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ABSTRACT

Title : Femtosecond High-Power Soliton Compression of a Self-Started APM
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Femtosecond soliton effect compression is investigated to obtain pulses from
passively mode-locked fiber lasers. Due to the inherent drawback of soliton-effect
compression that the pulse quality'Q. (defined as the energy ratio of the central pulse
to total pulse) is decreasing monotenieally from its ideal value of 1 as the soliton order
N increases, we propose a new concept of using. a simplified Erbium-doped fiber
Amplifier (EDFA) based all-fiber .compressor. = A very short but highly-doped
large-mode-field-area (LMFA ) Er-doped fiber is €mployed to minimize the nonlinear
process occurred during the high-power-amplification of Erbium-doped fiber laser
(EDFL) pulses. By using a pre-chirped single-mode fiber (SMF) segment for
controlling the chirp of fiber laser pulse before launching into the Er-doped fiber and
the last compression stage. Optimized pre-chirping, amplification and compression
of the fiber laser pulse can be achieved under the fine adjustment on both the lengths of
the SMF segments before and after the LMFA-EDFA. We primarily report that a
100% energy confinement within the central portion of the compressed soliton pulse is
obtained, which exists a peak power of 46 kW and a pulsewidth of 56 fs. A additional
compression stage is employed to further shorten the amplified EDFL pulsewidth and
to achieve largest compression ratio, which combines the SMF and large-effective-area
fiber (LEAF) to perform a dual-stage soliton compression link. As a result the
pulsewidth shrinks from 300 fs to 30 fs associated with a maximum peak-power

amplification ratio of >700.
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Chapter 1

Introduction

1.1 Short-Pulse Fiber Lasers

Q-switching and mode locking are known as two techniques used for generating
short optical pulse from lasers [1.1-1.3]. Q-switched fiber laser obtained by using an
intracavity acousto-optic modulator was demonstrated as early as 1986 to obtain [1.4].
Up to now, Q-switching remains a useful technique for fiber lasers since it can
generate high peak-power (> 1kW) pulse with tunable wavelengths over a wide range
covering the entire gain spectrum [1.5-1.7]. In 1999, to has been reported that
Q-switched pulses from a double-cladsYb-fiber laser could be tunable from 1060 to
1100 nm while maintaining: peak powers as large as 2 kW [1.5]. By using, a
Fabry-Perot etalon with a free spectral-range of 0.535 nm and a finesse of 76,
Q-switched pulses can be generated from an EDFL at more than 90 distinct
wavelengths simultaneously [1.6]. Pulse energy as high as 2.3 mJ was generated at a
repetition rate of 500 Hz from a cladding-pumped Yb-doped fiber laser made
Q-switching scheme [1.7]. However, Q-switching usually produces broad optical
pulses (~100 ns). In contrast, mode-locking can generate pulsewidth of shorter than
100 fs. Early experiments on the Nd-doped fiber lasers produced pulsewidth of >1-ns
[1.8]. A short pulsewidth of 120 ps was obtained in 1988 [1.9]. Later on, the
researching interests were focused on the development of mode-locked EDFLs for
potential applications in optical communication systems [1.10, 1.11].

The most common technique for active mode-locking of fiber lasers makes use of

an acousto-optic / electro-optic amplitude or phase modulator. In 1989, mode-locked



fiber laser pulsewidth as short as 4-ps pulses was generated using a ring cavity with
2-km standard single-mode fiber (SMF) of large anomalous GVD [1.12]. The
generation of ultrashort pulses relies on the soliton compressing effect. The pulse-
repetition rate was extended to 30 GHz by using a high speed LiNbO; modulator in
1990 [1.13]. Ring cavity design was demonstrated with an intracavity isolator for
unidirectional operation. It was reported in 1992 that a fiber laser with
transform-limited 3.5-10-ps pulsewidth and a time-bandwidth product of 0.32 at
repetition rates up to 20 GHz [1.14], which has been employed for soliton
communication at bit rate up to 8 Gb/s.

Passive mode-locking is an all-optical nonlinear technique capable of producing
ultrashort optical pulses without requiring any active component inside the laser cavity.
It makes use of a nonlinear device whose reésponse to an entering optical pulse is
intensity dependent such that the exiting.pulse 4s narrower than the input pulse.
Several implementations of-thisybasic_idea have been used to make passively
mode-locked fiber lasers. Nonlinear-amplifying-loop mirrors (NALMs) were first used
in 1991 for mode-locking the fiber lasers [1.15, 1.16]. Fundamental soliton
pulsewidth of shorter than 0.4 ps were generated from fiber laser pumped by
Ti:sapphire laser [1.15]. Subsequently, 290-fs pulses were produced from an EDFL
pumped by 1.48-um semiconductor lasers [1.16] with a mode-locking threshold of
only 50 mW. Once the mode-locking is initiated, the pump power could further be
decreased 10mW. Shorter pulse with energy as high as 0.5 nJ can be obtained by
stretching the pulse during its amplification in the erbium-doped fiber with normal
dispersion at the operating wavelength [1.17]. In addition, the fiber laser pulsewidth
can be compressed down to 125 fs by using a long dispersion-shifted fiber inside the

cavity. Both the central wavelength and the spectral width of the mode-locked fiber



laser pulses were tunable by adjusting intracavity the polarization-controllers.

On the other hand, the nonlinear polarization rotation technique was primarily
used for passive mode-locking the fiber lasers since 1992 [1.18, 1.19], which generates
stable and self-started pulse-train of subpicosecond pulsewidth at a 42-MHz repetition
rate [1.18]. Further improvements occurred under the control of anomalous GVD
within the laser cavity that limits both the width and the energy of mode-locked pulses.
A premier demonstration of 76-fs pulsewidth (with 90-pJ energy and 1kW peak power)
generated from a ring-cavity EDFL with a normal GVD has been reported in 1993

[1.19].

1.2 Fiber Lasers Pulse Compression

In viewing the envelopment of fiberslasers; it is seen that the pulse compression
techniques are important for generating ultra-short pulses. Typically, the soliton-effect
[1.20-1.22] and the adiabatic pulse-compression techniques [1.23-1.26] can be utilized.
Both techniques perform compression by “manipulating the nonlinear propagation
behavior of high-powered pulses in dispersive optical fibers.  Soliton-effect
compression can achieve high pulse-compression ratio with short fiber length. Ahmed
et al. [1.22] compressed a 3.6-ps pulse down to 185 fs by propagation it along 30-m
SMEF. A drawback is that the pulse quality at optimized compressing point is poor
since a significant portion of the pulse energy is spreading into a broad pedestal, which
not only distorts the pulse shape but also makes the compressed pulse unstable due to
the nonlinear interaction between the pedestal and the central peak. Therefore, the
compression of fundamental soliton without pedestal using the adiabatic compression
technique is of great interest. Under the adiabatic condition, the compressed pulse

remains as fundamental soliton with its energy equivalent to that of the initial soliton.



