow gain bandwidths than solid state lasers. The gain bandwidth will
fundamentally limit the shortest pulse available from fiber oscillators without

innovative ideas.

The potential advantages of fiber have motivated researchers to overcome
the problems associated with fiber. Rapid progress has been made in the field of
fiber lasers to the point where their performance is catching up with solid state
lasers quickly. New discoveries in science and technology have enables these

advances.

Recently a dissipative soliton laser has been presented by Andy Chong [1]
and co-workers. It shows that a solution of cubic Ginzburg-Landau equation
(CGLE) exists in a normal dispersion fiber laser which offers comparable per-

formance to solid state lasers in the 100 fs regime. The system requires a spectral



filter to support the solution for the dissipative process and to help to stabilize
the cavity. This type of laser has already been used for several biological imag-
ing applications and is on the market at 1/3 or even less the cost of a compa-
rable solid state laser. However, it is hard for dissipative soliton lasers to go
below 80 fs since the nonlinear phase in this type of laser is controlled through
the of use large normal dispersion to linearize the phase. Analytical solutions
show that less net cavity dispersion is required to achieve shorter pulse dura-
tions. Thus, the minimum normal dispersion of the cavity limits the shortest

pulse this laser can generate.

Fiber lasers based on self-similar propagation in the gain fiber have also been
recently demonstrated [2] [3]. The gain fiber attractor supports a parabolic pulse
with quadratic nonlinear phase that can be fully compensated by linear chirp.
This type of laser generates shorter pulses than are achievable with a dissipative
soliton laser. However, due to the limited gain bandwidth, the shortest pulses
that can be are around 40 fs for an Yb-doped laser since the gain bandwidth
will act like a filter and interrupt the self-similar propagation, which eventually

leads to wave breaking.

Overcoming the gain bandwidth limitation and continuing the self-similar
propagation is a route to generate few cycle pulses with fiber laser. Two meth-
ods are presented in this thesis to extend the self-similar propagation within
the fiber oscillator. One is with highly nonlinear normal dispersion fiber that
utilizes passive parabolic propagation in the normal dispersion fiber [4] . The
other uses dispersion decreasing fiber (DDF), which is mathematically equiv-
alent to a piece of gain fiber but without the gain bandwidth limit [5]). Both

methods have generated pulses as short as 20 fs in Yb-doped fiber lasers. The



broadest spectrum from an Er-doped laser was generated with a highly nonlin-
ear normal dispersion fiber after the gain. The DDF cavity exhibits better phase
control of the pulse and can be a route to pulses down to 10 fs. Optimization of
the DDF cavity, combined with energy scaling by using larger-core fiber, predict
performance directly comparable with solid state lasers in terms of both pulse

duration and pulse energy.

1.1 Organization of the thesis

The rest of the thesis is organized as follows. Chapter 1 will introduce differ-
ent nonlinear attractors in fibers and their manifestation in fiber oscillators as
a background to mode locking fiber lasers. This discussion will include soli-
ton, dissipative soliton, and amplifier similariton lasers. The theoretical limits
of each attractor will be discussed. Fiber lasers with different wavelengths will
be summarized briefly with the focus on Erbium, Ytterbium, and Thulium gain.
The crucial components in fiber lasers needed to assist mode locking will be
introduced. The rest of the thesis will be presented as a catalog of different
wavelength lasers based on my works in the Wise group, although the same
mode locking mechanisms hold for all wavelengths, although each different
regime has its own feature and problems to overcome. Chapter 2 introduces
short pulses generation from Er-doped fiber lasers including soliton lasers, dis-
sipative soliton lasers, amplifier similariton lasers, and enhanced bandwidth
generation based on self-similar propagation. Design guides for each type of
laser will be presented for different application purposes. Chapter 3 introduces
Yb-doped fiber lasers with the emphasis on the DDF laser. The theory and de-

sign guide for the DDF laser will be shown. It will also demonstrate the initial



work on energy scaling of extended amplifier similariton lasers with a passive
tiber. Chapter 4 introduces Tm-doped fiber lasers including a Tm soliton laser
and a Tm large normal dispersion fiber laser. Initial simulations with a normal
dispersion Tm fiber will also be presented as a starting point for future experi-

ments.

1.2 Nonlinear attractors to generate short pulses from fiber

laser

A piece of fiber (k2>0) can be modeled by the well know nonlinear Schrodinger
equation(NLSE).

0A g B 0*A ,33
04 _84_n04 AP)A 11
oz 270 7 '2 363+l(||) (1.1)

where g is the gain, for passive fibers this term can be taken off. 3, is the second

order dispersion, v is the nonlinear coefficient, For pulses longer than 100 fs, the

third order dispersion term is negligible.

In the anomalous dispersion regime, for both passive and active fiber, the
bright soliton exists, which is a strong nonlinear attractor formed from the bal-
ance of nonlinearity and dispersion. This topic and its applicationwill be intro-

duced in section 1.2.1.

In the normal dispersion regime, passive fiber, exhibit a parabola solution,
shown by Anderson [6] that is not a nonlinear attractor and cannot form a
parabola pulse by itself. There is also a solution called dark soliton but it will be

be covered in this thesis. For gain fiber, a solution called amplifier similariton



exists as demonstrated by Fermann [7] which can attractor pulses with any ini-
tial shape to its local attractor to be a parabolic pulse shape and propagate self
similarly afterward. These two types of self similar solutions will be discussed

in section 1.2.3.

There is another more complex equation called the cubic-quintic Ginzburg-
Landau equation (CQGLE) for fiber system. This equation add higher order
nonlinearity(saturable absorption), gain filtering( or any kind of filtering) and
to the basic NLSE. Those two additional terms correspond to commonly used
components in practical laser systems. This equation has an analytical solution

called a dissipative soliton which will be covered in 1.2.2.

1.2.1 Soliton

Soliton in Anomalous Dispersion Fiber

Soliton (also called bright soliton) is the famous attractor with the balancing of
nonlinear phase and anomalous dispersion. It maintains its shape and energy
along the propagation once it is formed. It has many solutions for each integer
value of

N = yP(t)*/|B>. (1.2)

For N>1, those are called high order soliton. Here and in this thesis, we focus
on the case of N = 1 fundamental soliton,which was described by the equation

(1.3) and its solution shown below (1.4):

0A  BpdA
5 = 12 v + 1y(JA])A (1.3)
A(t,z) = ApS ech(t/ty)e™? (1.4)



By plugging the solution to NLSE, we have a simple relation between the pulse
parameters and the system parameters as described what is called soliton area

theorem below [8]:

E
" v

(1.5)

The soliton solution has been widely observed in different physical systems.
The fundamental soliton has the property of maintaining its shape along the
fiber once it is formed and is such a strong attractor that it can tolerate large
perturbation, such as gain and loss , and come back to its initial shape.Therefore
it is naturally a good candidate to make a feed back laser simply by splicing
the fiber to make a loop. A soliton will fit the periodic boundary condition
easily and a saturable absorber will help to form the pulse from noise after many
round trips. Once the laser reaches steady state, the solution propagates as it

would in passive fiber.

Simple as it is, soliton lasers dominated the field of mode locking fiber laser
for more than 2 decades and has found applications in many areas such as in
telecommunications system. The limit of soliton lasers is that, according to the
area theorem, the pulse energy is clamped by balancing nonlinearity and dis-
persion, which usually ends up being 0.1 nJ for a standard 6 um single mode
fiber. There have been many method used to increase the pulse energy. The
commonly used one is to use large core fiber with less nonlinearity. In this the-
sis, an exploration of the perturbation tolerance of soliton lasers will be carried

out in Section 2.1 as a way to get high energy soliton lasers.



Dispersion Managed Soliton

A group at MIT proposed a method to overcome the soliton energy clamping
by introducing a breathing solution of NLSE [9] with 8, and y vary along the

propagation.
oA _ B PAR)
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The laser has both normal and anomalous dispersion segments inside the cavity.
The pulse will be broadened and narrowed twice in the time domain as a way
to manage the nonlinearity by reducing the peak power. The spectrum of the
pulse will keep the same inside the cavity. The system output energy when the
pulse reaches the shortest pulse duration and the pulse is mostly chirped inside
the cavity. This avoid excessive nonlinear phase accumulation. Although the
pulse is now a breathing solution, its periodic evolution makes it still easy to
make a laser cavity. This method can increase the pulse energy by a order of

magnitude. More importantly, the laser works around net zero dispersion so

this method is and has been a way to generate very short pulses.

1.2.2 Dissipative Solitons

The study and development of dissipative soliton have drawn much attention
in the past few years. First of all, it is a solution that is well known in the math-
ematical field but hardly paid attention to in the physical science, especially in
the field of lasers. People have been so focused on the two soliton solutions
that dispersion compensate was always used in order to receive high perfor-
mance. Second, the performance of dissipative soliton has orders of magnitude

increase compared with traditional soliton, which makes it directly compara-



ble to solid state lasers. As a further motivation predicted by analytical theory,
pulses without energy limit are possible at the condition known as dissipative

soliton resonance.

The major difference between dissipative solitons and solitons is the process
of essential dissipative within the laser cavity, which is facilitated by a filter as
shown in both the equation and experiment. The laser cavity has a spectral
breathing factor of 5. The physical explanation of the spectral filter is that it cut
the highly chirped pulse in both temporal and spectral domain to ensure the

pulse satisfies the periodic boundary condition.

Dissipative solitons are solutions of CQGLE which has the following non-

dimensional form of
DQ o)
U, =gU+(1=i=)Uy + E +)UPU + 2UP, (1.7)
Y Y

Where D is the GVD, g is the net gain and loss, Q is the filter bandwidth squared,
@ is a cubic saturable absorber term, § is a quintic saturable absorber term, y
refers to the cubic refractive nonlinearity of the medium, U is the product of
the electric field envelope and +/y, z is the propagation coordinate and ¢ is the

product of the local time and VQ. This equation admits the following exact

Ue | A fneoniie (1.8)
cosh(f) + B

Although the solution looks complicated, the dissipative soliton that will be

solution:

introduced in this thesis is for the range -1<B<1. Laser operating at this regime
are commonly known as All Normal Dispersion (Andi) lasers. This type of laser
can routinely generate 100 fs pulse with a few nJ. Energy scaling of this laser has

so far made a 31 fs, 84 nJ pulse [10] although the pulse quality was sacrificed due



to the gain bandwidth limit.

The other regimes of B have not been explored extensively but they could
have potentially very interesting physics and performance. For example, when
B>1, it has a flat top rectangularly shaped highly chirped pulse. Although it
is hard to dechirp in practice, it is believed to be a route to dissipative soliton

resonance for unlimited energy.

1.2.3 Similaritons
Passive Simlaritons

Anderson and coworkers [6]has found a wave-breaking free solution of normal
dispersion fiber:

A%(1,0) = AX(1 — ;2) (1.9)

It is a self similar solution since the form is invariant upon propagation, which
can be understood intuitively as the parabola shape of the pulse will gener-
ate parabolic phase in time domain due to self phase modulation (SPM). For a
highly chirped parabola pulse, it also has parabolic spectrum shape which is
the same phase shape GVD will add to the spectrum domain. The phase of the
pulse keeps its shape in both time and spectrum domain along probation and
so is the pulse shape itself. The parabola pulse shape in time domain is more
important as it is usually the nonlinear phase caused by SPM that causes wave
breaking. Self-similar evolution is a powerful technique to avoid distortion of
optical pulses that propagate nonlinearly. Pulses with a parabolic intensity pro-

file and linear frequency chirp can propagate without wave breaking within a
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normal dispersion, which is an attractive feature for many applications.

As mentioned before, this type of solution is not a nonlinear attractor so it is
suitable to make a mode lock a laser from this mechanism. However, it could be
used as part of the cavity to manipulate the pulse propagation with the present

of other mode locking mechanism.

Amplifier Similariton

With the gain term g present and normal dispersion 5,>0 in the NLSE,

0A g, phdA
— =2A-—=— A[DA 1.10

Fermann and coworkers [7] has found an asymptotic solution of

A1) = Ag@) V1 = (t/16(2))2 QO for t < 1y(2) (1.11)

For an amplifier with constant gain, this asymptotic solution is a nonlinear
attractor which means when the initial condition (mainly the energy) is close
enough to the attractor range, they will all be evolving into the self-similar so-
lution. The difference between Anderson self similar pulse and amplifier simi-

lariton is shown is Fig. 1.1.

A useful feature of these pulse is that the chirped self-similar pulses (some-
times referred as “similariton”) can be compressed to the Fourier-transform
limit by simply passing them through a dispersive delay. More importantly,
the bandwidth of the pulse can increase exponentially without wave breaking
limit except the gain bandwidth limit, which could be avoided by other meth-
ods described in Chapter 2 and Chapter 3.
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Figure 1.1: Illustration of self similar evolution in passive fiber(left) and
amplifier(right)

Although the self similar amplifier has been developed for more than a
decade, it was hard to make a feedback laser from amplifier similariton because
the monotonic evolution of the pulse in a local attractor makes it hard to fit
into a feedback loop. Recently, Oktem [2] demonstrated a soliton similariton Er
laser with a soliton formation before the gain as the right initial condition for
the gain attractor. Renninger [3] used a narrow filter (4 nm ) to cut back the
highly chirped pulse to its initial condition which allows it to reach parabola
pulse within the gain segment. Both methods demonstrate the feasibility of sta-
bilize the local attractor in a laser cavity and the gain attractor itself works as a

key mechanism to mode lock the laser.
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1.3 Colorful Fiber Laser

The wavelength of the fiber laser is dependent on the fiber doping with rare
earth ions based on stimulated emission from excited atoms or ions such as
erbium (Er3+), neodymium (Nd3+), ytterbium (Yb3+), thulium (Tm3+), or
praseodymium (Pr3+). Although fiber lasers with all these doping have been re-
ported, for mode locking lasers, Er and Yb are the two well developed medium.
For the past few years, the improvement of Tm doped gain fiber has drawn
much attention to developing mode locked Tm laser. Raman fiber laser is an-
other way to generate different frequencies with the gain medium based on
stimulated Raman scattering. Mode locked Raman Soliton laser [11] and Ra-

man self similar laser [12] have been reported.

In this thesis, we will focus on the three most actively studied mode locking
gain medium: Er, Yb and Tm. Different mode locking regime will be demon-
strated in Er laser. New development for fiber lasers at 1 yum and 2 ym will be

presented.

