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Abstract

Three different types of optical fiber devices were investigated for this thesis: actively mode-
locked fiber lasers, optical fiber ring buffers, and passively mode-locked fiber lasers. Intra-cavity
soliton compression was employed in an actively mode-locked fiber laser to reduce the pulse
width by a factor of 4.4 below the pulse widths predicted by standard active mode-locking theory.
Stability regions for these solitons were mapped out and compared to theoretical predictions. In
the second device the dynamics of a 5 Gbit/sec packet of ONES and ZEROS loaded into a phase-
modulated optical fiber ring buffer were experimentally investigated. A new mode of operation
was explored where the cavity length of the buffer was slightly detuned from the modulation fre-
quency that was driving the phase modulator. An investigation into the conditions for successful
loading and the storage behavior was performed. In addition, relaxation oscillations, which have
affected the storage time of previous high-speed optical ring buffers, were nearly eliminated with
a CW holding beam, and significantly enhanced storage times were obtained. Investigations of
passively mode-locked fiber lasers included both soliton and stretched-pulse implementations.
Two different versions using the soliton configuration were studied; in both cases a waveguide
amplifier was used to provide gain, allowing short cavity lengths. A polarization additive-pulse-
mode-locked version generated 116-fs, 130 pJ solitons at a repetition rate of 130 MHz. Prelimi-
nary work was also completed on a second short cavity soliton laser with a semiconductor satura-
ble absorber mirror as the mode-locking mechanism. Using the stretched-pulse cavity design, an
environmentally-stable fiber laser was demonstrated to generate 1.8 nJ pulses that were compress-
ible to sub-100 fs. 980-nm pumping requirements for this laser were only 200 mW. Lastly, the
first observation and characterization of resonant sideband formation in stretched-pulse fiber
lasers was completed. Experimental results were evaluated in conjunction with numerical simula-

tions and a theoretical analysis.
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Chapter 1

Introduction

The availability of low-loss optical fiber [1], combined with the development of diode-pumped
optical fiber amplifiers operating at 1.5 um [2], has revolutionized telecommunications. Research-
ers broke the 1 Tbit/s transmission capacity barrier early in 1998 using conventional technology
[3], [4]. Work in optical transmission systems has spurred research in supporting devices such as
all-optical switches, wavelength multiplexers, sources and receivers. Several semiconductor-
based components have been successfully demonstrated including laser diode pump sources,
high-speed laser diode signal sources [5], wavelength routers [6] and multi-wavelength sources
[7] among others. Fiber-based devices utilizing passive fiber, erbium-doped fiber, and active semi-
conductor devices capable of performing high-speed all-optical switching [8], [9], wavelength
conversion [10], 100 Gbit/s all-optical multiplexing and demultiplexing, [11], and rate conversion

[12] have also been developed.

The focus of this thesis is upon three different types of optical fiber devices: harmonically
mode-locked fiber lasers, passively mode-locked fiber lasers, and optical fiber storage rings. Har-
monically mode-locked fiber lasers with pulse repetition rates ranging from 1 GHz to beyond 20
GHz are potential sources in both wavelength-division multiplexed (WDM) [13] and time-divi-
sion multiplexed (TDM) [14] optical communication systems. Their low-jitter, high repetition
rates pulse streams can also be used as a clock for high-speed sampling systems [15]. Passively
mode-locked fiber lasers generally have much shorter pulse widths and significantly lower repeti-
tion rates (approximately 50 MHz) than harmonically mode-locked fiber lasers. As a result, their
direct application to optical communication systems is limited although the broad spectrum of a
short pulse fiber laser has been used as a spectrally-spliced source for a 206 channel WDM system
[16]. Rather, the attributes of this type of mode-locked fiber laser, including low noise, high peak
power (up 20 kW), broad bandwidths (nearly 80 nm), compactness, and diode-pumped nature,
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make it a valuable diagnostic tool for development of devices for optical communications, such as
those cited previously, as well as fundamental studies in both in the time domain [17] and spectral
domain [18]. The third device investigated for this thesis was an all-optical storage fiber ring
buffer capable of storing packets of high-bit rate data. This type of buffer is expected to play a key

role in next-generation ultrafast TDM networks [14].