Azimov et al. [1.27] and Blow et al. [1.28] have shown that such kind of soliton
compression can be achieved by using dispersion-decreasing optical fibers (DDF). In
an early experiment, a 130-fs pulsewidth were compressed to 50 fs in a 10-m DDF
segment [1.23]. Larger compression ratios were realized in 1992 by [1.24]
transmitting the fiber laser pulses through a 1.6-km fiber with a dispersion decreased
from 10 to 0.5 ps/(km-nm), providing a compressing ratio as high as 16. In another
experiment, 630-fs pulses were compressed down to 115 fs by using a fiber whose
dispersion decreased from 10 to 1.45 ps/(km-nm) over a length of 100 m [1.25].

On the other hand, many applications require optical pulses with high energies
that are not readily available from the laser producing the pulse train. It is then
necessary to amplify the pulse externally by using one or more amplifiers.
Chirped-pulse amplification has.emerged particularly for this purpose since 1993. In
general, mode-locked fiber lasers.can produce pulses shorter than 1 ps with an energy
of < 0.1nJ. A amplifying such pulses.in.an EDFA, although raises the energy level
but the nonlinear effects occur during amplification and limit the pulse quality. It is
thus necessary to stretch the pulse by a factor of 100 or larger before amplification, and
further compress the amplified pulse back using a suitable compressor [1.29-1.31].
Such a scheme was demonstrated by using bulk gratings in 1994 and produced 800-fs
pulse with energy of 100 nJ [1.29]. Bulk gratings were subsequently replaced by
chirped fiber gratings to implement a compact, all-fiber based system. For example, a
chirped fiber grating was employed to stretch the pulsewidth from 330 fs to 30 ps
before amplification, while the second grating recompressed the amplified pulse back
to 408 fs [1.30]. Alternatively, the pulse energy was boosted to 20 nJ by using a
cladding-pumped fiber amplifier [1.31]. In both experiments, the quality of

compressed and amplified pulses deteriorated at energy levels beyond 5 nJ due to the



nonlinear effects inside the compressor grating. On the other hand, the photonic
bandgap fiber (PBF) based all-fiber compressor [1.32, 1.33], inevitably meet problems
such as the difficulty in fusion-splicing with other standard optical fibers at a high
efficiency. In addition, the GVD of this fiber is too large to optimize their lengths
easily. The large dispersion slope of the PBF also makes the nonlinear chirp that
cannot be compensated completely. There drawbacks make the pulsewidth and peak
power remaining at 1ps and few kW, respectively. More recently, a highly doped
EDF [1.34, 1.35] was employed to shorten the EDF length and to reduce the high-order
nonlinear effect during pulse amplification and compression processes in EDFA and
SMF based soliton compressor, respectively. To date, the ultrashort pulsewidths of 34
fs [1.34] and 43 fs [1.35] were obtained with peak power of 140 and 43 kW,
respectively, at the cost of low .confinement ratios (with pulses energies of 55% and

39% remaining in central peaks) and uncompressed-pulse pedestal.

1.3 Motivation

Many applications require optical pulses with high energies that are not readily
available from the fiber laser producing the pulse train. It is then necessary to
amplify the fiber laser pulse externally by using amplifiers. In this thesis, a
self-started additive pulse mode-locked (APM) Er-doped fiber laser (EDFL) to produce
laser pulses with average power~1mW, pulsewidth of 300 fs and peak power of 80 W.
Nonetheless, the application of such a fiber laser source is limited because of its lower
output power and large pulsewidth. The target is to produce a pedestal-free fiber laser
pulse with its pulsewidth of 100 fs and peak power of 50 kW, for potential applications
in fields of the THz-wave generation and detection, and supercontinuum spectrum

generation for bio-photonic applications. To meet these demands, we try to combine



the self-state APM-EDFL, Er-doped fiber amplifier (EDFA), SMF and large effect area

fiber (LEAF) for pre-chirping, amplifying, and compressing the fiber laser pulses.

1.4 Structure of this thesis

Chapter 1 is an introductory chapter consists of the introduction to mode-locked
fiber lasers, soliton-effect compression and the motivation of our research. Chapter 2
describes the principle of self-started APM and the nonlinear effects in optical fiber.
Chapter 3 discusses the amplification and compression of self-started APM fiber laser
pulse in a normal EDFA. In chapter 4, a home-made EDFA with a
large-mode-field-area highly Er-doped fiber is employed to generate high-power
soliton compressed pulses with a reduced high-order nonlinear effect. At last,

Chapter 5 concludes our experimental resultsiand‘gives future direction.
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Chapter 2

Principle of the Experiment

2.1 Principle of Self-started Additive Pulse Mode-Loking

2.1-1 Nonlinear Polarization Rotation

Nonlinear polarization rotation can occur in an optical fiber when the initial
polarization state is elliptical due to the Kerr effect in glass [2.1, 2.2]. The
propagation equation of the CW circular polarized light in the isotropic Kerr medium

can be written as :

OE
0z
OE.,

© = —iKQEC|2 +2|ECC|Z)EC

<~ ik (E + B[ .

c

The solution of the above equations is

E,(2) = e lE0r e g (o)
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cc

So the state of an elliptical polarized light (|EC|2 # |ECC|2) will be rotated as shown in

Fig. 2-1. The rotated angle is proportional to the propagation distance and the
intensity difference.

Nonlinear polarization rotation relies on the intensity-dependent rotation of an
elliptical polarization state in a length of optical fiber. With proper settings of the
initial polarization ellipse and the phase bias, pulse shortening can occur with the
presence of a polarized element. Fig 2-2 shows how nonlinear polarization rotation
can be used in conjunction with bulk polarization optics to obtain an artificial fast

saturable absorber and to mode-lock the laser [2.3]. An initial pulse is linearly



polarized and then made elliptically polarizated with a quarter-wave plate. The light
then passes through an optical fiber where ellipse rotation occurs and the peak of the
pulse rotates more than the pulse wings. At the output of the fiber, the half-wave
plate is oriented in such a way that the peak of the pulse passes through the polarizer
while the wings of the pulse are extinguished. In this way achieving pulse shortening

is achieved.

2.1-2 Stretched-pulse laser

Soliton lasers have inherent practical limits on their pulse width and pulse energy
by the area theorem, due to the spectral sideband generation and saturation of the APM
effect. Because the energy of a soliton is proportional to the product of the peak
power and the pulse width, thevenergyrissthus limited when either the peak power or
pulse width is limited.

To overcome this difficulty, the stretched-pulse technique was introduced, where
an all fiber Polarization-APM ring cavity is comprised of segments of alternately large
positive- and negative-dispersion fiber, as shown in Fig 2-3. The single mode fiber
has negative dispersion while the Er-fiber has positive dispersion. If the net
dispersion is zero, the pulse width is shortest in the middle and is largest at the joints of
the positive- and negative- dispersion fiber. Because of the periodic variation of the
pulse width in the cavity, the accumulation of nonlinear phase shift can be reduced and
thus the pulse energy can be increased. A mode-locked laser with short pulse width

and high peak power thus can be obtained.