1.4 Mode Lockers

Despite of all the nonlinear attractor and mode locking mechanism, for most
fiber lasers with limited length of fiber, some assists such as saturable absorbers
are needed to start the pulse from noise; for cavities with more dramatic evo-
lution, pulses needed to be brought back by extra force such as spectral filter
to be self sustained within a loop. Once the laser reach steady state, all those

components works together for pulse shaping and stabilize the cavity.
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1.4.1 Saturable Absorbers

Saturable absorbers have the nonlinear property of transmitting higher inten-
sity light more than lower intensity light. Therefore, they help to select the
pulse from the noisy background and gradually build up the pulse through
many round trips. The principle of saturable absorption (SA) is illustrated in

Fig.1.2 below. Any component or physical process that has such a nonlinear

Figure 1.2: Illustration of saturable absorption

loss property can be used as a saturable absorber. For example, the Kerr lens
effect is used as an SA for many solid state lasers. The most commonly used
SAs in fiber lasers are: carbon nanotube (CNT) absorbers, nonlinear loop mir-
rors, semiconductor saturable absorber mirrors (SESAMs), and nonlinear polar-
ization evolution (NPE). Among these, NPE has the fastest response time and

largest saturation depth, so it is mainly used in the work of this thesis.

SESAM

SESAMs are formed from a Bragg mirror on a saturable absorbing semiconduc-

tor material. These can be modeled by the equation below when their recovery
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time is much shorter than the pulse duration:

2
R=1-T,/1+ A0

(1.12)

sat

where T is the transmission at low intensity and Psat) is the saturation en-
ergy. SESAM has been developed for many years and are widely used in fiber
lasers in both Yb and Er system. There are commercially available with dif-
ferent modulation depths and fast response times. Batop is one of the SESAM

companies where details and reviews of SESAM could be found.

SESAMs have the advantage of simple implementation, but they are relative
expensive and subject to damage at high powers and with extended use. In ad-
dition, it has fixed modulation depth and therefore will allow limited accessible

modes.

Single-Walled Carbon Nanotube(SWCNT) Absorbers

The optical property of SWCNTs has have been demonstrated less than a decade
ago, but they have already attracted a lot interest particularly in the field of
ultrafast fiber lasers as a fast, inexpensive, fiber-integrated SAs. Depending on
the diameter of the nanotube, it they can work as saturable absorbers at a large
range of wavelengths. There are many ways to a fiber formatted make SWCNT
SAs in a fiber format, including depositing the carbon nanotubes on the end of
the fiber and or around the a tapered fiber. The technology of making a robust,
high power SWCNT is still under development,. But but progresses have has
been made so that they are now be used reliably in low power operation at
1.55 um. SWCNTs can not tolerate long time operation due to optical bleaching.

An all fiber Er-doped mode locked laser with a SWCNT SA will be introduced
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in Chapter 2. Fig.3 shows the saturable absorber absorption property from of a

fiber formatted SWCNT [13].
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Figure 1.3: Absorption of a fiber taper embedded in a SWCNT-polymer
composite as a function of the average input power. Inset: dia-
gram showing an embedded fiber taper used as a SA.

Nonlinear Optical Loop Mirrors(NOLMs

NOLMs were proposed initially as a switching device based on the nonlinear
phase induced by self phase modulation(SPM) [14]. The configuration of a
NOLM is shown in Fig.1.4.

The lengths of the two paths are the same. When the output ratione is NOT

1/2, nonlinearity will make the phase accumulation different for the two paths.
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coupler
Figure 1.4: The loop mirror configuration
The transmission curve can then be expressed as:

|EQ2] = |EIN)]*[1 - 4a(1 - a)]. (1.13)

Fig.1.5 shows the transmission curve with different value of a:

a=01
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a=04
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Figure 1.5: The transfer function of a NOLM input power in the units of
kilowatt-meters
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To reduce the fiber lengths needed, gain fibers are used to make nonlinear
amplifying loop mirrors (NALMSs).The advantages of NOLMs are their fiber
integration, robustness, and very low cost. However, practical implementations
of NOLMs as SAs in fiber lasers show that they tend to mode lock relative long
pulses(>300 fs) [15].

Nonlinear Polarization Evolution

The detailed theoretical analysis of NPE is difficult. But it can be intuitively un-
derstood as an artificial SA that forms as a result of self-phase modulation and
cross phase modulation(XPM) of two orthogonally polarized light components.
The typical NPE implementation in a fiber laser cavity is shown in Fig.1.6. When
the total length of the fiber cavity is too long( comparable to fiber beat length),

the performance of NPE mode locked lasers will be compromised. The differ-

- - {0

awe Polarizer QWP HWP

1 ® fiber

Figure 1.6: Standard NPE set up for a fiber laser cavity. HWP: half wave-
plate and QWP: quarter-waveplate.

ence of rotation angle A¢ for the two circular polarization modes E.=E,+-iE,

can be written as:

L
Ap = ZX(EP - IED) (1.14)
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To guarantee angle rotation happens, a polarizer and a quarter wave plate are
used to ensure elliptical polarization. After the pulse accumulates nonlinear
phase within the fiber to rotate its polarization orientation, an half and a quar-
ter wave plate adjust the polarization to match the polarizer. The polarization
mismatch between pulses and the polarizer also determine the output ration of

the laser cavity. The output from the polarizer after a round trip is shown below:
1
I= E[l — sin(Qay)sin(2a,) + cosay)cosay)cos2(ay + a; — 26, + 6¢))].  (1.15)

where a,6 are the angles of quarter wave plate and half wave plate respectively.
The last term of the transmission function is where the SA function happens
when proper angels of the wave plates are set. See Ref [16], and Taura’s thesis

for more detailed analysis and other configuration of NPE as a SA.

1.4.2 Spectral Filters

Spectral filters can help pulse shaping by removing side lobes on the spectrum
and to some extent by helping select the pulse from noise. The spectral filters
used most for fiber lasers have a bandpass transmission curve. This is especially
important for dissipative soliton mode locking as it is an essential component
for supporting the solution. Filters are also used heavily in amplifier similari-
ton lasers as the most convenient way to stabilize the feedback loop. But other
methods such as soliton formation and spectral compression can also be used
to stabilize amplifier similariton lasers. In general, a proper spectral filter is al-
ways found to be helpful in mode locking fiber lasers even it is not the major

mode locking mechanism.
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Birefringence Filters(BFs)

The principle behind BFs is the phase shift of orthogonal polarization states
of light upon propagation through a birefringent material. The phase shift is
wavelength dependent. When the beam has a wavelength dependent polariza-
tion rotation, it will have a wavelength dependent loss after a linear polarizer.
In fiber lasers, BFs are formed by a birefringent plate and a polarizer which is
also used as the output. The phase shift from the birefringent plate and its trans-
mission function after a linear polarizer can be expressed as follows, when the
angle of the polarizer with respect to the principle axis of the birefringent plate
is 45 degrees.

Ag = 27”(;16 —n,)dT = cos*(A¢/2) (1.16)

The thickness of the birefringent plate determines the period of the transmis-
sion curve and therefore decide the bandwidth of the filter. The Measured BF

bandwidth versus the thickness of the quartz plate at 1um is shown in Fig.1.7

below.
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Figure 1.7: BF bandwidth vs. the thickness of the quartz plate. 1T=0.5mm.

20



Interference Filters

Interference filters can form bandpass filters, long pass filters, or low pass fil-
ters. They function by transmitting one or more spectral bands while reflective
to others. An interference filter has multiple layers of dielectric material with
different refractive indices. The different wavelengths will experience different
transmissions due to the influence of constructive and destructive interference.
The filter is usually operated at normal incidence , while increasing the incident
angle will tune the center wavelength of the spectral filter. The transmission

curve can be expressed as:

sinZ0

Ao =4/l - (1.17)

n2
where 6 is the incident angle, A, is the center wavelength of transmission curve,

Ao is the center wavelength at normal incidence and # is the refractive index of

the material between two dielectric walls.

One practical draw back to the interference filter is that the peak transmis-
sion is low, usually less than 70 percent, which introduces extra loss to the cavity.

But it is still used widely in fiber laser cavities to assist mode locking [?,2].

Gaussian Filters

The extra structure of a filter can affect the performance of the laser and even
prevent it from mode locking. The motivation behind using a Gaussian filter
is that it has a clean single peak without periodic or secondary structure as in
many other filters. In addition, a gaussian shaped pulse is generally used in

nonlinear pulse probation analysis.
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One way to make a Gaussian filter is to use a dispersive element such as a

grating or prism and a single mode filter as shown in Fig.1.8 below. The beam

/

Figure 1.8: Schematic of a typical Gaussian filter as used in a fiber laser

becomes wavelength dependent spatially, and the single mode fiber has a Gaus-
sian mode. The combination of the two components will generate a filter with
a Gaussian profile. The bandwidth of the filter is dependent on the dispersion,
beam size, fiber size, and the distance between the two components. Gener-
ally, increasing the beam size, dispersion, and distance between the two will
decrease the filter bandwidth. Increasing the fiber size will result increasing the
filter bandwidth. Changing the incident angle to the dispersive element or the
position of the fiber can tune the center wavelength of the filter. This technique
can generate filters as narrow as a couple of nm, which is suitable for amplifier
similariton laser cavities. There is typically a 30 % loss from a grating due to the

reflection and higher order diffraction, which so far can be tolerated by most
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mode locked lasers but will become the limit of performance eventually. In the

future, less lossy Gaussian filters need to be developed.
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CHAPTER 2
ER FIBER LASER

It is a natural gift that the spontaneous emission of Erbium doped fiber hap-
pens to overlap with the most widely used telecom windows around 1.55 um.
The losses of silica fibers are lowest in this region. Although the fiber disper-
sion is usually anomalous but can be tailored with great flexibility by methods
like dispersion shifted fiber or simply changing the core size the increase the
waveguide dispersion. The booming of the optical fiber communication pre-
pared various components at 1.55 um regime as long as developed tools and
technique for fibers in general. Therefore, compared with other wavelength, Er-
doped fiber laser is the easiest candidate to make a real all fiber compact laser.
This wavelength regime is not only important for telecommunication but could
also be used to big-imaging and many other applications as an eye-safe opera-

tion wavelength regime.

2.1 High Energy Soliton Fiber Laser

2.1.1 Introduction

For the soliton operation, fiber laser has its disadvantage of confining the light
in a small core, which results in excessive nonlinear phase shift. Therefore the
energy from soliton fiber laser is usually limited to 100 p] for standard single

mode fiber cavity as predicted by soliton area theorem.

The soliton area theorem shows the case of fundamental soliton, which has
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constant shape of the temporal intensity profile. A higher-order soliton
u(0, 1) = Nsech(r), (2.1)

is a soliton pulse which exceeds the energy of a fundamental soliton by a factor
of square of an integer number. It will experience temporal variation periodi-
cally. So for a feedback cavity, it is possible to have high order soliton within the

laser cavity as long as the nonlinear phase can be managed.

To increase soliton laser energy, besides dispersion control, two simple meth-
ods are used for energy scaling;:
1. Increasing output ratio. Since soliton is a very strong attractor, the output
ratio is increased from 50% to 99% to see how much loss a soliton laser can tol-
erate.
2. Lower repetition rate, it could be simply understood as for the average power,
lower repetition rate will generate higher pulse energy. It can also be under-
stood in an integral way as a large net anomalous cavity will support higher

energy.

2.1.2 Increase Output Ratio

The schematic of the laser is shown in Fig.2.1. The total length of the Redfern
gain fiber is 3 m (8, =50 fs*/mm, A,;;=14um?>. The rest of the cavity is made
of SMF28 (3, = 23 fs?/mm, A,;,=79 um*)with 2 m as fiber pigtails from other
components. Most of the SMF28 fiber is spliced before the gain and after non-
polarized fiber formatted isolator, where the cavity repetition rate is varied by
adding more fibers. The first output has ratio varied from 50% to 99%. The

second output has ratio of 15% as a monitor.
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Isolator

Figure 2.1: Experimental setup of all fiber soliton laser

Increase output ratio

The initial cavity has total of 9 m of fibers with 4 m SMF28 before the gain.
The output coupler 1 ratio is increased until no stable mode locking can be
observed. Changing the output coupling does not affect the overall slope ef-
ticiency as much as shown in Fig.2.2. The highest single pulse energy increases
from 0.13 nJ from 95% output cavity to 0.37 nJ from 99% output cavity. Higher
ratio than 99.5% (99%+50%) from outputl no longer supports mode locking.

The pulse duration is around 600 fs for all the output ratios.

This results demonstrated that soliton is indeed a robust solution for the fiber

laser cavity. High loss (output) as much as more than 99% can be tolerated for
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Figure 2.2: Cavity slope efficiency with different output coupling.

this type of cavity especially with an all fiber format. This simple method can
be used to scale soliton energy by a factor of 4 easily. Ultimately the maximum

output (loss) the cavity can handle would be equal the 20 dB gain.

2.1.3 Increase Cavity Length

With a 99% coupler, the cavity length is increased from 9 m to 40 m by adding
10 m and then 20 m SMF28 fibers before the gain. The energy increases from
0.37 nJ to 1.4 nJ as shown in Fig.2.3.

Further increase cavity length will results in not stable mode locking. It
could be due to reaching fiber beat length or the limit of scalable pulse energy.

This cavity is not for the best design to get the highest energy since the small

27



1.5

2
NG 1.04
o
(D)
(e
w
0.54

10 20 30 40 50
Cavity Length (m)

Figure 2.3: Cavity length with different output energy.
core normal dispersion gain segment will limit the pulse energy by having the
highest energy and shortest pulse together in the smallest core segment in the
fiber cavity. However, the concept works well as an initial demonstration and

this laser has had applications in telecommunication lab, quantum optics lab

and quantum dot lab.

2.1.4 Conclusion

A demonstration of scaling the mode locking soliton pulse energy from a stan-

dard telecom fiber components is done by two simple methods: increase output
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ratio and increase cavity length. The limit of two methods are shown and the
pulse energy increases more than 10 times. The performance is limited by the
gain fiber, which is a small core (4 um), large normal dispersion fiber. By re-
placing the gain fiber to be a standard doped anomalous dispersion gain fiber,

higher energy as much as 3 nJ can be expected (refer to Khanh Kieu’s thesis).