1.1  Overview of Thesis

The remainder of this thesis is organized as follows: an overview of some fundamental charac-
teristics of optical fiber that are relevant to ultrashort pulses is given in Chapter 2 including gain
from erbium-doped fiber and waveguides, group-velocity dispersion, self-phase modulation and
the soliton effect. The next four chapters constitute the main body of this thesis. In Chapter 3, an
experimental study of soliton compression in harmonically mode-locked fiber lasers is presented.
Experimental results from this investigation are compared with theoretical predictions. This chap-
ter also motivates work on harmonically mode-locked fiber lasers and provides background on
previous work. An investigation of an asynchronously phase-modulated fiber ring buffer is
reported in Chapter 4. By employing a CW holding beam to suppress relaxation oscillations, a 0.5
kbit, 5 Gbit/s packet could be stored for at least 160 ps. In addition, asynchronous phase modula-
tion relaxed the cavity and modulation tolerances necessary for successful storage, yet still pro-
vided crucial noise cleanup. Next, two different types of passively mode-locked fiber cavities
based on an erbium-ytterbium waveguide amplifier are discussed in Chapter 5. In the first cavity
design, polarization additive-pulse mode-locking (P-APM) is used to generate 116-fs solitons
from a ring cavity. Preliminary investigations on cavities employing semiconductor saturable
absorbers as the mode-locking element are also reported. Chapter 6 contains two studies of
stretched-pulse fiber lasers. First, an environmentally stable version of the stretched-pulse fiber
laser is presented. With 980-nm diode-pumping levels of 200 mW, this laser was able to generate
1.2-nJ pulses with 50 nm of spectra that can be externally compressed to sub-100 fs. Pulse
dynamics in this laser are also studied. In the latter portion of Chapter 6, the first observation of
resonant sideband formation in a stretched-pulse fiber laser is reported. Experimental results are
compared with theoretical predictions and numerical simulations. Finally, concluding remarks are

given in Chapter 7.
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Chapter 2

Review of Fundamentals for Optical Fiber Devices

In this chapter a few of the basic attributes of optical fiber and erbium-doped fiber are briefly
reviewed. As this thesis reports work on ultrashort pulse optical fiber devices, these characteristics
will be presented within the context of short pulses. For a more in-depth discussion on these top-

ics, the reader is referred to a number of excellent references [19], [20], [21], and [22].

2.1 Erbium-Doped Fiber

Optical amplification in optical fiber was first demonstrated as early as 1961 with a neody-
mium-doped device [23]. Compared to present-day optical fiber, the fiber available at that time
was quite lossy (1000 dB/km) which limited both the performance and possible applications from
fiber lasers and other fiber devices. By 1970 improvements in the optical fiber fabrication process
reduced the loss to 20 dB/km [24]. Accompanying work in fiber lasers resulted in a demonstration
of a Nd-doped fiber laser pumped by a semiconductor diode laser source [25]. Following the real-
ization of extremely low-loss (0.2 dB/km) optical fiber in 1979 [1], research into rare-earth-doped
fiber lasers and fiber amplifiers increased at a dramatic pace. Driven by the demands of optical
communications systems, the research focus shifted toward erbium-doped fiber (EDF) [2] as it
provides gain at 1.5 um, a wavelength region that is within the window of lowest loss for silica
fiber. In this thesis, research was centered exclusively on devices operating at 1.5 um using both

erbium-doped fiber and erbium-ytterbium co-coped waveguide amplifiers.

Figure 2-1 illustrates the relevant energy levels, absorption transitions, and signal emissions of
erbium doped into a silica host. EDF is typically pumped using one of two different absorption
bands that are presently accessible by laser diode sources. InGaAsP devices are utilized for 1480-
nm pumping transition while strained quantum well InGaAs devices provide a 980-nm pump

source. Pumping with 980 nm offers higher gain and a lower noise figure as it is easier to reach
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Figure 2-1: Energy transition levels in erbium-doped silica. All transitions are given

in nanometers. Dashed lines indicated excited state pump absorption when an 800-

nm pump is used.
inversion in a three level system as compared with a 1480-nm pumped two level system [19]. A
third transition at 800 nm can be pumped using GaAlAs devices. Diode sources at this wavelength

offer a number of practical advantages such as high power, established fabrication technology, and

low cost. However, excited-state (pump) absorption from the 143/ level to the 4S3/2 and *H n
levels significantly decreases the power conversion efficiency and this pumping transition is not
normally utilized. For the devices reported in this thesis a 978-nm Master-Oscillator Power
Amplifier (MOPA) laser diode was used as the pump source. The MOPA generated up to 1 W of

power in free space with typically 65 to 70 % of the power coupled into a single mode fiber.