2.2 Principle of Soliton-Effect Pulse Compression

2.2-1 Physical Mechanism

The basic idea behind the optical pulse compression is borrowed from the chirp
radar where the chirped pulses at microwave frequencies are compressed by passing
them through a dispersive delay line. The physical mechanism can be understood by
referring to [2.4], where propagation of the chirped optical pulse in a linear dispersive
medium. If the initial chirp of the laser pulse is in opposite direction to that imposed
by group-velocity dispersion (GVD) in the optical fiber, which tends to cancel each
other, and results in an shorten pulsewidth as compared with the input one.

To see how such cancellation can produce shorter pulses, consider the propagation
of a chirped Gaussian pulse inside an' optical:fiber. The optical field after a distance z

can be written as

U@ T)=[1-ic0+ic) exp{— 2T2([1i:§({r: iC)]}’ 2.2.1)

where T= t-z/vy is the reduced time, Ty 1s the input pulse width, C is the initial chirp.

The propagation distance £=z/Lp is normalized to the dispersion length L, =T, / | ,6’2| .

For an unchirped pulse (C=0), the GVD-induced chirp varies linearly across the pulse.
This can be verified from Eq. (2.2.1) by calculating the chirp using 6w = —0¢/0T . 1t
is easy to conclude that the input pulse should also be linearly chirped for maximum
chirp cancellation.

Equation (2.2.1) can be used to find the compression factor Fc=To/Tyas a function
of propagation distance, where Tj 1s the width of the compressed Gaussian pulse. It is

given by the simple expression

F (&) =[1+scey + 2", (22.2)



where s=sgn(f;)=7/, depending on the nature of GVD. This equation shows that
pulse is compressed only if SC<0. This condition just states that chirp cancellation
occurs only if the initial chirp and GVD-induced chirp are of opposite kinds.
Positively chirped pulses (C>0) require anomalous GVD for compression (and vice
versa).

Equation (2.2.2) also shows that the shortest pulse is obtained only at a specific

distance given by & =|C|/ (1+C2). The maximum compression factor at that

distance is also fixed by the input chirp and is Fc= (1+C%. This limit is easily
understood by noting that spectrum of a chirped input pulse is broader by a factor of
1+C? compared with that of an unchirped pulse. In time domain, different frequency
components of the pulse travel at different speeds under the presence of GVD. To
compress the input pulse, a positive chirpi(frequency increasing toward trailing side) is
required to experience an anomalous (or negative) GVD in order to delay its
red-shifted leading edge. “In. contrast;:a negatively chirped pulse (frequency
decreasing toward trailing side) requires a normal (or positive) GVD to slow down its
blue-shifted leading edge.

Typically, the free-space propagated negatively chirped pulses were transmitted
through liquids or gases to experience normal GVD. In the case of positively chirp
pulses, a grating pair was found to be most suitable for providing anomalous GVD.
In the case of positively chirp pulses, a grating pair was found to be most suitable for
providing anomalous GVD. Both the aforementioned experiments induce pulse
compression without any nonlinear optical effects.

The nonlinear pulse compressors based on the nonlinear effects in optical fibers
can be classified into two categories, referred to here as fiber-grating compressors and

soliton-effect compressors. In a fiber-grating compressor, the pulse is propagated in



normal-dispersive fiber and then externally compressed by a grating pair. The role of
fiber is to impose a inear positive chirp on the pulse through a combined effect of the
self-phase modulation (SPM) and GVD. The free-space grating pair then provides an
anomalous GVD required for compressing the positively chirped pulses.
Alternatively, the soliton-effect compressor which consists of only a suitable length of
fiber is selected to compress the input pulse propagates through interplay between
SPM and GVD. Compression occurs because of an initial pulse-narrowing phase
through which all higher-order solitons go before the input shape is restored after one
soliton period. The compression factor is correlated with the peak power of the input
pulse that determines the soliton order N [2.4]. The two types of compressors are
complimentary and generally operated in different wavelength regions with a
demarcation governed by the zero-dispersion wavelength at about 1.3 nm in silica
fibers. That is, the fiber-grating compressor is useful to compress pulse in the visible
and near-infrared regions, whereasthe soliton-effect fiber compressor is useful in the

range of 1.3-1.6um.

2.2-2 SPM-induced Spectral Broadening

The propagation in the limit 3, =0 becomes

ouU i 2
—_— - Uu 223
. exp(-az)U['U, (2.2.3)

where o accounts for the fiber loss. The non-linear length

Ly =(R) 7, (2.2.4)

where Py is the peak power and v is related to the nonlinear-index coefficient n,.

Equation (2.2.3) is readily solved to obtain

U(z,T)=U(0,T )expligy (z,T)], (2.2.5)



Equation (2.2.5) shows that SPM gives rise to an intensity-dependent phase shift
while the pulse shape governed by |U (Z,T]2 remains unchanged. The maximum

phase shift ¢max Occurs at the pulse center located at T=0. Since U is normalized such

that |U (0,0] =1, it is given by

¢max = Zeff /LNL = Wozeﬁ ° (226)

The physical meaning of the nonlinear length Ly is evident from Equation (2.2.6);
it is the effective propagation distance at which ¢max. SPM-induced spectral
broadening is a consequence of the time dependence of ¢ni(z,T). This can be
understood by noting that a temporally varying phase implies that the instantaneous

optical frequency differs across the pulse from its central value wy. The difference

dw is given by

a¢NL 0 2} Zeit
oolt)=———=—\U(0,T 2.2.7
o)== 6Tq(’])LNL’ @2.7)

The chirp is induced by“SPM and increases in magnitude with the propagated
distance. In other words, new frequency components are continuously generated as
the pulse propagates down the fiber.

Figure 2.4 shows the variation of the nonlinear phase shift ¢xr. and the induced
frequency chirp dw across the pulse at z.g=Lnp for the case of a Gaussian pulse.
The temporal variation of the induced chirp 0w has several interesting features.
First, dw is negative near the leading edge (red shift) and becomes positive near the
trailing edge (blue shift). Second, the chirp is linear and positive (up-chirp) over a
large central region of the Gaussian pulse. The most notable feature is that
SMP-induced spectral broadening is accompanied by an oscillatory structure
covering the entire frequency range. in general, the spectrum consists of many

peaks, and the outermost peaks are the most intense. The number of peaks



depends on ¢m.x and increases linearly with it. The origin of the oscillatory
structure can be understood by referring to Fig. 2.4 where the time dependence of
the SPM-induced frequency chirp is shown. In general, the same chirp occurs at
two values of T showing that the pulse has the same instantaneous frequency at two
distinct points. Qualitatively speaking, these two points represent two waves of
the same frequency but different phases that can interfere constructively of or
destructively depending on their relative phase difference.  The multipeak

structure in the pulse spectrum is a result of such interference [2.5].