2.2 Dissipative Soliton Fiber Laser

2.2.1 Introduction

Dissipative soliton laser. is a relative new concept compared with soliton laser.
It was first demonstrated with Yb-doped fiber laser by Andy Chong and co
works [1] since at 1 um, it is natural to have all normal dispersion values. It
has potential to create high pulse energy above soliton or dispersion-managed
soliton energies. In contrast to soliton formation, the pulse-shaping mecha-
nism of ANDI lasers is based on the chirped pulse spectral filtering (CPSF)
that occurs with an intra-cavity spectral filter [1]. The removal of anomalous-
dispersion components from the laser provides fundamental and practical ad-
vantages. High pulse energy (above 20 nJ) with 150 fs dechirped pulse du-
ration has been demonstrated with Yb-doped ANDiI fiber lasers [18]. Mean-
while, an erbium (Er)-doped fiber laser with only normal dispersion elements
was also reported [19]. This so-called gain- guided soliton fiber laser relies on
the limited bandwidth (BW) of the gain medium for the pulse-shaping. It was
an important to step to increase the pulse energy since the pulse energy is ex-

pected to be larger with increasing net normal cavity dispersion. However, un-
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like the Yb ANDi lasers, the gain-guided soliton laser only created picosecond
pulses. To create shorter pulses, a gain-guided soliton Er fiber laser with a dis-
persion map and large net normal dispersion ( 0.07 ps*) was created [20]. How-
ever, the dechirped pulse duration ( 1 ps) was still in the picosecond range. It
was recently shown that the mode-locked spectral BW and the dechirped pulse
duration are strong functions of the spectral filter parameters in ANDi fiber
lasers [21]. This motivates investigation of the role of the spectral filter in Er
tiber lasers. By inserting an appropriate spectral filter within the Er fiber laser,
femtosecond dechirped pulses with high pulse energies are expected. Here we
present the result of the femtosecond Er fiber laser with a spectral filter at large
net normal cavity dispersion ( 0.1 ps?). The laser produces 220 fs pulses after
dechirping. These results demonstrate the successful translation of the CPSF
mechanism to Er fiber lasers. The pulse energy is 1 nJ, but is expected to im-

prove significantly with an optimal design.

2.2.2 Simulation

The simulation is designed to have a cavity with similar net dispersion and cav-
ity design of the Yb Andi laser [21]. The total length of passive normal disper-
sion metro core fiber (8,=10 fs?, A.r=50 um?) is about 16 m. The 3 m gain fiber
has $,=50 fs* and A, ;=14 um?. It is distributed before and after gain fiber at ratio
of 4:1 as the case of Yb Andi laser. The mode locked simulation result is shown
in Fig.2.4. The pulse energy from simulation is 1.4 nJ, with spectrum bandwidth
of 29 nm and calculated zero phase transform limited pulse of 217 fs. The spec-
trum has steep side and some structures on the edge. The spectral breathing

ratio of the pulse is 2.
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Figure 2.4: Simulation Result of Er dissipative soliton laser.(a) Mode-
locked spectrum. (b) Calculated transform limited pulse.

2.2.3 Experiment
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Figure 2.5: Experimental setup of Er dissipative soliton laser

Fig.2.5 shows the experimental setup. Guided by simulation, the fiber lasers
consists of 12 m of single-mode fiber (SMF) with normal dispersion at 1550 nm,

3 m of Er-doped gain fiber (Redfern fiber with normal dispersion), and an-
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other 3 m of SMF. Because commercially-available wavelength-division mul-
tiplexers (WDM) and collimators are anomalously dispersive at 1550 nm, some
short anomalous dispersion segments are unavoidable. However, the laser has
a very weak dispersion map; the anomalous dispersion segments compensate
only 10% of the normal dispersion. The pulse evolution will be essentially that
of an ANDi laser. The net cavity dispersion is 0.1 ps®>. Nonlinear polariza-
tion evolution (NPE) provides some self-amplitude modulation. A birefringent
filter with 15 nm BW is used to implement CPSF, and provides the dominant
self-amplitude modulation. The repetition rate of the laser is 9.9 MHz. By ad-
justing the waveplates, stable, self-starting mode-locked operation is obtained.
Fig.2.6 shows the experimental results. 10 mW mode-locked average power
corresponds to 1 nJ pulse energy. The pulse energy is pump limited. The
spectrum shows the characteristic sharp peaks around its edges resembling the
ANDI fiber laser modes as expected. The measured dechirped pulse duration is
220 fs. The interferometric autocorrelation shows noticeable side-lobes, which
arise from the steep sides and structure of the spectrum. The CPSF action of
the intracavity spectral filter makes a noticeable improvement of the dechirped
pulse duration. The net cavity dispersion is larger than in the gain-guided soli-
ton fiber laser [19], yet this laser successfully creates femtosecond pulses. The
demonstration of femtosecond Er fiber laser operation at large net cavity dis-
persion is an important step to achieve femtosecond-duration and high energy
pulses from Er fiber lasers. Since the physics in Yb fiber lasers and Er fiber lasers
is essentially the same, by choosing proper laser design parameters, we ex-
pect Er fiber lasers to generate high pulse energies with the CPSF mode-locking
mechanism, as demonstrated in Yb fiber lasers [18]. The future work will focus

on optimizing the pulse energy from the laser.
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Figure 2.6: Experimental Results: (a) spectrum, (b) interferometric auto-
correlation of the dechirped pulse.

2.2.4 Conclusion

Femtosecond pulse (1 nJ, 220 fs) generation from an erbium-doped fiber laser
with intracavity spectral filtering and large normal dispersion is demonstrated.
Higher pulse energy with femtosecond duration from the Er fiber laser should

be achievable with appropriate laser design parameters.

2.3 Amplifier Similariton Fiber Laser

We demonstrated a large normal dispersion Er-doped fiber laser based on self-
similar pulse evolution in the gain fiber. The cavity is stabilized by the local
nonlinear attractor in the gain fiber through the use of a narrow filter. This type
of mode locking mechanism allows the for the manipulation of the cavity design

for various applications by operating at various levels of pulse chirp, repetition
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rate, and bandwidth. This laser produces 1.8 nJ pulses with 60 nm bandwidth

that are dechirped down to 82 fs with an external grating pair.

2.3.1 Introduction

Parabolic pulse generation has always been of interest since parabolic pulses
evolve self-similarly in fiber and convert the nonlinear phase into linear chirp
and therefore avoid wave breaking from excessive nonlinear phase. Parabolic
self-similar pulse propagation within an amplifier was first demonstrated by
Fermann [7], which triggered the development of self-similar fiber oscillators.
Ilday and coworkers [22] built a passive self-similar fiber laser that generated
parabolic pulses within the passive normal dispersion fiber before the gain fiber.
However, the gain fiber did not act as a nonlinear local attractor and the overall

spectral breathing in this system is small.

Recently Oktem and coworkers [2] developed a soliton-similariton Er-doped
fiber laser to demonstrate the co-existence of two nonlinear attractors in one
laser. Soliton formation works along with a bandpass filter to prepare a
proper seed pulse before the amplifier, along the pulse to reach the asymptotic
parabolic pulse solution by the end of gain fiber. Renninger and coworkers [3]
used a narrow filter to prepare the initial pulse before the gain and generate
parabolic pulses from an Yb-dobed fiber oscillator. The filter alone replaced
soliton formation to assist similariton generation in the gain fiber and provides

freedom to manipulate the cavity design for other performance targets [23].

Although the co-existence of two attractors in soliton similariton laser [2] is

scientifically interesting, the requiring soliton formation brings another degree
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of restraint to the laser design. It will be beneficial to have a self similar laser

without unavoidable anomalous fiber.

Here an Er-doped amplifier similariton laser stabilized by a narrow filter
only is reported. It demonstrates the implementation of self-similar propagation
in the gain fiber at 1550 nm and achieves 1.8 n] pulses with 60 nm bandwidth

that are de-chipred down to 82 fs.

2.3.2 Numerical Simulation

Numerical simulations of the nonlinear Schrodinger equation are based on the
split-step Fourier method were used to guide the experimental design and un-
derstand the intra-cavity pulse evolution. The schematic of the simulated cavity

is shown in Fig. 2.7.
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Figure 2.7: Schematic

A strong saturable absorber with a modulation depth of 1 is used to select
the pulse from noise and assist mode locking. When the cavity is in the steady-
state, the gain fiber works as an attractor to draw the pulse to its asymptotic
solution of a parabolic pulse. The self-similar evolution is cut back to its initial

condition by the narrow filter before the gain segment. The proper choice of
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filter is important to have the attraction happen within the limited gain length.

In order to select an appropriate filter, we consider the self-similar evolution
in the gain fiber, as described in [7]. The gain fiber we use is a 290 cm long
Redfern fiber with a dispersion of around 50 f's*/mm and a mode field diame-
ter of 4.2 um. The equation below calculates the proper initial pulse duration
assuming the asymptotic solution is reached at the end of gain fiber. The gain
bandwidth sets the limit of the reasonable spectral bandwidth. For erbium gain,
this is 40 nm. The gain per length is 1.75 /m, calculated from simulation, assum-
ing a small signal gain of 30 dB.

Q,=5THz
1 2.2
Topo(0) = 3’% (292)3 )
where Q,, is the gain bandwidth, T,,,(0) is the optimum initial pulse duration
that will enter into the nonlinear attractor quickest, y is the nonlinear coefficient
of the fiber, 3, is the constant dispersion of the fiber, g is gain per length, and
z is the length of the fiber, For a 40 nm gaussian pulse at 1.55 um, this is about
5 THz.

Here we assume the pulse reaches the parabolic solution by the end of the
gain fiber. Plugging in the parameters experimentally appropriate parameters
to these equations, the calculated initial pulse duration is about 460 fs, which
corresponds to a bandwidth of 7 nm for a transform limited Gaussian pulse.
For a chirped pulse, the bandwidth will be narrower.Various filter bandwidths
ranging from 1 nm to 10 nm were tried in simulation. It shows that for given
gain fiber, there is a most suitable filter to get the highest energy and shortest

pulse from the oscillator as shown in Fig.2. 8.
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Figure 2.8: Filter Impact on amplifier similariton lasers. (a)Filter band-
width v.s. transform limited pulse. (b) Filter bandwidth v.s.
pulse energy. Black line: Lucent fiber. Redline: Redfern fiber.
Green line: Er110 fiber

Considering the experimentally realizable bandwidths, a 4 nm Gaussian fil-
ter is picked for this demonstration to set a clean and proper initial condition for
the gain segment. The rest of cavity consist of a total of 90 cm of anomalous dis-
persion step-index fiber (SMF28) as fiber collimator and coupler pigtails (70 cm
at the input end and 20 cm at output end), and 54 cm of normal dispersion fiber
(OFS 980) right after gain from the wave-division multiplexer (WDM) pigtail.
The cavity has a net normal dispersion with magnitude 0.15 ps?. The simulated

results are shown in Fig.2.9.

The simulated results has 4.2 n], 53 nm bandwidth (37 nm in RMS), corre-
sponding to an 82 fs transform limited pulse. The pulse evolution is also studied

as shown in Fig.2.10.

Where metric M? = f [lul—|pl)*dt/ f |lul*dt, u is the pulse being evaluated and p
is a parabola with the same energy and peak power. M=0.14 represents a Gaus-
sian shape. M <=0.06 represents a parabolic shape. The pulse evolution shows

clearly that within the gain fiber, the pulse is experiencing dramatic growth in
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Figure 2.9: Simulation Result. Left: Mode locked spectrum. Right: Calcu-
lated transform limited autocorrelation
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Figure 2.10: Pulse evolution inside the cavity. Left: evolution of pulse
duration and bandwidth. Right: pulse shape evolution com-
pared with a parabolic pulse with the same peak power and
energy.

both the temporal and spectral domains while it attracts towards the parabolic
pulse shape as predicted by the local nonlinear attractor. The narrow spectral
filter is able to stabilize the feed back loop and satisfy both the boundary condi-

tion for the cavity and for the initial input condition for the gain fiber.

An interesting feature of this laser is that the pulse chirp is not sensitive to

the net dispersion before the gain. It can be understood as the gain attractor
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will put an amount of fixed chirp on top of the asymptotic solution according to
the analysis for the amplifier equation below. However, the chirp on the output

pulse is influenced by the fiber after the gain.

¢(z,T) = ¢o + 3y(28) ' Al(2) — g(682) ' T? (2.3)

2.3.3 Experimental Results

The experiment was constructed guided by the simulation and the schematic is
shown in Fig.2.11. A 600 /mm grating and a 0.5 mm collimator forms a 4 nm
gaussian filter. A half waveplate is placed before the grating to adjust the po-
larization state to get the maximum diffraction efficiency from the grating. Half
and quarter waveplates combined with a polarization beam splitter are used to
form a saturable absorber based on nonlinear polarization evolution (NPE). The
laser is co and counter pumped with 54 cm of step-index fiber (OFS980) from

the WDM pigtail before and after the gain fiber. The repetition rate of the laser

is 40 MHz.
A A A
Srat 2 | %2
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é& \— SMF
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Figure 2.11: Experimental setup.

Mode locking is achieved by adjusting the waveplates and is very easy to
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Figure 2.12: Experimental Results.(a) Mode locked spectrum.(b):
Dechirped autocorrelation. (c) Spectrum before the gain
and after the grating filter. (d) RF spectrum.

obtain. The mode locked pulse is self-starting at the 40 MHz repetition rate and
has 140 mW of output power, corresponding to a pulse energy of 3.5 nJ. The
dechirped pulse duration after a dispersive delay line (grating pair) is 75 fs. The
chirp of the pulse referred from the dispersion delay line is 44,400 fs?, which is
much less than the net cavity dispersion as the case in Yb amplifier similariton
laser [3]. Considering the 4 nm filter, the pulse bandwidth has a strong spectral
breathing ratio of more than 10 times, as predicted by simulation. The side lope

of the AC is from the TOD from the grating.

2.3.4 Discussion

This is the first demonstration of using a narrow filter to stabilize self-similar
evolution in an Er-doped laser cavity. As is expected, the gain bandwidth set
the limitation for the shortest pulse the laser could generate. The simple design

of the cavity allows for future manipulation of the cavity such as putting a dis-
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persion map within the cavity. The laser is currently pump limited with two
single mode diodes. The performance of the laser could be improved by using a
even narrow filters (2 nm) and higher pump power in the double cladding fiber
version. More systematic study of this type of design will be presented in future

work.