The 980-nm and 1480-nm diode sources discussed above normally have a single transverse
mode for efficient coupling into fiber. This characteristic is a factor that limits the amount of avail-
able pump power for diode- and MOPA-pumped EDF. To address this shortcoming, two addi-
tional pumping techniques have been developed. By sensitizing the erbium with other rare-earth

co-dopants, additional pumping transitions are created, thereby enabling absorption transitions at
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wavelengths available from high-power solid-state lasers while still obtaining gain at 1.5 um {22].
For example, ytterbium-sensitized erbium-doped fiber can be pumped with Nd:YAG at 1.064 yum
or Nd:YLF at 1.053 pum. A second approach uses a double-clad guidance structure in the fiber
itself [26]. An inner core is designed to be single mode at the signal wavelength, while an outer
core supports multi-mode propagation at the pump wavelength. High-power diode arrays can then
be efficiently coupled into this multi-mode (pump) core. Various outer core geometries have been
studied in an effort to maximize the pump overlap with the signal [27]. Indeed the highest output
power generated from a fiber laser has been produced by Nd-doped double-clad fiber lasers [28],

[29].

2.2 Erbium-Ytterbium Codoped Waveguide Amplifier

An Er-Yb codoped planar waveguide amplifier fabricated by Dr. Denis Barbier of GeeO
(Grenoble, France) was the second type of gain element used in this thesis. Due to the short length
of the waveguide amplifier, a high erbium doping concentration is necessary to obtain a reason-
able amount of gain. In this case an erbium doping concentration of 2.0 wt-% was used. At this
concentration level, the ionic distribution usually becomes inhomogeneous and the ion-to-ion dis-
tance is reduced, allowing a type of ion-ion coupling known as cooperative energy transfer (CET)
assisted up-conversion [22], [30]. In CET, neighboring erbium ions exchange energy through non-
radiative transitions, significantly reducing the fluorescence lifetime at the 1.5 um transition. This
effect is also known as concentration quenching. As a result, the optical gain decreases abruptly

after a certain erbium doping level (approximately 0.12 wt-% in a silica host).

Two steps were taken so that a significantly higher erbium concentration of 2.0 wt-% could be
doped into the waveguide amplifier. First, phosphate (rather than silica) was used as the host in the
waveguide which accepts a higher dopant concentration before the ionic distribution becomes
inhomogeneous [31]. In addition, following a standard technique another rare-earth element,
ytterbium, was also doped into the phosphate host. In this case, the ytterbium was included, not to
enable additional pumping wavelengths as discussed in the previous section, but rather to reduce
the erbium ion-ion interaction by physically surrounding them with ytterbium ions [32]. Sur-
rounding the erbium ions with ytterbium has an additional advantage; ytterbium ions excited by

980-nm pump photons are able to transfer their energy (via a photon-assisted exchange) to the
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erbium’s 411 112 energy level. The energy diagram for erbium-ytterbium is illustrated in Fig. 2-2. In
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Figure 2-2: Energy levels of erbium-doped silica sensitized with ytterbium. All tran-
sitions are given in nanometers. Through cross-relaxation processes, the Yb>* 2F5,2
level transfers energy to the Er3* 2[, 172 level. In the waveguide amplifier discussed in
Section 2.2, this codoped composition is used to take advantage of the additional
pumping mechanism and to allow a higher Er** doping concentration.

comparison to erbium, ytterbium has an absorption cross-section at 980 nm that is 25 % larger
[33]. This indirect pumping arrangement complements the direct pumping of erbium and enables
excitation of a large percentage of erbium ions over a small pump interaction length. All of these
attributes enable the 4.5 cm long waveguide to deliver a small signal gain of 14 dB with 120 mW
of 980-nm pump power [34]. To obtain this level of gain from EDF a fiber length of least 1 m is
usually necessary. The remaining detaiis of the waveguide amplifier such as fabrication procedure

and specific performance levels are discussed in Section 5.2

2.3 Group-Velocity Dispersion

Group-velocity dispersion (GVD) occurs when refractive index is a function of wavelength (or
frequency). Physically, this causes different wavelengths to travel at different speeds. In optical
fiber, there are two contributions to the total GVD: material (or chromatic) dispersion and
waveguide dispersion. The material dispersion is caused by an interaction of the electromagnetic
field with the bound electrons of the silica glass. In particular, oscillations of these electrons and

their characteristic resonant frequencies result in a frequency-dependent response for the electro-
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magnetic field. At frequencies far from resonance, the material dispersion can be accurately mod-
eled using Selemeier equations [35]. Waveguide dispersion is the result of a wavelength-
dependent propagation constant which is intrinsic to the guidance properties of a waveguide. The
waveguide dispersion for optical fiber can be determined by finding the propagation constant of

LPy; mode in a cylindrically symmetric waveguide [20].

To quantify the amount of dispersion, the propagation constant, f8, is normally expanded in a

Talyor series around a central frequency w,,

2 3
Bw-w,) = B, +-g%(m -m,)+ %-gff(w - mo)2 + é%((o - m0)3 +...