2.2-3 Soliton-Effect Compressors

The evolution of a soliton of order N inside optical fibers is governed by the
nonlinear Schridinger (NLS) equatiomOne can neglect fiber losses (a=0) since
fiber lengths employed in ptactice are relatively small (aL.<<1), the NLS equation

can be written as

oU 147U
—+—
o 201

+N2U['U =0, (2.2.8)
Where t=T/Ty, £&=z/Lp, and the parameter N is given by

T2
Nz_L_D:7’Poo , (2.2.9)
L |:B2

In Egs. (2.2.8) and (2.2.9), U=Ae“*/Py"? is the normalized amplitude, P, is the
peak power of input pulses of width Ty and y is the nonlinear parameter. T is the
half-width (at 1/e-intensity point). In practice, it is customary to use the full width
at half maximum (FWHM) in place of Ty. For a Gaussian pulse, the two are
related by Trwum=1.665T;. And for a Hyperbolic-Secant Pulse, the two are
related by Trwam=1.763T,. The length scales are known as the dispersion length

Lp and nonlinear length Lyy. The soliton period zy= (7/2) can also be used in



place of £. Even though higher-order solitons follow an exact periodic pattern
only for integer values of N, Eq. (2.2.8) can be used to describe pulse evolution for
arbitrary values of N. In general, the input pulse goes through an initial narrowing
phase for all values of N>1. The optimum fiber length z,, corresponds to the
location at which the width of the central spike is minimum. The compression
factor is the ratio of the FWHM of the compressed pulse to that of the input pulse.

Numerical techniques have been used to obtain the compression factor F. and
the optimum fiber length z,, as a function of N [2.6]. The inverse scattering
method can also be used to obtain these quantities for integer values of N. Figure
2.5 shows the variation of F.”' and Zopt/Zo With N for values of N from 1 to 15.
Also shown is the quality factor Q., defined as the fraction of input pulse energy
appearing in the compressed ,pulse. In contrast to the case of a grating-fiber
compressor, Q. is significantly. smaller than its ideal value of unity and decreases
monotonically as N increase. ¢This.drawback is inherent in all soliton-effect
compressors. The remaining pulse energy appears in the form of a broad pedestal
around the compressed pulse. The physical origin of the pedestal can be
understood as follows. During the initial narrowing stage, the evolution of
higher-order solitons is dominated by SPM. Since the SPM-induced chirp is linear
only over the central part of the pulse, only the central part is compressed by
anomalous GVD. Energy in the pulse wings remains uncompressed and appears
as a broad pedestal.

Numerical simulations performed for values of N up to 50 show that the
compression factor F. and the optimum fiber length of a soliton-effect compressor

are well approximated by the empirical relations [2.7]

F. ~4.IN, (2.2.10)
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(2.2.11)

These relations are accurate to within a few percent for N>10 and can serve as
simple design rules. The results of Fig. 2.4 assume an unchirped input pulse with
“sech” shape. Much higher compression factors are possible for chirped input

pulses having specific pulse shapes [2.8].

2.2-4 Intrapulse Raman Scattering

Intrapulse Raman scattering plays the most important role among the
higher-order nonlinear effects. The need to include this term became apparent
when a new phenomenon, called the soliton self-frequency shift (SSFS), was
observed in 1986 [2.9] and explained using the delayed nature of the Raman

response [2.10], the Raman-induced frequency shift can be written in real units as
Awy (2) =85, [Tz 2 /(15T,), (2.2-12)

The negative sign shows that ‘the. carrier frequency is reduced, i.e., the soliton
spectrum shifts toward longer wavelengths or the “red” side.

Physically, the red shift can be understood in terms of stimulated Raman
scattering. For pulse widths ~1 ps or shorter, the spectral width of the pulse is
large enough that the Raman gain can amplify the low-frequency (red) spectral
components of the pulse, with high-frequency (blue) components of the same pulse
acting as a pump. The process continues along the fiber, and the energy from blue
components is continuously transferred to red components. Such an energy
transfer appears as a red shift of the soliton spectrum, with shift increasing with
distance. As seen from Eq. (2.2-12) the frequency shift increases linearly along

the fiber. More importantly, it scales with the pulse width a Ty, indicating that it



can become quite large for short pulses.
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Chapter 3
Dual-stage soliton compression of a self-started
additive pulse mode-locked erbium-doped fiber

laser for 48 fs pulse generation

3.1 Introduction

Ultrashort pulsed fiber laser sources have found versatile applications in fields of
telecommunication networks, ultrafast optical diagnosis, and optomechanic
micro-fabrication, etc. Recently, femtosecond rare-earth doped fiber lasers have
emerged rapidly from versatilet mode-locking. technologies such as the kerr-type
mode-locker [3.1, 3.2], semiconductor saturable- absorbers [3.3, 3.4], self-started
additive (or stretched) pulse mode=locking (APM -or SPM) via nonlinear polarization
rotation [3.5, 3.6], dispersion-managed active mode-locking using electro-optic or
electroabsorption modulators [3.7, 3.8], and optical injection mode-locking with
semiconductor optical amplifiers [3.9, 3.10]. Tamura et al. reported a remarkable
erbium-doped fiber laser (EDFL) scheme that uses a simple nonlinear polarization
rotation controlled APM or SPM technique to generate a 77 fs pulse width under
intracavity dispersion compensation and soliton-effect compression [3.5, 3.6].
Fiber-based soliton-effect compression is a promising technique for externally
shortening pulse width [3.11], however, it relies strictly on the control of soliton order
as well as the peak power of the compressed pulses. To data, the highest energy ever
obtained from the short-cavity APM-EDFL system with <100 fs pulse width of which

we are aware is 0.78 nJ. In that case a stretched pulse amplification and compression
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were employed to keep the pulse energy from spreading to the pulse pedestals during
the high-order soliton compression process8. High-order soliton-effect compression
inevitably leads to poor confinement of pulse energy, as the high-peak-power pulse
also induces significant soliton self-frequency shift (SSFS) effect [3.12] that roughly
enhances Raman effect by the inverse fourth power of the pulse width. The soliton
compression eventually deforms the high-order soliton into a sharp principle peak with
a pedestal broadened both in time and the spectral domain [3.13, 3.14]. The SSFS
effect must be greatly suppressed to enlarge the pulse compressing ratio without
dissipating the principle pulse energy into pedestals.

In this letter, we combine the self-started APM with a dual-stage soliton
pulse-compression technique to make possible 48-fs pulse generation from a simplified
ring-configured EDFL. The shortening of the. APM-EDFL pulse relies mainly on
second-order soliton compression.in a 50 ¢m long standard single-mode fiber (SMF) at
the first stage and third-order soliton-Compression in a 45 cm long large-effective-area
fiber (LEAF) at the second stage.. The proposed dual-stage compression architecture
benefits from the effective pedestal suppression as opposed to what happens with

conventional single-stage high-order soliton compressing.