2.3.5 Conclusion

We have demonstrated an amplifier similariton laser stabilized by a narrow fil-
ter at 1550 nm with large net normal dispersion. The laser is stable and easy to
mode locking. The pulse experiences a spectral breathing ratio of 13 within the

cavity. The generated pulse duration is 75 fs with 3.5 nJ of chirped pulse energy.

2.4 Enhanced bandwidth generation based on self similar evo-

lution

As mentioned earlier, the gain bandwidth of Er-doped fiber limits the shortest
pulse that could be generated from amplifier similariton laser. However, the
strong nonlinear attractor of gain segment and a narrow filter allows the dra-
matic evolution of the pulse inside the cavity. Therefore, the idea to broaden the
spectrum even future after the gain is tested in this section based on the pas-
sive similariton propagation [6]. A large normal dispersion Er-doped fiber laser
with enhanced bandwidth generation stabilized by self similar attraction in the
gain segment and a narrow filter is demonstrated as a new route to generate

few cycle pulses. The laser generates 37 fs dechirped pulse with 2.5 n].
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24.1 Introduction

Fiber lasers have caught up with solid state laser performance in terms of en-
ergy over the past five years due to the development of dissipative soliton lasers
at normal dispersion. However, to compete with solid state lasers in pulse du-
ration, fiber lasers have the intrinsic limitations of large dispersion, large non-
linearity and narrow gain bandwidth. So far the methods used for short pulse
generation in Er-doped fiber lasers have all exploited minimizing the net cavity
dispersion. Dispersion-managed (DM) soliton lasers with near zero net cavity
dispersion can generate very short pulses [24], but their stability around zero
dispersion has to be compromised. The bandwidth of a DM soliton is funda-
mentally limited by small breathing ratio and gain bandwidth. On the other
hand, the DM solution cannot tolerate large nonlinear phase accumulation and
therefore has limited pulse energy. In addition, mode locking is hard to achieve
around zero dispersion regime and its performance is not well predicted by
simulation. In contrast, dissipative soliton fiber lasers [1] with large normal dis-
persion achieve high energy but rarely generate pulses below 100 fs. In fact,
the way to generate shorter pulse in dissipative soliton laser is also to minimize
total cavity dispersion [25]. By minimizing the cavity dispersion via limiting the
tiber length, a 50 fs all normal dispersion Er-doped fiber laser was reported [26].
The performance of both DM soliton and dissipative soliton lasers is fundamen-
tally limited by two factors: the net dispersion of the minimum fiber required
to build the cavity and relatively narrow gain bandwidth since both Yb- and Er-

doped silica fiber has about one-quarter gain bandwidth of Ti:sapphire.

A new type of pulse solution based on self similar evolution in the gain fiber

was demonstrated recently in fiber oscillators [2,3,27]. Both Oktem and Ren-

42



ninger’s cavities can support strong spectral breathing due to the strong non-
linear attractor of gain segment. Amplifier similariton pulse evolution works to
linearize the nonlinear phase by attracting to a parabolic pulse shape. There-
fore, these lasers can tolerate even more nonlinear phase shift and generally
generate much shorter pulse than a dissipative soliton laser. However, the self-
similar evolution will eventually be disrupted by the gain bandwidth, limiting
the shortest pulse this type of cavity can generate with Erbium gain [2] to be
around 100 fs. Aguergaray [27] built the self similar laser based on Raman gain
with kilometers of fiber. Although Raman gain bandwidth is much larger than

the doped fiber, the shortest pulse generated from this type of laser is 6 ps.

One of the advantages of a parabolic pulse is wave-breaking free operation
in a normal dispersion medium as is the case in Anderson s parabolic pulse
compression [6]. Chong et. al [4]proposed a fiber laser design based on extend-
ing the self similar propagation in the gain fiber and further in a high nonlinear
normal dispersion passive fiber after the gain. The strong spectral breathing (a
factor of 30) is stabilized by the local gain attractor and a 4 nm Gaussian filter
placed before the gain segment. The net dispersion and thus total fiber length
do not limit the minimum pulse duration in this evolution. Therefore various
repetition rates are possible to meet different applications. More importantly,
understanding the evolution in this type of cavity allows for manipulation of

the laser design for various motivations.

Here we present an all fiber Er-doped fiber laser with self similar evolution
within the gain and enhanced bandwidth generation in the high nonlinear fiber
after the gain. We show both simulated and experimental result. The laser

exhibits more than 20 times spectral breathing and the generated largest spectra
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and shortest pulses from Er-doped fiber laser seen to date. The mode locked
spectra supports 30 fs transform limited pulses, and they can be dechirped to

33 fs with a pair of grating with secondary structures caused by TOD from fibers

and grating.

2.4.2 Numerical Simulation
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Figure 2.13: Numerical Simulation. (a) Cavity Schematic. (b) Pulse spec-
trum evolution. A, B, C: the spectrum from different positions

in the cavity.

The schematic of the cavity and generic spectral evolution are shown in
Fig.2.13. The cavity has two major fiber segments: gain fiber and high non-
linear fiber after the gain. A saturable absorber and a narrow filter (2-12 nm)
are used to initiate mode locking and stabilize the cavity. Fig.2.13 (b) shows the

spectrum evolution at different locations of the cavity. A narrow filter shapes
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the pulse to be a few nm Gaussian before the gain (A), then the pulse entered
into parabola regime and experienced first strong bandwidth growth by the end
of the gain fiber (B) as in the case of amplifier similariton laser [3] . It is signif-
icantly broadened in both temporal and spectral domain in the high nonlinear

tiber after and is then cut back by the filter to make the feedback.

The pulse experienced wild evolution within the cavity compared with all
previous existing lasers as shown in Fig.2.14 The pulse evolution can be quanti-
fied with the metric, M? = f [lul = |pl)>dt/ f lul*dt, where u is the pulse being eval-
uated and p is a parabola with the same energy and peak power. In the gain
tiber, the pulse evolves from a Gaussian profile (M=0.14) after the spectral fil-
ter to a parabola (M<0.06) as shown in Fig.2.14(b). Within the cavity, spectrum
bandwidth and pulse duration grows together in both the gain fiber and the
high nonlinear fiber after. This dramatic evolution shows the robustness of the
mode locking mechanism: the nonlinear attractor of gain segment and narrow
filter. The tolerance of this evolution indicate a large freedom of manipulation

of the laser cavity for different application.
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Figure 2.14: Pulse evolution inside the cavity. (a):Pulse bandwidth and
duration evolution. (b): M matric evolution.

Systematic simulation has been done with various filter bandwidth, gain
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tiber and high nonlinear fiber.The cavity is designed to optimize the total broad-
ening while keeping the chirp nearly linear. The net cavity dispersion is always
large normal(>0.06 ps?). The controlled simulation shows that although the net
cavity dispersion does not affect the bandwidth, for the fixed length of high non-
linear fiber, the less net dispersion from gain segment, the broader spectrum it
can generate as shown in Fig.2.15 This can be understood as pulse with lower

chirp broadening faster in the presence of nonlinearity.
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Figure 2.15: Impact of net dispersion from gain segment with controlled
all fiber lengths and nonlinearity. 8, of the gain segment is
varied artificially from 77 fs* to 20 fs?.

One of the broadest simulated result carried out with realistic experiment pa-
rameters is from a cavity with 80 cm of normal dispersion gain fiber ( 3,=19 fs?
and B;=50 fs®, A,;;=29um?), a total of 50 cm of SMF 28 fiber (8,=-23 fs* and
B3=86fs’, A,;;=70um?) from collimator fiber pigtail, a total of 60 cm of passive

normal-dispersion fiber OFS980(8,=4.5 fs* and B;=109 fs’, A,;;=44um?) from
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WDM right before and after gain. It is followed by 2.5 m of highly-nonlinear
fiber UHNA7(B,=31 fs* and B;=-51 fs®, A,;;=8 um?). For this gain fiber, a 8 nm
filter is used to reach the best performance. The cavity has net dispersion of

0.08 ps?.
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Figure 2.16: Simulation Results.(a): Broadest simulated spectrum. (b) Cal-
culated zero phase transform limit pulse from spectrum (in-
set)

The mode-locked result has spectrum (Fig.2.16)broad enough to support a
25 fs pulse. The asymmetric feature of the spectrum is due to large TOD from
the cavity. The spectral breathing ratio is more than 20 in one round trip. The
large net normal cavity dispersion shows a departure from other mode lock-
ing mechanisms that rely on minimizing the cavity dispersion to generate short
pules. Indeed, the length of the cavity is more than 100 times the dispersion

length.

2.4.3 TOD Impact

Even at such large net normal dispersion, TOD influences the laser performance
by causing asymmetric features of both the pulse and spectrum (Fig.2.17). These

asymmetric feature will eventually disrupt the self similar evolution and leads
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Figure 2.17: Simulation with and without TOD.(a):Chirped pulse with-
out TOD. (b)Spectrum without TOD.(c):Chirped pulse TOD.
(d):Spectrum withTOD.

to wave breaking. Controlled study shows that it is the TOD after the gain that
matters to the pulse propagation, where the spectrum get broad enough for local
TOD to be comparable with GVD. Different sign of TOD cause different asym-
metry (Fig.2.18). However, some part of TOD could assist to generate broader
spectra by compensating nonlinearity after the gain(Fig.2.19). The with some
TOD inside the cavity (Fig.2.19), the pulse bandwidth broaden by a little more
than 10%. Therefore managing the TOD, especially the TOD after the gain will
be the next step to minimize its impact on wave breaking but maximum its func-
tion to overcome nonlinearity. It can also be engineered to match the dispersion

delay line outside the cavity to fully compensate TOD on top of the pulse.
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Figure 2.18: Simulated pulse and spectrum with zero TOD for other parts
of the cavity except for UNHA?. The TOD values are set to be
-51 fs? (a)(b) and 51 fs*(c)(d)

2.4.4 Experimental Results and Discussion

A laser cavity guided by simulation mentioned above was built as shown in Fig.
2.20 Nonlinear polarization evolution(NPE) is used as the saturable absorber to
fully access the mode locking states. A 300/mm grating and 0.5 mm beam size
collimator create the Gaussian filter. Despite the low slope efficiency of 10%,
due in part to splicing and filtering losses, the laser exhibits stable, self-starting

mode locking for various filter bandwidths. The repetition rate of the laser is
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Figure 2.19: Simulated spectrum without TOD for the whole cavity(left)
and without TOD for the fiber after the gain only (right).
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Figure 2.20: Experimental Setup. PBS is a 50:50 1550 nm polarization beam
splitter. QWP is quarter wave plate. HWP is half wave-plate.
HNLEF is high nonlinear fiber. PBC is 980 nm polarization
beam combiner.

around 42 MHz.

The performance of the laser (Fig.2.21) matches the simulation in terms of

bandwidth and pulse energy. The spectrum from the polarization beam splitter
tends to have modulation on top which we suspect is due to intrinsic NPE fil-
tering. The laser is pumped by 3 single mode diodes that provide up to 1.3 mW

of pump power, which gives 200 mW maximum CW power. The laser is cur-
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rently power limited due to gain saturation. The dechirped pulse duration is
33 fs, which is 10% beyond the transform limit. Calculations show that exces-
sive TOD is responsible for the uncompensated phase shown as the secondary
structure in autocorrelation(Fig.2.22). The pulse chirp is 54,000 fs?>, much less
than the net cavity dispersion, which is a signature of self-similar evolution [3].

The chirped pulse energy is 1.6 nJ.

So far simulation and experimental studies of this cavity shows two major
limits to the spectrum broadening : the nonlinear phase accumulation in the
high nonlinear fiber after the gain and the loss due to the strong filtering. The
tirst problem can be avoided by using a dispersion decreasing fiber after the
gain to control the dispersion as will be reported in another paper. The later
problem could be potentially solved by spectrum compression [28]. The length,
dispersion and nonlinearity of the gain fiber determine the range of filter to use
in order to support self similar evolution and separate the laser from dissipative

soliton.
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2.4.5 Future work for enhanced bandwidth generation from Er

fiber laser

1. Systematic study the design guide of laser. Such as the best match between
gain fiber and high nonlinear fiber.

2. Use more efficient gain fiber. The cavity is currently limited by pump power
due to gain saturation. Higher pump power will give broader spectrum and
more energy. Also from the study in Section 2.4, shorter gain fiber with a bigger
filter will give even broader spectrum.

3. TOD control in dechirping stage.

4. Spectral compression to replace filter to reduce cavity loss and to make a
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more integrated laser cavity.

5. Use CNT SA to replace NPE to make an all fiber formatted cavity.

2.5 Conclusion

An Er fiber laser based on similariton formation in the gain segment and en-
hanced bandwidth generation in passive fiber is demonstrated as a new route
to generate short pules in Er-doped fiber lasers. This laser generates pulses
down to 6 cycles(33 fs) with 1.6 nJ pulse energy. The laser is currently limited

by gain saturation.
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CHAPTER 3
YB FIBER LASER

This chapter focus on the extension of Yb amplifier similariton laser [3]. Two
type of self similar extension (passive self similar and DDF self similar solu-
tion) within the fiber laser cavity will be introduced in this chapter. The future

direction of those two methods will be discussed.

3.1 Pulse generation without gain bandwidth limitation in a

laser with self similar evolution

With existing techniques for mode-locking, the bandwidth of ultrashort pulses
from a laser is determined primarily by the spectrum of the gain medium.
Lasers with self-similar evolution of the pulse in the gain medium can toler-
ate strong spectral breathing, which is stabilized by nonlinear attraction to the
parabolic self-similar pulse. Here we show that this property can be exploited
in a fiber laser to eliminate the gain-bandwidth limitation to the pulse duration.
Broad (~200 nm) spectra are generated through passive nonlinear propagation

in a normal-dispersion laser, and these can be dechirped to ~20-fs duration.

3.1.1 Introduction

The shortest light pulse that can be generated by a laser oscillator will always
be of fundamental interest to the field of ultrafast science, and it will determine
the time resolution or bandwidth of many measurements. A critical factor in

the design of an ultrashort-pulse laser is the bandwidth of the gain medium.
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Almost all lasers that generate few-cycle (~10 fs) pulses exploit the huge (2rx44
rad THz) gain bandwidth of titanium-doped sapphire. Spectra that exceed the
gain bandwidth, and pulses that approach a single cycle in duration, have been
generated through nonlinear spectral broadening and preferential output cou-

pling of the edges of the spectrum [29].