3.2 Experimental Setup

The experimental setup for the self-started APM EDFL and the dual-stage all-fiber
based soliton compressor is illustrated Fig. 3.1. The total cavity length of the EDFL is
about 4.98 m, which consists of a 980 nm/ 1550 nm wavelength division multiplexing
coupler for launching the 980 nm pumping laser diode into the EDFL cavity, a polarized
isolator sandwiched by two polarization controllers, a 90/10 output coupler and a

1.07m-long erbium-doped fiber with a net positive dispersion of +0.107+0.011 ps®.
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The dispersion of the isolator was dominated by the 5.4-mm yttrium iron garnet crystal
and estimated to be +0.003 ps>.  The rest of EDFL cavity was constructed from 3.91 m
standard single-mode fiber that has a dispersion of -0.022 ps*/m. The net negative
dispersion was -0.086 ps’, and the total dispersion was estimated to be +0.024+0.011
ps’.

After detuning of the polarization controller, the stretched-pulse APM of the EDFL
was initiated, which yields a Gaussian-like pulse shape of >300-fs duration, 16.6-nm
linewidth, and 40-MHz repetition frequency. The central wavelength was 1560 nm
and the average power was 0.96 mW, corresponding to pulse energy of 24 pl.
Self-started APM was initiated by increasing the pumping power to the mode-locked
threshold of 210 mW and slightly detuning the polarization controller. ~After the peak
power into the soliton regime was increased, the.output pulse was launched into a SMF
and LEAF link for dual-stage soliton. compression.  The dual-stage soliton
compression link consisted of-a 50.cm-long SMF and a 45 cm long LEAF. Table 3.1

shows the optical parameters of the SMF and LEAF at 1560 nm.

3.3 Results and Discussion

The APM-EDFL generates Gaussian-like pulses of >300-fs pulse width and
16.6-nm linewidth at a repetition frequency of 40 MHz. The autocorrelation traces
and corresponding spectra of the original and dispersed pulses [before the
erbium-doped fiber amplifier (EDFA)] are shown in Fig. 3.2. A segment of SMF with
optimized length is inserted between the APM-EDFL and the EDF to control the
prechirp of the APM-EDFL pulses before launching into the erbium-doped fiber. The
pulse width is stretched to 2 ps to maintain sufficiently low peak power during the

amplification process, such that the SSFS effect can be avoided. In principle, the
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achievable soliton order depends on the peak power of the input pulse, as describe by
N2= Lp/Lai= yPoToz/ | B2 | [3.9], where N is the soliton order, y is the nonlinearity
coefficient, Py is the peak power, Ty is the half-width (at 1/e-intensity point) of the
incident sech’-like pulse with a FWHM of Tpwuv~1.763T), and B, is the
group-velocity dispersion parameter. The pulse pattern of high-order soliton reaches
a minimum pulse width periodically at an optimum fiber length z.y, as given by the
relationship of z,= nLp/2 = 7,,[0.32/N+1.1/N 2]'1. However, the inherent drawback of
soliton-effect compression is that the pulse quality Q. (defined as the energy ratio of
the central pulse to total pulse) decreases monotonically from its ideal value of 1 as the
soliton order N increases, providing a broadened pulse with a separately large and

uncompressed pedestal.

3.3.1 SMF Compression

Figure 3.3 show the autocorrelated traces of the output pulses from the EDFA and
different fiber compressors. First,” we /investigated pulse compression in a short
length of standard SMF. After amplification in the second erbium-doped fiber, the
prechirped APM-EDFL pulse shortens from 2 ps to 410 fs, with a spectral linewidth of
10 nm, as evaluated assuming a Gaussian shape. Figure 3.4 shows the compressed
pulsewidth as a function of SMF length. Initially, the pulsewidth decreases linearly
with increasing SMF and a optimized SMF length of 50 cm corresponding to a shortest
compressed pulsewidth of 108 fs and associated spectral linewidth of 33.4 nm,
evaluated assuming a hsec® shape, which is in good agreement with the theoretically
predicted pulsewidth for a second-order soliton. Longer SMF length inevitably leads to
pulse broadening. At the first SMF-based soliton compression stage, up to 85%

energy can be confined within the central portion of the compressed soliton pulse,
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which corresponds to peak power of 4.13 kW.

3.3.2 LEAF Compression

Afterwards, a LEAF spool with stronger nonlinear effect due to smaller 3, than
the SMF is also employed. The single-stage LEAF based soliton compressor shows a
nearly fifth-order soliton with a pulse width of 53 fs and a peak power of 4.45 kW.
However, nonlinear dispersive effects should be taken into account when a short pulse
1s propagating with high peak power in the highly nonlinear LEAF spool. The Raman
conversion is found to be dominant, which causes a continuous downshift of the mean
frequency of the APM-EDFL pulse propagating in highly nonlinear LEAF spool. For
an input pulse width of <1 ps, the spectral width is sufficiently wide to support the
Raman gain, which pumps the.ted spectralcomponents by the blue components of the
same pulse. Such self-pumping-induced Raman-amplification continues along the
LEAF spool, causing an energy- fransfer- from blue to red components of the
APM-EDFL pulse. As shown in Fig. 3.5, ithe SSFS effect is concurrently enhanced at
such a high soliton order, providing a greatly split and redshifted spectrum and a
separated pedestal containing 55% of the total pulse energy. A 15 nm red shift is
observed for the soliton pulse compressed by the LEAF. In this case, the use of a
multistage dispersion arrangement is mandatory to improve the compressed pulse

shape with the suppressing SSFS effect.

3.3.3 SMF+LAEF Compression

To achieve the largest compression ratio without sacrificing pulse energy
confinement, we combine the SMF and LEAF to perform a dual-stage soliton

compression link with a highest soliton order limited at N=2 in SMF stage and N=3 in
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LEAF stage. In particular, the reduction in soliton order can lead to the efficient
generation of a nearly pedestal-free soliton pulse shape with strictly confined pulse
energy. Figure 3.6 shows the compressed pulsewidth as a function of LEAF length
after the SMF length of 50cm. Initially, the pulsewidth decreases linearly with
increasing LEAF and the maximum pulse width compression ratio was observed after
the output of a LEAF spool with a length of 45 cm corresponding to a shortest
compressed pulsewidth of 48 fs, evaluated assuming a hsec’ shape, which is in good
agreement with the theoretically predicted pulsewidth for a dual-stage soliton
compression. Longer SMF length inevitably leads to pulse broadening. A dual-stage
soliton compression with peak power of 8.85 kW and a pulse width of 48 fs is achieved
at the SMF-LEAF link, while the pedestal energy is <15% of the total pulse energy.
The lasing spectrum of the soliton compressed EDFL pulse greatly extends from 1475
to 1625nm with a slightly~ modulated envelope (see Fig. 3.5). Such a wide
energy-redistributed spectrum-teveals.an-enhanced SSFS phenomenon that is due to
both self-phase modulation and intrapulse stimulated Raman scattering [3.11].
Previously, Chernikov et al. [3.15] demonstrated soliton compression of
pedestal-free EDFL pulses to 50 fs by use of dispersion-decreasing fiber in a
less-integrated system with a pulse-width compression ratio of <3. They further
implemented a directly soliton-compressed EDFL set with a pedestal-free but
broadened pulse width of 115 fs under a pulse-width compression ratio of 5 [3.16]. A
higher pulsewidth compression ratio of 25 was achieved in a more complicated system
with four steps like dispersion decreasing stages [3.17], which generates soliton
compressed 20 fs pulse with a resident pedestal. Our simplified all-in-one scheme is
thus competitive with these feature works for generating pedestal-free sub- 50 fs pulses

with a relatively high compression ratio.
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3.4 Conclusion