Much of our understanding of mode-locked lasers comes from analytic solu-
tions of equations based on the assumption of small changes in a pulse as it tra-
verses the cavity [30]. The intracavity pulse evolution in even a 10-fs Ti:sapphire
laser is not dramatic, because the crystal comprises roughly one characteristic
dispersion length (Lp) of propagation: Lp = 72/|3,| ~ 1 mm, where 7 is the pulse
duration and g, is the second-order dispersion coefficient. When the approxi-
mations of the model break down, perturbative [31] and numerical analyses are

employed.

Fiber oscillators have not reached the few-cycle regime. Few-cycle pulses
can be generated by pulse compression or by interfering the spectra of two
separate continuua seeded by a fiber laser [32]. Direct generation from an os-
cillator should impact applications by improving the stability, and reducing
the complexity and cost of the source. Applications would include generation
of seed pulses for attosecond science, frequency metrology, and nonlinear mi-

croscopy [33], among others.

The gain bandwidth of ytterbium-doped silica fiber [34] is about one-quarter
that of Ti:sapphire. Significant gain typically extends over 100-150 nm, with the
short-wavelength limit of the gain determined by the pump absorption band.
The cut-off wavelength, below which the fiber supports multiple transverse

modes, may present an ultimate limitation to the bandwidth of a fiber laser:
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even small higher-order-mode content significantly reduces the multi-pulsing
threshold of modelocked fiber lasers [35]. Single-mode fiber (SMF) designed
to operate near 1 um typically has a cut-off wavelength near 900 nm. Mode-
locked Yb fiber lasers produce bandwidths up to ~120 nm at the -20-dB points,
and pulses as short as ~30 fs [36,37]. Broader output spectra can be produced
with noise bursts [38,39], which are not self-consistent solutions of the laser cav-
ity. The gain bandwidth will present a clear challenge to the generation of 10-fs
pulses. A fiber laser typically includes around 1 m of fiber. L, ~ 2 mm for a 10-
fs pulse, so a 10-fs fiber laser will comprise hundreds of dispersion lengths. The
pulse evolution in such a laser will likely involve extreme spectral and tempo-
ral changes. Whether such dramatic evolution can be controlled is an important

question.

Here we describe a new approach to the design of fiber lasers, which de-
couples the pulse bandwidth from the limitations of the gain spectrum. In a
resonator with large normal dispersion, spectral broadening in fiber after the
gain segment produces output bandwidths that substantially exceed the gain
bandwidth. The overall evolution is stabilized by filtering and the nonlinear at-
traction to the self-similar solution in the gain medium. Bandwidths approach-
ing 200 nm and pulses as short as 21 fs (the shortest from a fiber laser to date) are
generated in initial experiments. This demonstration introduces a class of fiber
lasers with clear potential for few-cycle pulse generation, and more broadly for
producing a range of useful output pulses. In contrast to prior work aimed at
generation of the shortest pulses, this approach cannot be understood within

averaged-cavity models [30].

Self-similar evolution is a powerful technique to avoid distortion of optical
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pulses that propagate nonlinearly. Pulses with a parabolic intensity profile and

linear frequency chirp,

Az 1) = Ag(R) V1 — (t/1y(2))2€ @20 (3.1)

for t < 1y(z) are asymptotic solutions of the nonlinear Schrodinger equations that
govern pulse propagation in passive [6] or active [7] fiber with positive nonlin-
ear refraction and normal group-velocity dispersion (GVD). These pulses accu-
mulate substantial nonlinear phase shifts without undergoing wave-breaking
or more-dramatic distortions such as pulse fission. For an amplifier with con-
stant gain, the asymptotic solution is a nonlinear attractor; a range of inputs
to the amplifier evolve to the self-similar solution [7]. The chirped self-similar
pulses (sometimes referred as “similaritons”) can be compressed to the Fourier-

transform limit by passing them through a dispersive delay.

Short-pulse lasers based on self-similar pulse propagation in their gain seg-
ments were recently reported [2,3,27,40]. Spectral breathing occurs in these
lasers, with the bandwidth varying by an order of magnitude as the pulse tra-
verses the resonator. Strong filtering stabilizes the evolution by allowing a short
pulse to evolve to the parabolic solution before the end of the gain fiber [3]. A
remarkable feature of these lasers is that the similariton is a local nonlinear at-
tractor in the gain segment of the laser. The pulse can change dramatically, or it
can be intentionally manipulated, in the rest of the cavity, as long as the input
to the amplifier can approach the asymptotic solution. This property of the am-
plifier similariton evolution will be a valuable degree of freedom in the design

of high-performance instruments.

The spectral bandwidth of a similariton grows exponentially in an amplifier.

However, the self-similar evolution is disrupted when the pulse bandwidth ap-
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proaches the gain bandwidth of the amplifier, and this limits the pulse energy
and duration that can be achieved [41]. The generation of pulses shorter than
30-40-fs from a self-similar amplifier based on Yb fiber will be difficult. Spec-
tral broadening in a similariton-soliton laser [2] will likely be limited by soli-
ton fission in the anomalous-dispersion segment. It may be possible to extend
or continue self-similar pulse evolution beyond an amplifier. For example, a
fiber with lower dispersion and/or higher nonlinear coefficient than the gain
tiber can induce substantial spectral broadening. The linearly-chirped parabolic
pulse produced by the amplifier will maintain close to a parabolic shape and
linear chirp in the passive fiber. This evolution is related to the parabolic pulse

compression scheme discussed by Anderson [6].

3.1.2 Nwumerical Simulations

Although self-similar propagation in gain and passive fibers are well-known,
prior studies of single-pass propagation from a given initial condition do not
address whether the evolution will develop from noise in a system with feed-
back. Numerical simulations were performed to assess the feasibility of the
desired evolution. The simulated cavity (shown conceptually in Fig. 3.1 and
with experimental detail in Fig. 3.3) contains 30 cm of SMF (8, = 230 fs?/cm), 80
cm of Yb-doped gain fiber, and another 20 cm of SME. We assume that 35% of
the light is coupled into a segment of passive fiber with 8, = 400 fs*/cm a and
nonlinear coefficient 5 times larger than that of the gain fiber. These parameters
correspond to a photonic-crystal fiber (PCF). After the passive fiber, 80% of the
energy is coupled out, and the remaining 20% traverses a saturable absorber

and a Gaussian filter with 3-nm bandwidth. Without the PCF, the laser is an es-
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tablished self-similar laser [3]. Simulations were performed for varying lengths

of PCF. Simulations converge to stable solutions for a range of PCF lengths, with

gain saturable spectral
fiber l l HANLF l {absorber filter

output

Figure 3.1: Schematic of the simulated laser. HNLF: Highly nonlinear
fiber.

the desired pulse evolution occurring for lengths around 2 m. Starting from a
narrow Gaussian, the spectrum broadens and develops the structure character-
istic of a chirped parabolic pulse [3] (Fig.3. 2, middle row). A parabolic tem-
poral profile is clearly established in the gain fiber (top row of Fig. 3.2). The
spectrum broadens further in the passive fiber (Fig. 3.2, middle row). Impress-
ing a quadratic spectral phase on the output produces a dechirped pulse that is
close to the transform limit. The 0.6-nJ dechirped pulses are 20-fs long (Fig. 3.2,

top row, inset).

3.1.3 Experiment

A PCF (NL-1050-NEG-1 from NKT Photonics A/S) 1.6 m long, with 2.2-um
mode-field diameter and the nonlinear and dispersion parameters assumed in
the simulations, is employed in the experimental setup (Fig. 3.3). A 300 1/mm
grating and a collimator create a Gaussian spectral filter with 4-nm bandwidth.

Nonlinear polarization evolution (NPE) is an effective saturable absorber, im-
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Figure 3.2: Comparison of simulation to experiment at the indicated lo-
cations in the cavity. Simulations assume 2 m length of PCF,
along with parameters given in text. Top row: simulated
chirped pulses. The inset is the numerical transform-limited
pulse from location C. Middle row: simulated spectra. Bottom
row: experimental spectra.

plemented by the quarter- and half-wave plates and polarizer. The laser is con-
structed with some bulk components to facilitate variation of the cavity param-
eters, and sampling beam-splitters allow monitoring of the intra-cavity pulse

evolution. The pulse-repetition rate is 62 MHz. Single-pulse operation is veri-
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Figure 3.3: Fiber laser schematic. QWDP: quarter-waveplate; HWP: half-
waveplate; PBS: polarizing beam-splitter.

tied by monitoring the output with a photodetector and sampling oscilloscope

with 30-GHz bandwidth and recording the autocorrelation for delays up to ~100
ps.

The laser is mode-locked by adjusting the wave plates. The bottom row of
Fig. 3.2 shows the spectra recorded at the indicated points of the cavity. After
the gain segment, the spectrum has the structure of a chirped parabolic pulse [3].
The 30-nm bandwidth of the pulse from the gain segment increases dramati-
cally in the PCF. The full-width at half-maximum bandwidth is 100 nm, which
exceeds the gain bandwidth. The spectrum exhibits all of the qualitative fea-
tures of the simulation result, along with a continuous-wave peak near 1025 nm
that is difficult to avoid. The pedestals at the base of the spectrum are a signa-
ture of incipient wave-breaking, which is also visible in the simulated temporal

profile (Fig.3.2, top row, point C).

The chirped output pulse energy is 1 nJ. The energy is limited by the avail-
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able pump power, but simulations show multi-pulsing at 2 nJ, so we do not

expect much higher energy.
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Figure 3.4: Experimental results. a) spectrum after the PCFE, b) output spec-
trum and c) output autocorrelation signal after phase correc-
tion by MIIPS for a 25-fs pulse.

The output spectrum (Fig. 3.4(b)) maintains the overall bandwidth, but typ-
ically exhibits some modulation, and may become asymmetric. Some spec-
tral structure can be expected to arise from the NPE process. Birefringence of
the PCF may play a role, but that remains to be assessed carefully. We used
multiphoton intrapulse interference phase scan (MIIPS) [42] to characterize the
phase of the output pulse. The quadratic, cubic, and quartic phases are typ-
ically 12,000 fs?, -6x10%fs®, and 2x10°fs*, respectively. The quadratic phase
is smaller than the cavity dispersion, which is typical for amplifier-similariton
lasers [3]. The sign and magnitude of the cubic and quartic phases are consis-
tent with the third- and fourth-order dispersion of the PCF. This suggests that
the residual phase is accumulated in the PCF without disrupting the intended
propagation. After phase correction by MIIPS (Fig. 3.4(c)) the pulse is dechirped
to the transform limit, with a full-width at half-maximum (FWHM) duration of
25 fs. The pulse energy after dechirping by the MIIPS apparatus is 0.5 nJ. A
consequence of the structured output spectrum is that about 20% of the energy

is in the secondary structure. Although the CW peak is certainly undesirable, it
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does not seem to have major impact on the pulse quality nor the stability of the
laser. Pulses from the laser described here have produced high-resolution im-
ages by third-harmonic generation microscopy [43]. Based on the MIIPS results,

it should be possible to design a grating compressor, e.g., to dechirp the output

pulses.
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Figure 3.5: Experimental Results of shortest pulse. a) spectrum after the
PCEF, b) output spectrum and c) output autocorrelation signal
after phase correction by MIIPS for a 21-fs pulse.

An example of the broadest spectra that we have observed is shown in
Fig.3.5. Significant energy extends over nearly 200 nm at the base of the spec-
trum. The production of spectra with ~ 20% of the energy below the pump
wavelength (where there is no gain) and the excellent agreement between cal-
culated and measured spectra clearly demonstrate that the Yb gain bandwidth
does not limit the output spectrum. The FWHM pulse duration is 21 fs, which
corresponds to 6 cycles of the field. The pulse does have significant structure in
the wings, with energy extending beyond 100 fs from the peak. The pulse evo-
lution in this laser exhibits some remarkable aspects. The spectrum broadens
from 4 to 30 nm in the gain fiber, and then to 110 nm in the passive fiber, for
an overall spectral breathing ratio of 25. The intracavity pulse duration varies
between 1 and 10 ps, yet the pulse can be dechirped outside the cavity to ~20

ts. With respect to that pulse duration, the laser is equivalent to 300 dispersion
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lengths of propagation. For comparison, in a 5-fs Ti:sapphire laser the spectrum
exceeds the gain bandwidth by ~ 30%, the spectral breathing is less than a factor

of 2, and the intracavity pulse duration varies from 10 to 50-fs [44].

3.1.4 Discussion

The results presented here show that substantial bandwidth enhancement by
nonlinear pulse propagation can be stabilized in a self-similar laser. However,
our understanding of this kind of laser is not complete, and significant improve-
ment on these initial results should be possible. The existence of the CW com-
ponent, and its influence on the mode-locked state, need to be studied. The
parabolic pulse launched into the passive nonlinear segment helps to control
the nonlinear phase accumulation, but, as mentioned above, the pulse deviates
from a perfect parabola. The influence of higher-order dispersion of the nonlin-
ear segment on the pulse evolution must be determined. It should be possible
to produce pulses with more-linear chirp by better design of the nonlinear seg-
ment. The PCF has a cut-off wavelength around 300 nm, so extremely broad
spectra can be accommodated without risk of multimode propagation. With

broader spectra, the loss from filtering will present a challenge.

This work can be extended by continuing the ideal self-similar evolution
from the gain segment in a section without bandwidth limitations. This is theo-
retically possible with a dispersion-decreasing fiber, where the resulting system
is formally equivalent to a gain fiber [5]. In addition to the potential of un-
bounded bandwidth, we expect the pulse to be closer to a parabola and there-

fore have a nearly-linear chirp. Indeed, initial numerical simulations show that
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the use of a dispersion-decreasing fiber should allow the generation of broader
and less-structured spectra, with smaller higher-order phase to be corrected.
The generation of parabolic pulses in dispersion-decreasing fiber has been re-
ported [45,46], but the dispersion varies over kilometers. If such a fiber can
be fabricated with the dispersion varying on the scale of meters, this will be

another promising way to extend the work presented here.

3.1.5 Conclusion

In conclusion, we have shown that the gain bandwidth does not present a fun-
damental limitation to the minimum pulse duration in an amplifier-similariton
laser. The spectrum can be broadened in a separate nonlinear segment, and
filtering produces the seed pulse to the amplifier that allows a self-consistent
solution. This opens a promising route to the development of few-cycle fiber

lasers.