In conclusion, a 48-fs pulse has been generated from a self-started additive pulse
mode-locked Erbium-doped fiber laser by using a SMF and LEAF based dual-stage
nonlinear fiber compressor. Although the single LEAF stage effectively compresses
the APM-EDFL pulse to 53 fs, it inevitably induces a soliton self-frequency shift effect
due to such a high peak power of pulses. The pulse spectrum is red-shifted by 15 nm
compared with the original or the SMF compressed spectra. The proposed dual-stage
SMF+LEAF compressor link benefits from a large sevenfold pulse width compression
ratio, optimized pulse energy confinement of >85%, and a reduced SSFS compared
with conventional approaches. With the proposed link, the SSFS and pedestal effects
induced by high-power soliton compression can be greatly suppressed in the

APM-EDFL soliton pulse.
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Table 3.1 The optical parameters of the SMF and LEAF at 1560nm

SMF LEAF
MFD (Mode Field Diameter) (um) 10.5 9.61
n? (Nonlinear Refractive Index)  (m%/W) 2.22x10%° | 2.7x107%°
At (Effective Area) (um? 84.13 70.83
v Non-linearity Coefficient (1/W.Km) 1.063 1.535
B2 GVD-parameter (ps*/Km) -23.24 -4.634
Dispersion (ps/nm.Km) 3.6 18
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Chapter 4
56-fs High-Power Pedestal-Free
Gaussian-Shape Pulse Compression with a
Pre-Chirped Large-Mode-Area Er-Doped Fiber
Amplifier

4.1 Introduction

Passively mode-locked Erbium-doped fiber lasers (EDFL) are dependable source
for generating sub-100fs pulses at 1550nm, however, such EDFLs typically generate
pulses with energy lower than‘those of solid-state lasers (such as Ti:sapphire laser).
Owing to the inherent fiber nonlinearity, the EDFLisually meet difficulty in obtaining
multi-nJ pulses. To increase“the peak power, thé multi-mode fibers were employed
suppressing the nonlinear effect, and'compression of chirped pulses with bulk-optic
components after the EDFL is frequently performed [4.1]. Alternatively, the chirped
pulse amplification (CPA) technique were particular designed to stretch ultrashort
pulses prior to amplification and to recompress them back after the amplification is
completed, with all three types of dispersive elements [4.2-4.4]. A vintage
configuration which employed a fiber based pulses stretcher in an EDFA, and a pair of
bulk diffraction gratings as the compressor after the EDFA was reported to achieve
420-fs pulses with energy of 3 nJ after the grating pair. Nonetheless, such a bulky
diffraction grating compressor makes the whsle fs laser system un-compact, which also
degrades the pulse quality as each frequency component passes a different optical path.

Subsequently, fiber Bragg gratings were inserted after the EDFA to stretch and
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compress the pulsewidths to 408fs [4.3] and 900 fs [4.4] associated with energies of 3
and 1.6 nJ, respectively. The all-fiber configuration although is alignment-free,
which still limits the achievable peak powers due to the fiber nonlinearity. Recently,
a photonic bandgap fiber (PBF) based compressor, has been introduced into the CPA
system, [4.5, 4.6] however, such special structural fibers are difficult to splice with
standard optical fibers for high coupling efficiency. In particular, the extremely large
GVD of the PBF leads to a strict tolerance on the optimized length, while the large
dispersion slope of the PBF also makes the nonlinear chirp hard to be compensated
completely. These constrain the peak power of compressed pulses at few kW. More
recently, a highly doped EDF [4.7, 4.8] was employed, to shorten length of the EDF
and to reduce the high-order nonlinear effect during pulse amplification and
compression processes in EDFA and single. mode fiber (SMF) based soliton
compressor, respectively. To.date, the ultrashort pulsewidths of 34 fs [4.7] and 43 fs
[4.8] were obtained with peak-power-0f.140 and 43 kW, respectively, at the cost of low
confinement ratio of the pulses‘energy 55% and 39% remaining in central peaks
observed in cited references. The pulse pedestal remains uncompressed.

In this work, we demonstrate a novel large-mode-field-area (LMFA) highly
Er-doped fiber based EDFA for concurrently pre-chirping, amplifying, and
compressing 300-fs passively mode-locked EDFL pulses, which results in the
generation of high-power and pedestal-free, ultrashort Gaussian pulse with its
extremely broadened linewidth up to 150 nm (within 10-dB decay). To prevent the
unexpected nonlinearly stimulated Raman scattering effect induced during the
high-power amplification process, our concept is using such a simplified EDFA based
all-fiber compressor with a very short but highly doped LMFA Er-doped fiber for

minimizing the nonlinear process during the amplification of EDFL pulses, and using a
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pre-chirped SMF segment for controlling the chirp of pulse before launching into the
Er-doped fiber and the last compression stage. With the fine adjustment on both the
lengths of the SMF segments for per-chirping and soliton compressing within the
LMFA-EDFA, we primarily report the optimized condition for obtaining the shortest
pulsewidth, the highest peak power and the optimum energy confinement of the
self-started nonlinear-polarization-rotation mode-locked EDFL pulses after an

amplified compression in the LMFA-EDFA.

4.2 Design and Implementation of EDFL and
LMFA-EDFA

The experimental setup for:'the  generation of high-power pedestal-free
femtosecond pulse is configured by & passively: mode-locked EDFL system and a
specially designed LMFA-EDFA with-pre-chirping function for input pulses. The
passively mode-locked EDFL“illustrated in Fig. 4.1 is ring cavity design, which
consists of a single laser diode at 980 nm as the pumping source launched via a
980/1550nm single-mode-fiber (SMF) based wavelength division multiplexing coupler,
a segment of Er-doped fiber with length of only 1.08 m as the gain medium, a
polarized isolator sandwiched by two sets of polarization controllers as the passive
mode-locker, and a SMF based 1x2 coupler with 10% coupling ratio as the output
port.