3.2 Extended Self-Similar Pulse Evolution in a Laser with

Dispersion-Decreasing Fiber

Following the work from last section, this section introduces a mode locked fiber
laser based on self-similar pulse evolution in a segment of dispersion decreasing
fiber. We show numerically and experimentally that the dispersion decreasing
fiber extends the self-similar propagation after the gain fiber while avoiding the
limitations imposed by the gain bandwidth. The 1 nJ pulses generated by this

cavity are de-chirped down to 6 cycles (20 fs) with a grating pair, demonstrating
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the utility of this concept in creating short pulses from fiber lasers.

3.2.1 Introduction

The development of fiber lasers has been advanced by the discovery of new
mode locking mechanisms, and the mathematical study of nonlinear attractors
has provided important insights in this area. Soliton lasers operating in the
anomalous dispersion regime dominated the field of fiber lasers for 20 years
[47]. but the performance of these was limited to low pulse energy. For the
last decade, the development of dissipative soliton lasers [48] in the normal dis-
persion regime has enabled the power level of fiber laser to compete with their
solid-state counterparts. Recently, self-similar lasers based on parabolic attrac-
tion in the gain fiber have been reported [2,3] with the gain attractor operating
as shown by Fermann’s [7]. The generated parabolic pulse has linear chirp and
tends to have larger bandwidth, shorter pulses than pulses from dissipative soli-
ton laser [49]. However, the gain bandwidth places a limit on the shortest pulse
achievable from this type of laser by interrupting the self-similar propagation in

the gain fiber, which eventually leads to wave breaking.

Recently, Chong et. al [4] reported a scheme to broaden the spectrum in a
segment of highly nonlinear passive fiber after the gain based through passive
self-similar pulse propagation, as described by Anderson in [6], The laser gener-
ates 20 fs pulses that were dechirped by a multiphoton intrapulse interference
phase scan (MIIPS) device due to excessive nonlinear phase on the pulse accu-

mulated in the high nonlinear fiber.

Another way to extend the self-similar propagation is to use dispersion de-
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creasing fiber (DDF). Almost a decade ago, Hirooka and co-workers [5]demon-
strated that through an appropriate transformation, a self-similar parabolic
pulse solution can be supported by a DDF with an hyperbolic dispersion profile
in the normal dispersion regime. Therefore, a DDF with an appropriate disper-
sion curve placed after the gain would allow for the continuation of self-similar
evolution without the limitations of the gain bandwidth and excessive nonlin-
ear phase accumulation. Although the generation of parabolic pulses from DDF
through passive propagation have been reported [46], there has been no report
of a fiber laser based on it. Whether the self-similar evolution can be extended in
a laser through this mechanism, and, more importantly, whether the two local
attractors can co-exist in the same cavity are interesting questions with major
implications for short-pulse generation. There have been no reports of a fiber

laser based on this concept.

Here we report numerical and experimental results of the first fiber laser
with DDF to extended self-similar evolution within the cavity. This laser gener-
ates the shortest pulses from Yb- doped fiber oscillator to date, and these pulses

can be dechirped to close to the transform limit with a grating pair only.

3.2.2 DDF Theory

It has been shown previously [5] that the nonlinear Schrodinger equation
(NLSE) with uniform dispersion and gain can be transformed to one with de-

creasing dispersion and no gain.

0A g ,ﬂz 6214 . 2
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where A is the slowly varying envelope of the pulse, g is the gain per length of
the amplifier, 3, is the constant dispersion of the fiber, y is the nonlinear coeffi-

cient. With some substitutes:

p=ANTTTE ¢ 2D 55
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et/ W el o 4

9% SA iy +iy(uPu (34)
where the u is the substitute of amplitude, ¢ is the substitute of propagation dis-
tance, By is the initial dispersion at the beginning of the DDF, y is the presuedo

gain. And the dispersion curve should follow the relation of

B0
1+1Iz

Ba(2) = (3.5)

The transformed equation also has an asymptotic solution of parabolic pulse

(
A1) = VA - [% 1/2))explio(z, O], 1] < 7(2) (3.6)

which will broaden in both spectral and temporal domain at power of 1:

At o« (1+T2)3 , Ado (1 +T7)3 (3.7)

There are several features of this asymptotic solution worth noting. The most
important one is that it is not restricted by the gain bandwidth. Although the
growth rate of the spectral bandwidth is slower than the exponential rate in the
amplifier case [7], the lack of fixed gain gives additional freedom in engineering
the desired solution. In addition, the DDF solution also has a fixed chirp deter-
mined by the group velocity dispersion (GVD) of the fiber, similar to the case of
amplifier.

5w = 3.8
w T (3.8)
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This allows the engineering of the pulse chirp but it also bring the question
that whether the two local attractor could co- exist within the same cavity, espe-

cially when their solution are not fully identical.

3.2.3 Numerical Simulation

Numerical simulations were carried out to study the behavior of a laser with
a DDE. More specific simulations with realistic fiber parameters were used to
guide the design of the experiment. The simulated cavity consisted 4 fiber
segments as shown in Fig.3.6: 30 cm SMF, 80 cm gain, 30 cm SMF, and var-
ious lengths of DDFE. The DDF is initially 4.3 m with dispersion varying 4 to
74 fs?/mm along that length. The exactly dispersion decreasing curves have
been fitted with hyperbolic curve (y=0.038/cm) and linear curve (y=0.044/cm ).
Despite of the difference of two fitting, they both give similar results compared
with experiment. For more controlled study to understand DDF function in the

cavity, hyperbolic curve simulation is presented here.

gain l l l saturable spectral
fiber DDF [absorber filter

output

A narrow filter was used before the gain to promote amplifier similariton
formation, as described in [3]. The DDF is placed after the gain with an as-
sumed 30 % coupling ratio. An ideal saturable absorber with 100 % modulation

depth is used to assist mode locking. Stable solutions were found with various
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Figure 3.6: Schematic and Pulse spectrum at different location of the cav-

ity.

DDF lengths and the trends agrees with the experiment result (Fig.3.7(a)). Sim-

ulations confirm that the chirp of the pulse is close to the theoretical fixed dis-

persion from a DDF (Fig.3.7(b)), the second attractor of the cavity, as predicted.

n the simulations the nonlinearity of the DDF was assumed to be constant since
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Figure 3.7: DDF cavity properties. (a).Broadest bandwidth generated with
various length of DDEF. (a)Simulation (black line) and experi-
ment results (Red line: calculated transform limited pulse from
spectra. Green Line: Dechirped pulse) with different length of
DDE.(b)The amount of chirp for a cavity of fixed DDF initial
dispersion ) with various DDF length. Red dotted line is the
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the variation of core size is small. The best performance is obtained with 1.2 m

of DDF, for which the initial dispersion value matches the gain fiber, 23 fs* /mm,
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Pulses as short as 14 fs are produced in the simulation. Fig.3.8 shows the sim-
ulated mode locked results. The pulse has linear chirp and 2 nJ of energy. The

transform limited pulse from the spectrum is 14 fs (inset).
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Figure 3.8: Mode locked Simulation Result. (a):Simulated spectrum and
its transform limited pulse (inset). (b): Chirped pulse and its
spontaneous frequency.

Fig.3.9 show that the spectrum and pulse broaden inside the gain and, after a
disruption in a short segment of ordinary fiber,continuously broadening within
DDF. This indicates that the parabolic pulse is a nonlinear attractor in both the

gain and DDF segments.

3.24 Experiment

The experimental design is shown in Fig. 3.10. A 300 lines/mm grating and a
collimator form a 4 nm Gaussian filter. 80 cm of Yb-gain fiber is followed by a
DDF with free space coupling. The DDF was fabricated at Bath University by
tapering a photonic crystal fiber with core size 3.2 yum under computer control
during the fiber draw. The change in core size is minimal. Nonlinear polariza-
tion evolution (NPE) is employed as the saturable absorber. Mode locking is

achieved by adjusting the wave plates. The sampler plates are used to monitor
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the spectral evolution. The length of the DDF has been cut from 4.3 m to 3 m,
and the mode locking results have agreed well with the trends from simulation.
The spectrum directly after the DDF matches simulation results. However, fil-
tering induced by NPE tends to create structure on the output spectrum since
the combined spectrum from PBS and grating reflection always makes the spec-

trum right after DDF, which is seen in Fig.3.11(d).
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Figure 3.10: Experiment Setup. PBS: polarization beam splitter.

72



3) b)
1- M 1- C
0 04
1000 1050 1100 1150 950 1000 1050 1100 1150
<) d) output
" output 14 grating reflection
—PCF
— output+grating
5
<
= N
c ; s
] B i ;
£
04 ] ’

1000 1050 1100 1150 950 1000 1050 1100 1150
Wavelength (nm)
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The shortest pulse from this cavity is shown in Fig.3.12 The output pulses
are 1 nJ. The dechirped pulses have a full-width at half-maximum of 20 fs, but

exhibit secondary structure.

The total amount of chirp on top of the pulse referred from dechirping stage
is 11,300 fs*. One significant feature of this laser is that the chirped pulse could
be dechirped to close to transform limit with a pair of grating, which is a practi-
cal improvement over the work described in [4]. The dechirped pulse is 20 fs (6
cycles). The structure of the autocorrelation is due to small amount of uncom-
pensated TOD (600 fs*) as from calculation. The continuation of the experiment

is hindered by self lasing from DDF after a few times burning of the fiber.
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Figure 3.12: Experiment Results. (a): Mode locked spectrum. (b):
Dechirped autocorrelation(black line) and calculated trans-
form limited autocorrelation with 600 fs?> TOD (Redline).

3.2.5 Conclusion

We have demonstrated the use of DDF in a laser cavity to continue the self-
similar pulse evolution after the gain fiber. The demonstration of structured
6-cycle pulses shows the promise of this approach. Optimization of the perfor-
mance based on simulation results and through controlling higher order disper-

sion in the de-chirping state is expected to produce shorter and cleaner pulses.

3.3 Sub 10-fs pulse generation from DDF

3.3.1 DDF laser features

The success of initial numerical and experimental study of DDF shows that it
is a promising way of designing the laser cavity with DDF. The performance
of the DDF is limited by loss fundamentally if the DDF curve is designed to
control the nonlinear phase well. Fig.3.13 shows the trend of laser performance
with increasing the coupling ratio between hil060 fiber and DDE. The pulse

bandwidth and energy increases with reducing the loss of the cavity.
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Figure 3.13: Impact of loss on DDF lasers.

When the loss of the cavity is fixed, increasing the pump power will increase
the pulse bandwidth and energy as is the case for other types of fiber lasers.
However, all other fiber lasers will start to experience wave-breaking or lose
mode locking at some pump level. The DDF cavity does not lose mode locking
but instead starts to show saturation with increasing pump power as is shown
in Fig.3.14. The mode locked pulses show increasing bandwidth and energy
with pump power up to a point but reach a saturation state at a certain pump
power and keep that state despite the big increase in pump power. This is also

the feature of the parabolic pulse propagation in the amplifier case.
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Figure 3.14: Pump power impact on pulse bandwidth and energy.

3.3.2 Octive Span DDF Laser

When the DDF curve is well designed to match the other fibers in the oscillator
to avoid wave-breaking , it can control the nonlinear phase so well that an oc-
tave spanning spectrum was mode locked in simulation as shown in Fig.3.15.
Higher-order dispersion from the fiber (mainly TOD) does not affect the laser
performance much since the net cavity dispersion is large. The DDF used in the
cavity has a very small initial dispersion value of 3.7 fs* and 7=0.038/cm. The
length of the DDF is 2 m. The output of the laser cavity is 80%. Octave spanning
spectra can be mode locked when the coupling ratio between SMF and DDF is

>=50%. The laser generated 1ps pulses with 4 n] of energy.

Although the trustworthiness of the simulation needs to be tested for such

pulses that clearly violate the slowly varying envelope approximation, it is the
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Figure 3.15: DDF Simulation Results. (a): Mode locked spectrum in both
linear(black) and log (red) scale. (b): Calculated transform
limited autocorrelation.

tirst time in simulation to see an octave span spectrum from fiber oscillator. It
clearly shows that there is potential for fiber laser to reach the performance of
the shortest pulses generated from a Ti-sapphire. It is so far the only proposed
method to achieve less than 10 fs pulses from a fiber oscillator. Further, the
method of achieving such a short pulse is unique to a fiber cavity since solid
state lasers typically do not have such a large amount of dispersion. The de-
grees of freedom in designing the DDF need to be explored as the next step,
but this certainly opens a door to a pulse propagation regime that even solid
state laser have not reached, such as 10 fs pulses at low repetition rates. This
approach could potentially be used to generate frequency combs directly from
a fiber oscillator which may have better noise properties than those made from

amplified pulses.

3.3.3 Limitations of DDF Laser Cavity

There are two known limitations to DDF laser cavities. One is the free space

coupling between SMF(HI1060 fiber) and the DDEF. This is not only a limit to the
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laser performance, but also brings mechanical instability to the cavity, which
will prevent it from being user friendly. This problem can be eventually solved

by advanced splicing or a fiber combiner with high transmission efficiency.

The other limitation is from the core size of DDF. Currently the known
method of making a DDF for the fiber laser cavity is to taper the fiber to
vary the wave-guide dispersion in order to change the total dispersion(material
dispersion+waveguide dispersion). This method only works for small core
tibers where the contribution of the waveguide dispersion is significant. The
maximum simulated pulse energy from this type of laser made of standard SMF

is only a few nJ.

3.3.4 Future work for DDF lasers

1. Systematic study design of cavity, such as curve of DDF fiber and length of
gain fiber.
2. Cascade DDFs. Try another DDF after the first one.

3. Spectrum compression to reduce the loss and reach even broader spectrum.
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3.4 Scaling with CCC fiber

3.4.1 Introduction

To really achieve high energy in a short pulse fiber laser with peak power more
than 1 MW, managing nonlinearity has to be done. A standard way to accom-
plish this in fiber lasers is to use large core fiber. Although the DDF laser has
more controlled phase than in a other fiber lasers and can generate extremely
short pulses, DDF is not available for the large core size fiber and therefore the
output energy is limited to a few nJ due to the small core size as discussed in
section above. For applications needing high power, scaling the fiber core size
with the extended self-similar propagation with a highly nonlinear fiber design
was introduced in Section 3.1. This concept has been studied and initial results
shows it is a promising way to generate pulses with 1 MW peak power and sub

40 fs durations.