The total SMF length in the EDFL ring cavity is 3.9 m, which leads to a total
dispersion of about +0.024+0.011 ps®>. The mode-locking of EDFL is self-started by
using nonlinear polarization rotation at a threshold pumping power of only 210 mW.
In Fig. 4.2, we schematically show a highly-doped LMFA Er-doped fiber based EDFA

system, which is a simplified design for pre-chirping, amplifying and compressing the
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mode-locked EDFL pulses simultaneously. = The LMFA-EDFA consists of a
1.28m-long SMF segment as a pulse pre-chirper, a polarization controller (PC) was
inserted between the EDFL output port and the pre-chirped SMF segment to improve
the polarization quality of input EDFL pulse, a forward 980/1550nm pumping
wavelength-division-multiplexing (WDM) coupler, a LMFA Er-doped fiber as the gain
medium and a backward pumping WDM coupler. The peak absorption, the
mode-field diameter, and length of the EDF are 80+8 dB/m, 9.5+0.8 um, and 1.32 m,
respectively. The SMF lengths before and behind the LMFA Er-doped fiber are 2.78
m and 1.27 m, respectively. Table 4.1 shows some impartment parameters of the single

mode very highly Er-doped fiber.

In experiment, two high-power laser diodes at wavelength of 980 nm are employed
to bi-directionally pump the LMFA-EDFAuthrough two WDM couplers directly spliced
to both ends of the Er-doped fiber. The maximum:launching power of the forward and
backward pumping lasers are 140 mW and-120 mW, respectively. The LMFA-EDFA
exhibits a small-signal gain of 20 dB‘and a'maximum average output power of 104 mW.
Afterwards, the EDFL pulse is launched into the LMFA-EDFA for raising its peak
power into the soliton regime. The WDM coupler spliced at the output port of the
LMFA-EDFA compensates the chirping of amplified EDFA pulse with its anomalous
dispersion property, and the amplified EDFL pulse concurrently experiences a
low-order soliton-effect compression at this stage. In stead of the LMFA Er-doped
fiber, all of the other fiber components are made by SMF-28 with a dispersion

parameter {3, of -21.4 ps*/km.
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4.3 Pre-chirped Amplification and Compressing

Results

Originally, the 300-fs mode-locked pulse has a strong frequency chirp and a
mode-locked spectral width limited by the effective gain bandwidth of EDFL. Such a
pulse shortening requires a nonlinear-effect free pre-chirped amplifier with integrated
soliton compressor. In principle, the achievable soliton order depends on the peak
power of the input pulse, as describe by N*= Lp/Ln. = yPoTo™/ | B2 | [4.9], where N is
the soliton order, y is the nonlinearity coefficient, Py is the peak power, Ty is the
half-width (at 1/e-intensity point) of the incident sech®-like pulse with a FWHM of
Trwam~1.763Ty, and B, is the GVD parameter. The pulse pattern of high-order
soliton reaches a minimum pulsewidth-periédically at an optimum fiber length Z, as
given by the relationship of Z, = mhLp/2 = Zopt[0.32/N+1.l/N2]'1. However, the
inherent drawback of soliton-effect compression is:the degrading pulse quality Q. (i.e.
the pulse energy confinement ratio, defined as the energy ratio of the central pulse to
total pulse). The Q. decreases monotonically from its ideal value of 1 as the soliton
order N increases, providing a broadened pulse with a separately large and
uncompressed pedestal. The best solution is to remain the pulsewidth short during
the amplifying process, which efficiently reduces the required soliton compression
order, suppresses the pedestal and raise the energy confinement ratio. These criteria
can all be fit with the pre-chirped LMFA-EDFA based amplified compressor.

As a result, the autocorrelation traces and corresponding spectra of the original
pulse, the dispersed and the compressed pulses before and behind the LMFA-EDFA are
shown in Fig. 4.3. The passively mode-locked EDFL yields a Gaussian pulse shape
with its pulsewidth and linewidth of 300 fs and 16.6 nm, respectively, at repetition

frequency of 40 MHz and central wavelength of 1560 nm. The average power such a
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passively mode-locked EDFL is 0.96-mW, corresponding to a pulse energy of 24 pl.
After passing through a segment of SMF inserted between the EDFL and the
LMFA-EDFA with optimized length of 2.78 m, the EDFL pulse is pre-chirped before
launching into the LMFA-EDFA. At this stage, the EDFL pulsewidth is broadened
from 300 fs to 840 fs for keeping sufficiently low peak power during the amplification
process. Such a pre-chirped operation also help to avoid the excessive nonlinear
effects happened in the LMFA-EDFL. After amplification, the maximum average
power of the EDFL pulse-train becomes 104 mW, corresponding to pulse energy of 2.6
nJ. The EDFL pulsewidth greatly shortens from 840 fs to 56 fs, corresponding to a
maximum pulse compression ratio of up to 15. To date, the compressed pulse shape
is exactly fitted by a Gaussian profile. Clearly, a significant spectral broadening has
also occurred with a 3-dB linewidth of up t0°51 nm due to nonlinearity self-phase
modulation at the last SMF based soliton eompressing stage. Under a pre-chirping
SMF length of 2.78 m, the relationship.among the-compressed pulsewidth, the energy
confinement ratio and the length.of.the last:SMF-based soliton stage is illustrated in
Fig. 4.4. It is seen that the compression of amplified pulse can be optimized at a SMF
length of 1.27 m, whereas the pulsewidth rapidly broadens with the lengthening SMF.
After integrating the peak energy, it is found that a complete energy confinement
occurs at the optimized SMF length condition, and the pulse quality monotonically
decays as the SMF lengthens. To our best knowledge, such a 100% energy
confinement ratio was never observed and reported in similar systems previously.
The overall pulse compressing ratio of such a pre-chirped LMFA-EDFA compressor is

5.5 with respect to the original EDFL pulsewidth of 300 fs.

Later on, an additional compression stage is employed to further shorten the

amplified EDFL pulsewidth and to achieve largest compression ratio. A 0.35m-long
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large-effective-area fiber (LEAF) was directly fusion-spliced to output end of the
LMFA-EDFA for reducing the coupling loss. Figure 4.5 shows the temporal and
spectral waveforms of the compressed output pulses obtained using the
LMFA-EDFA+LEAF link, such a dual-stage soliton compression leads to a shortest
pulsewidth of 30 fs. The maximum average power of the dual-stage compressed
EDFL pulse-train can still be as large as 93 mW, corresponding to pulse energy of 2.33
nJ and a peak power of up to 62 kW. However, the pedestal inevitably occurs and
degrades the Gaussian-like pulse shape. The pulse quality is degraded from 100% to
80%. Even though, the pulse spectrum greatly extends to cover the wavelength from
1500 to 1650 nm with a linewidth up to 150 nm in 10-dB decay. The overall pulse
compressing ratio is as high as 10, which is also a new record among the similar

systems to date.