3.4.2 Numerical Study

Lasers using 30 um core CCC fiber and other single mode fibers have been ex-
plored to see the potential of the scaling performance. Fig. 3.16 shows a table
of simulated mode locked pulse performance. High energy pulses with peak

powers more than IMW can be generally reached by different combinations.

Simulation results converge to peak powers as high as 10 MW (22 fs, 303 n]).
However, we only consider the cases where the spectrum after the gain is

around 40 nm to be modest. It is possible that the excellent performance seen
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Figure 3.16: Simulated mode locked results with different combination of
2.7 m CCC fiber and other single mode fiber.

simulation could one day happen in experiment once we understand how

the gain spectrum shape affects mode locking. Fig. 3.17 shows the simulated

CCC cavity with the highest pulse peak power. It has 2 m of CCC gain fiber and

2 m of LMAZ25 fiber after the gain. A 60% coupling ratio between the two is as-

sumed considering their relatively big core sizes. The chirped pulse has energy

of 141 nJ, and the spectrum corresponds to a 40 fs pulse. The peak power of the

Intensity (A.U.)

pulse is 4.5 MW.
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Figure 3.17: Simulated mode locked results with the highest peak power.
(a) Mode locked spectrum. (b) Calculated zero phase trans-
form limited autocorrelation.
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3.4.3 Initial Experiment

Considering the limited pump power and the construction of the laser cav-
ity, initial experiments are carried out with 2 of CCC fiber(3,=20 fs’/mm,
A.rr=346 um?) spliced to 3 m HI1060 (3,=23 fs’/mm, A,;;=31 pum?) fiber with
a mode filed adapter. The 600/mm grating is used as a 3 nm Gaussian filter.
CCC fiber is free space aligned with an =19 cm focal lens. The laser has a low
slope efficiency of about 15% but can mode locked easily. The spectral band-
width increases as the pump power goes up. However, beyond 15 W of pump
power, the laser starts to have burning issue. The highest energy from this laser
is 9 nJ with the spectrum shown in Fig. 3.18. The calculated zero phase trans-
form limited pulse is 60 fs. By scaling of the bandwidth and energy, this laser
can achieve 30 fs pulses with 18 n] if the full pump power could be used without

burning.

3.5 Conclusion

In this chapter, two methods for short pulse generation from fiber laser cavities
based on the self-similar nonlinear attractor in the gain segment were intro-
duced. These two methods show the promise of a fiber laser that can directly
compare to a solid laser laser in the combination of short pulse with high energy.
Future work needs to be done to improve the performance, and more system-
atic study is needed to better understand the limitations and potential of these

lasers.
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CHAPTER 4
TM FIBER LASER

4.1 Introduction

The wavelength of thulium-based lasers has several useful features that have
drawn a lot of attention over the past five years. First, it is at eye-safe range
(>1.4 um) for applications where human exposure is not avoidable. Second, it is
very efficient for superficial ablation of tissue, with minimal coagulation depth
in air or water. This makes thulium lasers attractive for laser-based surgery.
The other applications of 2 um Tm lasers include but are not limited to high ef-
ticiency THz generation, 3-5 micron super-continuum generation, time-resolved
molecular spectroscopy, optical frequency combs, Light Detection and Ranging
(LIDAR), free space communication, higher-order harmonic generation, MID-
IR frequency conversion, air pollution monitoring, and high efficiency soft X-

ray generation.

The recent progress in Tm-doped fiber has enabled the wide study of Tm
fiber lasers. Tm-doped gain has a relative broad spectrum of around 200 nm
and a large mode field diameter, which are useful for both short pulse duration

and high energy pulse generation.

In this chapter, Tm fiber lasers from anomalous dispersion to large normal
dispersion will be introduced. The performance of these lasers is limited by

technical issues such as fiber cooling and lossy components.
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4.2 Tm Soliton Laser

As a first step in exploring a new wavelength regime, we first make a soliton
laser. Khanh Kieu made a CNT mode locked soliton laser [50]. However, to
tully access the mode locking states and explore the physics, a Tm fiber laser
with NPE as the saturable absorber is built with an isolator centered at 1950 nm

and mode locked. The schematic of the laser setup is shown in Fig.4.1.

4.2.1 Experiment

Filter Output

Isolator \

. AN
rm|‘g.§\J||[Ojﬁ

Collimator Collimator

X \ Waveplates / X

X J
~1 m of Tm-doped fiber

WDM

Figure 4.1: Experimental Setup. The Filter was added later.

The laser consists of Im of Tm-doped fiber and 1 m of SMF28 from the colli-
mator and WDM fiber pigtails. The WDM is a 980/1550 nm coupler with 1550
nm as the pump end and 980 nm as the signal end. The laser is pumped by a
1 W Er laser at 1569 nm. The CW efficiency of the Tm laser is about 20%. The
cavity has net dispersion of -0.18 ps* with the fiber parameters listed below:

SMF28: B,=-60 fs*/mm, A,;= 93um?
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Tmb512: B,=-120 fs*/mm, A, ;y= 78um?
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Figure 4.2: Experimental Result. (a):Mode locked spectrum.(b) Autocorre-
lation

The mode locked results from this laser are shown in Fig. 4.2. The mode
locking was hard to find and existed only within a narrow range of NPE set-
tings. The FWHM of the spectrum is 10 nm, with a pulse width of about 400 fs.
The pulse is slightly chirped. The spectrum has less side band compared with
Khanh'’s laser [50] could be due to more efficient pumping at 1570 nm with a
tunable pump source and a more matched isolator to the gain spectrum, which
results in better efficiency in the cavity. The single pulsing output power is
25-30 mW. From the sideband positions and the dispersion of SMF at 2um as
measured by other groups, we calculated the dispersion of the gain fiber to be
-120ps*/km if the dispersion of SMF is as assumed to be -60ps*/km. WIth these
dispersion parameters, the pulse duration and energy also match the soliton
area theorem. The laser can also be mode-locked at other center wavelength

such as 1950 nm due to the broad bandwidth of gain spectrum.
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4.2.2 Tm Soliton Laser with a Filter

Due to the strong sidebands and difficulty in mode-locking seen in the result in
the previous section, we add a filter to the cavity. From the past experience, we
expect the filter to stabilize the pulse also cut off the sidebands. The previous
result for a soliton laser around 2 um with a 10T birefriengent filter before shows
spectral distortions [51]. We tried the filter they used but could not get mode-
locking. After change to a 15T filter, the mode-locking gets much easier and the
spectrum exhibits fewer sidebands than the one presented in Fig. 5.2. The filter
is added after the output and before the isolator, as shown is Fig. 4.1 (the dotted
line). The slope efficiency of the cavity is around 25%. The tunability for some
mode is large, and the center wavelength of the spectrum can be continuously
tuned for 40 nm. The pulse usually mode locked with a center wavelength
around 1900 nm, although it can mode-lock around 1950 nm too due to the
sinusoid transmission curve of the quartz filter having a bandwidth of about
50 nm. The mode locked pulse in Fig. 4.3 is verified to be single pulse by our
fast detector and autocorrelator. Various mode locking states exist in this cavity.
By adjusting the waveplates continuously and slowly, mode locked spectrum
with weaker sidebands and higher energy can be found. The highest output
power for single pulsing is 30 mw, which occurs with a pump power of 400 mW.
This corresponds to 0.42 nJ of pulse energy at the 71.4 MHZ reputation rate.
The mode-locking is not self-starting. However, by continuously turning up
the pump power to 1 W, the laser would mode-lock with multi-pulsing and
then become single pulsing again when the power is turned down without any

adjustment of the wave-plates.
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Figure 4.3: Experimental Result of Tm soliton laser With a filter. Left:
Mode locked spectrum. Right: Autocorrelation.

4.2.3 Dispersion Managed (DM) Tm Soliton

Next, a DM soliton Tm fiber laser is designed with dispersion compensation
from a high NA fiber (UHNA?). This fiber has a large waveguide dispersion
which compensate the well-known negative material dispersion at this wave-
length regime. The parameters of UHNAY fiber at 2 um are : 8,=90 fs*/mm and
A.pr=11 um?. Due to the small mode filed diameter, UHNAY7 fiber is placed be-
fore the gain fiber to avoid the excessive nonlinearity. In addition, the splicing
loss between UHNAY fiber and other fibers in the cavity is not negligible, so it
is better for the cavity efficiency to have the extra loss before the gain also. The

15T filter was kept inside the cavity based on the experience with soliton lasers.

A piece of 1.5 normal dispersion fiber for 2um was added inside the cavity
for the next step as shown in Fig.4.4. The net cavity dispersion is -0.045 ps®. The
cavity has a CW efficiency of 25%. Fig.4.5 shows the mode locked experiment
result. The FWHM of the spectrum is 15 nm. The pulse has 46 mW of average
power at a 46 MHz reputation rate, which gives 1nJ of pulse energy. The auto-

correlation indicates that the pulse is slightly chirped. If we still assume a S ech?
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Figure 4.4: DM Tm Soliton Experimental Setup with a 15T filter.

conversion, for the autocorrelation, the pulse duration is about 340 fs. This is

one of the best Tm fiber oscillators so far in terms of pulse duration and energy.
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Figure 4.5: Experimental Result. (a):Mode locked spectrum.(b) Autocorre-
lation

The influence of the filter can be observed as a sinusoid modulation for the
whole gain bandwidth. The mode locked spectrum can also be centered at var-

ious wavelengths.
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4.3 Large Normal Dispersion Tm Laser

To make the Tm laser have net normal dispersion, more UHNA? fiber was
added before the gain for dispersion compensation. However, no mode lock-
ing was found initially. We suspect this is caused by low saturable absorption
from the NPE due to low pump powers. We solve this by adding passive fibers
both before and after gain to lower the repetition rate for higher pulse energy
and for more accumulated nonlinear phase to drive the NPE saturable absorp-
tion. Due to the splicing loss between UHNA7 and other fibers in the cavity,
SMF28 was added after the gain and more UHNA? was added before the gain.
This section demonstrated a mode-locked Tm fiber laser at large normal disper-
sion, generating 0.4 nJ pules that dechirp to 470 fs with a pair of gratings. The

dispersion inside the cavity is controlled in an all fiber format.

4.3.1 Introduction

Tm fiber lasers are currently attracting attention for use as short-pulse infrared
sources. The broad ( 200 nm) and relatively smooth fluorescence spectrum of
Tm-doped fiber has the potential to generate very short pulses and could be the
basis of frequency combs. 2 um lasers can also be used as pumps to generate
supercontinuum between 3-5 um [52]. To date, mode-locked Tm fiber lasers
have included soliton lasers with nonlinear polarization evolution (NPE) [51],
SESAM [53] or carbon nanotubes [50] acting as saturable absorbers. Engelbrecht
et al. [54] used a grating—telescope combination inside the cavity to create a
dispersion map in a double-clad Tm-doped fiber, and stretched-pulse opera-

tion was observed with excellent performance. Normal-dispersion cavities with
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pulse-shaping based on spectral filtering produce the highest-energy pulses for
a given mode area [21]. Tm fiber lasers should be capable of performance levels
comparable to Yb fiber lasers. Here we present initial results from a mode-
locked Tm laser in the large normal dispersion regime, with a spectral filter as-
sisting the pulse evolution. In a cavity with all-fiber dispersion control, pulses
with 0.4 nJ energy and dechirping down to 470 fs are obtained. Factors that limit

the performance will be discussed.

Output
Filter P

—
\ Isolator

6m high NA fiber Wave-plates

L

4m SMF28 /

WDM ~1 m of Tm-doped fibe)r(

Figure 4.6: Experimental Setup

4.3.2 Experiment

Standard fibers have large anomalous dispersion at 2 um, so it is a challenge
to design a fiber cavity with a dispersion map or large normal dispersion. In
prior work, a grating pair and telescope were used to introduce normal disper-
sion [54]. To date, there is no report of accomplishing this with fiber, which
would have the obvious advantages of integration, efficiency, and compact-
ness. We employ a high-NA fiber with a very small core and correspondingly

large waveguide dispersion to introduce normal dispersion at 2 yum. Our goal
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Figure 4.7: Experimental Results.Left: Mode locked spectrum in log scale.
Right: Autocorrelation

is to construct a dissipative-soliton laser. Before this, we also mode-locked a
stretched-pulse laser in the same fiber format with 1.5m of high-NA fiber. The
laser (Fig. 4.6.) consists of 6 m of the high-NA single-mode fiber (SMF) with
large normal dispersion (90 fs*/mm at 2 um), 1 m of Tm-doped gain fiber with
anomalous dispersion, and another 4 m of SMF-28 with anomalous dispersion.
The cavity has the large net normal dispersion of 0.24 ps* . The total length of
the cavity is 11 m, chosen for a relatively low repetition rate (17 MHz), which
reduces the pump power requirement. The Tm fiber is pumped by 1 W from
an Er fiber laser-amplifier system. The normal-dispersion fiber also introduces
large nonlinearity through its small core, and the mismatch of core sizes leads to
significant loss when it is spliced to the gain fiber. For these reasons, we avoid
the use of the normal-dispersion fiber after the gain segment. A birefringence
filter with 22 nm bandwidth is used, and wave plates and beam splitter imple-
ment NPE as the saturable absorber. A 28 nm bandwidth filter was first tried

but the laser could not mode- lock.

The long segment of normal-dispersion fiber before the gain is intended to

facilitate chirped-pulse evolution inside the cavity. After the output coupling,
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the pulse energy is low, so in the normal-dispersion fiber the pulse accumulates
linear phase and broadens in time. In the anomalous-dispersion segments (gain
and SMF-28), the pulse will compress. However, the large normal dispersion
cannot be fully compensated, and the filter shapes the pulse in both time and
frequency, and takes it back to the initial state. The SMF after the gain provides

nonlinearity for NPE.