4.4 Comparisons

It is interesting to compare the results obtained in this work with those reported
before. Recently, Nicholson and co-workers have demonstrated a chirp-pulse
amplifier using four laser diodes to offer forward (backward) pumping power of 1.28
W. Such an EDFA generates output power up to 800 mW, which supports to obtain
34-fs pulses with pulse energy of 8.7 nJ from a similar EDFL system at a repetition
rate of 46 MHz [4.7]. Although the peak power of pulse can be 140 kW, the pulse
compression ratio and the energy confinement ratio is only 7 and 55%, respectively.
On the other hand, Takayanagi et al. have demonstrated an alternative approach to
obtain a compressed pulsewidth of 41.3 fs at a repetition rate of 48 MHz, providing the

average power and the pulse energy of 215 mW and 4.5 nJ, respectively [4.8].
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However, the pumping power required to obtain similar peak power of the compressed
EDFL pulse is still as high as 400 mW, while the compressed pulse quality is even
worse than 39% and the pulse compression ratio is only 6.

In these cases, the high peak power and ultrashort pulse can be obtained under
highly pumped EDFA, but half of the pulse energy is scattered to the pedestal. Later
on, the same group further demonstrated the pulse compression in a small-core
multimode fiber [4.10], which increases the energy confinement ratio to 84% at a cost
of broadened pulsewidth and small pulse compressing ratio. In contrast, the
pre-chirped LMFA-EDFA needs ultra-low pumping power (only 260 mW) for in-situ
amplified compression of the passively mode-locked EDFL pulse from 300 fs to 56 fs.
Although the average and peak powers of the generated pulses are 104 mW and 46 kW,
the energy of 2.6 nJ can be entirely confined within the central portion of the amplified
EDFL pulse. That is, the pulse.is purely Gaussian shape and pedestal-free after the
LMFA-EDFA. In order to achieve-largest_ compression ratio, we add the LEAF into
the LMFA-EDFA to concurrently: perform arpre-chirped amplification and dual-stage
soliton compression. Ultrashort pulsewidth of 30 fs and ultrahigh pulse compression
ratio of 10 are reported for the first time. The peak power of 62 kW and the pulse

quality of 80% are already acceptable for most applications.

4.5 Conclusion

By using a newly designed large-mode-field-area Er-doped fiber based
pre-chirped EDFA with ultrashort cavity and ultra-low pumping power, we primarily
demonstrate the in-situ amplification and compression of a passively mode-locked
Erbium-doped fiber laser (EDFL) pulse from 0.96 mW to 104 mW and from 300 fs to

30 fs, respectively. The mixed large mode-field-area and pre-chirping design in an
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EDFA greatly suppresses the stimulated Raman scattering induced nonlinearly
soliton-self-frequency-shift effect happened during the amplification femtosecond laser
pulses in conventional EDFA module. The original Gaussian-shape pulse with energy
of 24 pJ is generated via the self-started passive mode-locking of EDFL at repetition
frequency of 40 MHz. With the specially designed ultrashort-cavity pre-chirped
LMFA-EDFA, the energy of EDFL pulse can be greatly amplified to 2.6 nJ with its
pulsewidth being compressed to 56 fs, providing a peak power as high as 46 kW after
the pre-chirped amplification/compression procedure. Further compression has also
been done in a LEAF stage, which improves the pulsewidth and peak power to 30 fs
and 62 kW, respectively, at a discrepancy of degrading energy confinement ratio.
Nonetheless, a pulse compression ratio of up to 10 and a maximum peak-power
amplification ratio of >700 cantsimultaneously be achieved. In particular, such a
simplified pre-chirped LMFA-EDFA compressor reshapes the EDFL pulse to a

completely pedestal-free Gaussian shape.at-such a high average power condition.
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Table 4.1 The optical parameters of the single mode very highly Er-doped fiber

Peak Absorption at 1530nm (dB/m) 8018
Mode Field Diameter (um) 9.510.5
Cladding Diameter (um) 125%15
Coating Diameter (um) 245115
Cutoff A (nm) 1100-1400
Numeral Aperture 0.1310.02

Table 4.2 Parametric.comparisoniof previous results and our work

Different works [7] [8] [10] |LMFA-EDFA| LMFA-EDFA
[Ref. number] [this work] +LEAF
[this work]

Pforward/backward (MW) |610/571| 400/400 | 560 140/120 140/120
frept. (MHz) 46 48 48 40 40
Torigin (fs) | 250 260 260 300 300
Tcompress (fs) 34 41.3 80 56 30
Poutavg (mw) | 400 215 200 104 93
Epuse (nJ) 8.7 4.5 4.1 2.6 23
Ppeak (kW) | 140 42.3 44 46 62
Rcompress-ratio 7 6 3 5.5 10
Q. (%) 55 39 84 100 80
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Chapter 5
Summary

5.1 Summary

First, we use a SMF and LEAF based dual-stage nonlinear fiber compressor of
self-started additive pulse mode-locked Erbium-doped fiber laser for 48-fs pulse
generated. Although the single LEAF stage effectively compresses the APM-EDFL
pulse to 53 fs, it inevitably induces a soliton self-frequency shift effect due to such a
high peak power of pulses. The pulse spectrum is redshifted by 15 nm compared with
the original or the SMF compressed spectra. The proposed dual-stage SMF+LEAF
compressor link benefits from a large sevenfold pulse width compression ratio,
optimized pulse energy confinement of >85%;.and a reduced SSFS compared with
conventional approaches. With the propesed. link, the SSFS and pedestal effects
induced by high-power soliton compression can be greatly suppressed in the
APM-EDFL soliton pulse.

Secondly, by using a newly designed large-mode-field-area Er-doped fiber based
pre-chirped EDFA with ultrashort cavity and ultra-low pumping power, we primarily
demonstrate the in-situ amplification and compression of a passively mode-locked
Erbium-doped fiber laser (EDFL) pulse from 0.96 mW to 104 mW and from 300 fs to
30 fs, respectively. The mixed large mode-field-area and pre-chirping design in an
EDFA greatly suppresses the stimulated Raman scattering induced nonlinearly
soliton-self-frequency-shift effect happened during the amplification femtosecond laser
pulses in conventional EDFA module. The original Gaussian-shape pulse with energy
of 24 pl is generated via the self-started passive mode-locking of EDFL at repetition

frequency of 40 MHz. With the specially designed ultrashort-cavity pre-chirped
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LMFA-EDFA, the energy of EDFL pulse can be greatly amplified to 2.6 nJ with its
pulse width being compressed to 56 fs, providing a peak power as high as 46 kW after
the pre-chirped amplification/compression procedure. Further compression has also
been done in a LEAF stage, which improves the pulse width and peak power to 30 fs
and 62 kW, respectively, at a discrepancy of degrading energy confinement ratio.
Nonetheless, a pulse compression ratio of up to 10 and a maximum peak-power
amplification ratio of >700 can simultaneously be achieved. In particular, such a
simplified pre-chirped LMFA-EDFA compressor reshapes the EDFL pulse to a

completely pedestal-free Gaussian shape at such a high average power condition.

5.2 Future work

The performance of pulsei:compression.can be further applied to following:
(1) Supercontinuum Spectrum Generation

(2) THz-Wave Generation and Detection:
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