Self-starting and single-pulsing mode-locking is observed (Fig. 4.7) with ap-
propriate adjustment of the wave plates. The spectrum is about 16 nm wide.
The pulse could be dechirped by passing it through anomalous dispersion to
470 fs, which is near the transform limit. The energy before dechirping is 0.35
nJ, which is lower than expected from normal dispersion lasers. Double pulsing
is observed when pump power is increased. Numerical simulations match the
pulse evolution inside the cavity. We suspect that the long stretch of anomalous-
dispersion fiber after the gain may limit the pulse energy. The pulse will tend to
a soliton solution, which has low energy, and will be distorted or will break up
at higher energy. We believe that by optimizing the fiber length there or even
replacing it with a normal-dispersion fiber that better matches the gain fiber,

higher pulse energy and broader spectra will be possible.

4.3.3 Discussion

The simulated results are actually very close to the experiment results as shown
in Fig.4.8. This cavity has the feature of passive self similar laser with large nor-
mal dispersion before the gain where the parabolic pulse tries to form (Fig.4.8(c).

There is not much spectral breathing in this cavity.
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Figure 4.8: Simulation Results. (a) Mode locked spectrum. (b) Autocorre-
lation of calculated zero phase pulse. (c) M parameter evolu-
tion within the cavity. (d) Chirped pulse

This cavity is not optimized for either the pulse energy or the pulse duration,
but rather it is designed to operate with available pump power and components.
But it offers a way to mode lock at large normal dispersion, which helps to
understand the reason for difficult mode locking of Tm laser and verify our
pulse propagation understanding in this new wavelength regime. There are
several directions to optimize this cavity:

1. Reduce the fiber after the gain.

2.Replace some of the SMF28 after the gain with some Er-doped fiber that has
small normal dispersion at 2 um to avoid soliton formation.

3. Use a narrower bandwidth filter since the current filter is broader than the

mode locked spectrum. A narrower filter may increase spectral breathing and
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allow more nonlinear phase accumulation.

4.3.4 Conclusion

In summary, successful mode-locking of a Tm fiber laser with fiber-based large
normal dispersion was achieved. The initial performance is modest, but better
results can be expected with further optimization of the cavity, fiber matching
and filtering to fully take advantage of the potential of all-normal dispersion

mode-locking.

4.4 Conclusion and Future Direction

Currently, there has been no published Tm fiber oscillator with good perfor-
mance. The handling of Tm fiber laser is trickier than Yb and Er lasers. The
cavities with NPE based saturable absorbers are also harder to mode lock than
lasers at other wavelengths. One of the reasons is that the life time of Thulium
is short at room temperature and the laser has a tendency to Q-switch. The ac-
cumulated common knowledge says to cool the fiber for better performance.
In addition, higher pump power will be needed in order to operate in normal

dispersion regime with health pulse energy.

Based on experience at other wavelengths, we expect to achieve higher per-
formance fiber laser is when operating in the normal dispersion regime, particu-
larly with normal dispersion gain fiber. The current method uses UHNA?7 fiber
or other high NA to provide normal dispersion. However, those fibers have

both high propagation loss and bending loss at 2 um. Further techniques need
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to be developed for providing normal dispersion at 2 um in order to achieve
better performance. Recently, Advalue Photonics developed normal dispersion
silicate fiber (both doped and passive) for 2 um. It opens the opportunity for
both dissipative soliton and amplifier similariton lasers at 2 um. An example of
a dissipative soliton simulation based on the normal dispersion silicate fiber is
shown below. The laser cavity consists of 50 cm of passive fiber, 1 m of Tm fiber
and anther 50 cm of passive fiber. The dispersion of the fiber is 120 fs?/mm. The
mode field area A,;;=100um?. Filters from 10 nm to 50 nm are used for mode
locking. For the 50 nm filter (which is equivalent to a 15 nm filter at 1 um), the
laser can generate 1 uJ and 112 fs pulses directly from oscillators (assuming that
self-focusing is not a problem and that sufficient pump is available) as shown in
figure below. The spectrum has the signature batman ears and an 80 nm band-
width. Future increases in energy are possible in simulation but will be subject

to self-focusing in experiment.

This is truly an encouraging result to be follow up in experiment. It also
shows the importance of Tm fiber lasers in terms of performance. With all the
technical problem to be solved, Tm fiber lasers could be strong candidates for

many applications requiring high energy and short pulses.
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CHAPTER 5
FUTURE DIRECTIONS

In this chapter, future work based on current study will be presented including
spectral compression to replace narrow filter for amplifier similariton laser and
more importantly for extended self similar lasers, as well as new mode locking
lasers near zero dispersion regimes and hybrid evolution of dissipative soliton
laser and amplifier similariton laser at large normal dispersion regimes. The
discussion is to understand the nonlinear wave propagation for mode locked

lasers and to explore the potential fiber lasers with higher performance.

5.1 Spectral Compression within Gain Attractor

One of the potential concerns with using a narrow filter inside the laser cavity
is the large loss introduced by the narrow filter when strong spectral breathing
exist as in the case of amplifier similariton and more significantly its extended
cavity. Spectral compression is a way to avoid the loss while support large spec-
tral breathing within the cavity [28]. The schematic of the idea is shown in Fig.
5.1. They have demonstrated in simulation that by replacing narrow filter with
this type of spectral compression, the laser can get mode locked and moreover

the desired self similar evolution could happen within the gain segment.

For amplifier similariton laser itself, the ultimate pulse performance is set
by gain fiber parameters (dispersion, nonlinearity and bandwidth) as discussed
before. Reducing the loss may help with the laser noise but is not necessar-

ily leading to higher performance. However, for extended self similar cavities,
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Figure 5.1: Spectral compression within a laser schematic

the loss is one of the limiting factors of the laser performance when the pulse
bandwidth gets much broader than the gain bandwidth. By introducing spec-
tral compression, this type of lasers are expected to reach higher performance.
Initial simulation was carried out and confirmed the assumption. Fig. 5.2 shows

the schematic of a simulated oscillator.

DDL <
NDF saturable spectral
fiber l l HNLF l [absorber filter

B C

Figure 5.2: Schematic of an extended self similar laser with spectral com-
pression

A

Simulation was converged and the mode locked results are shown in Fig. 5.3.
Despite of the dramatic changes in pulse shape (Fig. 5.3 (a)), the pulse is able to
reach and keep parabola within the gain segment. The pulse duration evolution

has some features of DM soliton due to the dispersion map (Fig. 5.3 (b)). The
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Figure 5.3: (a) Pulse shape evolution inside the cavity. (b) Pulse band-
width and duration evolution. (c) Mode locked spectrum. (d)
Calculated transform limited pulse.

mode locked spectrum has close to 200 nm bandwidth with 40 n] pulse energy.
The pulse is no longer parabola but rather a Gaussian (Fig. 5.3 (a)). The sharp
edges of the spectrum along with high pulse energy is similar to the dissipative

soliton laser. The spectrum corresponds to a calculated transform limited 17 fs

pulse (Fig. 5.3 (d)).

This laser has features of several different evolutions and pulse shaping
mechanisms including: self similar evolution inside the gain, dispersion man-
aged soliton for pulse duration evolution and dissipative soliton for the spectral
feature and pulse energy. The performance of the laser also has the advantages
of all those evolutions in terms of high energy and short pulse duration. To bet-
ter understand this laser, we first review different mode locking mechanism in

term of their dispersion regimes as shown in Fig. 5.4.
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Figure 5.4: Dispersion regimes of mode locking lasers

DM soliton works at anomalous dispersion regimes and dissipative soliton
works at normal dispersion regimes. However, both have higher performance
towards near zero dispersion. Amplifier similariton could work at any net dis-
persion regimes with the proper initial condition before the gain since it is a
local solution of the gain attractor. The near zero dispersion regimes are where
all kinds of evolution could happen. The problem at this regime is that tradi-
tionally lasers start to become hard to mode lock because the effective gain for
CW will be bigger than it is for pulses. Because of the dispersion map for the
spectral compression, the laser in Fig. 5.3 is unavoidable working around near
zero dispersion. However, when the right initial condition is prepared, the gain
attractor can act as additional force for pulse shaping and to help pulses win
over CW. If our understanding is correct, this type of performance with short
pulse and high energy could happen even without the extra fiber after the gain
for the extended self similar evolution since the DM soliton element could allow

very short pulses.

Based on the assumption, the extra piece of fiber after the gain is taken away
from the oscillator as is shown in Fig. 5.5 (a). The mode locked pulse has 80 nJ

with spectrum broad enough to support a 14 fs transform limited pulse (Fig. 5.5

(b)(c)).
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Figure 5.5: (a) Schematic of self similar laser with spectral compression
near zero GVD. (b) Mode locked spectrum. (c) Calculated
transform limited pulse

5.2 Experimental Design of a Laser with Spectral Compression

Systematic experiment work needs to be done to further confirm the assumption
and simulation results in section 5.1. However, some initial experiment work
by Lan and coworks [17]has shown that this type of laser could work. They
used GTI to introduce large anomalous dispersion after output to have spectral
compression at the beginning of the gain segment. The experimental cavity
design is shown in Fig. 5.6 below. A 30 nm bandpass filter is placed before GTI

to assist mode locking and bring some dissipation to the system.

The gain segment of this cavity is only 23 cm and it is not ideal to form an
amplifier similariton. The pulse did not evolve into parabola indeed [17]. Sim-
ulation with 173 cm gain fiber for the same cavity design was carried out to see

how the spectral compression works for amplifier similariton. The simulated
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result is shown in Fig. 5.7 (a)(b). More GTI bounces were used in order to have
enough spectral compression. For control, a standard amplifier similariton laser
with a narrow filter (same bandwidth as the spectral compression effect) was
shown in Fig. 5.3 (c)(d). Although the two cavities have different net dispersion
(one is 523 fs? and the other is 51520 fs?), their mode locked spectra shapes and
performance are similar. So we can conclude that spectral compression from
this type of experimental cavity design can be used for amplifier similariton

lasers.

5.3 “Hybrid” Evolution

5.3.1 DM Soliton and Amplifier Similariton

When the spectral compression is introduced to the cavity, it enforces the cav-
ity to work at near zero dispersion regime. At this regime, many mode locking
solutions could exist including DM soliton, passive self similar laser, DM dissi-

pative soliton(Renninger’s thesis) and DM amplifier similariton. Each solution
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Figure 5.7: Simulation Results of amplifier similariton laser with spectral
compression. (a) Spectrum compression laser mode locked
spectrum (b) Spectrum compression laser calculated transform
limited pulse. (c) Narrow filter cavity mode locked spectrum.
(d) Narrow filter cavity calculated transform limited pulse.

can be identified by its featured evolution. However, when the cavity condition
satisfy more than one evolutions, mode locking could still happen in a “hybrid”
evolution with features of different evolutions. For example, Lan reported a
laser (Fig. 5.6) which has both features of DM soliton with two times temporal
breathing and of amplifier similariton with large spectral breathing and attract-
ing towards parabola pulse [17]. The performance of the laser is better than both
the DM soliton and amplifier similariton laser along in terms of pulse duration
and energy. Stating from there, initial systematic study of this cavity was carried

out to understand this new evolution.
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First controlled study in simulation is to vary the bounces of GTI. Fig. 5.8
shows the impact of amount of bounces(anomalous dispersion) on the equiva-

lent spectral compression filtering and unavoidably the net cavity dispersion. It
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Figure 5.8: Controlled spectral compression study by changing the GTI
bounces. Left: spectral compression bandwidth v.s total
bounces. Right: Net cavity dispersion v.s. total bounces
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Figure 5.9: Laser performance with controlled net cavity dispersion

shows that within certain range(between 17 and 22 bounces which corresponds
to -5000 -13000 fs?), the more anomalous dispersion from GTI, the narrower

the spectral compression bandwidth is. Too much anomalous dispersion will
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impact the strength of spectral compression. So we focus the evolution trend
between 17 to 22 bounces (between -12000 fs* and -5000 fs?). Fig. 5.9 shows the
pulse performance trend in this regime. It shows that the more the net anoma-
lous dispersion, which also corresponds to narrower the spectral compression

bandwidth, the higher pulse energy and shorter pulse duration can be achieved.

Fig. 5.10 shows the mode locked results from the cavity with 22 bounces.
The laser can support 17 fs pulses with 68 n] pulse energy. Consider a factor of
10 of pulse energy difference from simulation to experiment as was the case in

Fig. 5.6, the result is still directly comparable with solid state lasers. The pulse

’68 nJ 10- FWHM: 17 fs

0.5+
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0 0.04

900 950 1000 1050 1100 1150 1200 -100 -50 0 50 100
Wavelength (nm) Time (fs)

Figure 5.10: Simulated mode locked results from the cavity with 22 GTI
bounces. Left: mode locked spectrum. Right: Calculated
transform limited pulse.

evolution of this cavity is shown in Fig. 5.11. The pulse has temporal breathing
twice as in the case of DM soliton but the two breathings have different am-
plitude. Large spectral breathing with a ratio of 45 is supported by the cavity
which is a feature of amplifier similariton. The pulse shape from output is very

close to parabola(Fig. 5.12)
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Figure 5.12: Simulated output pulse (black line) and a parabola pulse with
the same peak power and energy(red line)

5.3.2 Dissipative Soliton and Amplifier Similariton

At large normal dispersion regimes, dissipative soliton and amplifier similari-

ton both exist. The differences of those two include the bandwidth of the filter
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used, the ratio of spectral breathing and pulse shape. Some laser has features
of two evolutions. The dissipative soliton Er laser in Section 3.2 has some fea-
tures of amplifier similariton in its spectrum. Indeed, simulation shows that the
pulse was drawn to parabola by the end (Fig. 5.13) of gain segment, although it

has very little spectra breathing (a factor of 2) compared with routine amplifier

similariton case.
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Figure 5.13: Simulation of pulse evolution of Er dissipative soliton laser
from Section 3.2. Left: bandwidth and pulse duration evolu-
tion. Right: M parameter evolution to compare with parabolic
pulse. M<0.06 indicates parabolic pulse.

5.4 Conclusion

It is interesting and important to know that when there are more than one so-
lutions or even nonlinear attractors inside the cavity, how the pulse formation
and evolution are impacted. The examples in section 5.1 and 5.3 show that
they can work together to assist pulse shaping and give better performance
than previous known evolutions along. One regime particularly interesting is

the near zero dispersion regime, where the performance of the laser is hard to
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predict and also where the maximum numbers of attractors could exist (DM
soliton, dissipative soliton and amplifier similariton). Better understanding of
how those combined evolution can stabilize the cavity and form the pulse will
bring new insights to nonlinear pulse propagation of mode locked lasers and

generate pulses with higher performance.
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