@-1)

B, +B(0-0,) +36'(0-0,) + 18" (©-0,) + ...

where ' is the group velocity, B" is the group-velocity dispersion and B" is the third-order dis-
persion. In optical fiber B" is usually quoted in units of pszlkm. Dispersion can also be specified

as D in units ps/nm/km. B" and D are related by,

D = —27”29 B" 2-2)

where c is the speed of light in a vacuum and A is the center wavelength of the pulse.

When a pulse propagates through a dispersive optical fiber, different spectral components
travel at different speeds, causing the pulse to temporally broaden. Figures 2-3 (a) and (b) illus-
trate this effect. Normal (anomalous) dispersion occurs when the sign of " is positive (negative)
and lower (higher) spectral frequencies are pushed to leading edge of the pulse. The frequency of

the electric field becomes as a function of time delay across the pulse and thus the pulse acquires
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a frequency chirp. In this spectral domain, the propagation equation can be solved exactly yield-

ing,
a(w, z7) = a(o, O)exp[—%B"mzz] (2-3)

where a(w, z) is the spectral envelope of the pulse measured from the carrier frequency ®,, .

Both the net cavity dispersion as well as the local dispersion are critical parameters when con-
structing short pulse fiber devices. The value of dispersion for various types of fiber used in this
thesis were numerically calculated from fiber specifications (such as core size, index difference,
etc.) using a Mathematica program written by Kohichi Tamura when he was a graduate student at
MIT [36]. These theoretical values were then compared to an experimental measurement of the
net dispersion in the fiber laser cavities. The experimental dispersion value was determined using
method of Knox [37]. In this procedure the fiber laser is set to run in a CW operation. Next, the
CW wavelength is tuned either by adjustment of an intra-cavity filter or waveplates. At each
wavelength the change in repetition rate is measured by monitoring a higher-order cavity har-

monic on an RF spectrum analyzer. From this data the net cavity dispersion can be determined

from [37],

oT _
5 = LD (2-4)

where L, is the total cavity length and the roundtrip time T,

T = (2-5)

<

where n is the order of the cavity harmonic measured and v is the harmonic frequency. All of the
net cavity dispersion values quoted in this thesis were measured using this method. In order to

remain consistent with commonly used notation, in the following chapters the net average disper-

sion of a cavity is denoted as Ak” while the local fiber dispersion is expressed as k,”.
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It is also possible to introduce dispersion by a prism sequence or a set of grating pairs [38],
[39]. In this case, the prisms and gratings are used to spatially separate different wavelengths and
the dispersion originates from a physical path length difference for different wavelengths. In

Chapter 6 prism sequences and grating pairs are used to add amounts of dispersion in both intra-

cavity and external applications.

2.4 Kaerr Effect in Optical Fiber
Fused silica has a centrosymmetric structure, so in optical fiber the lowest-order, non-zero non-

linear susceptibility is xm . Through x(3) a number of nonlinear processes are possible including
field-induced second harmonic generation, third harmonic generation and four-wave mixing. As
all of these processes involve generation of new frequencies, specific measures to obtain phase-

matching are normally required for their observation. However, a fourth nonlinear process known

as the optical Kerr effect which is enabled by x(3) does not have any phase matching require-
ments. The Kerr effect which includes self-phase modulation (SPM) and cross-phase modulation

(XPM), is the dominate nonlinear process in optical fiber. The Kerr effect causes the refractive

index to become nonlinear,
n(w,t) = n,(0)+n,I(t) (2-6)
where n,, is the linear index of refraction, n, is the nonlinear index coefficient and the I(¢) inten-

sity of the electric field. Recent measurements give n, =2.2 —3.4 x 1020 m%/W [19] for fused
silica which is not particularly strong. However, two characteristics of optical fiber, the small

mode-field size (roughly 30 umz), which creates high intensities, and a potentially long interac-

tion iength, enable the expression of the Kerr effect with reasonable pulse energies.

2.4.1 Self-Phase Modulation

Due the intensity dependent refractive index, a pulse that propagates through an optical fiber

acquires a nonlinear phase shift,

a(t,z) = a(t, 0)exp[—jdla(s, 0)|*z] @7
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with 3, the SPM coefficient, equal to,

27tn,

(2-8)
A:A eff

o =

where A is the free space wavelength and A, 18 the effective, cross-sectional area of the mode

inside the fiber. Table 2-1 summarizes the parameters (including the SPM and GVD coefficients)

Table 2-1: Calculated parameters for various fibers used in this thesis at 1.55 pm.
MFD, mode field diameter; A effective mode area; 8, SPM coefficient; B", group-

velocity dispersion; ", third order dispersion.

Fiber Type | MFD (um) | Aeg(um?) | § kW'm™) | B" (ps’km) | B (ps’km™)
SMF-23 8.9 62.2 1.5 -22 +0.126
FlexCor 1060 54 229 4.2 -7 +.102
Er*3 (1128) 39 12.0 8.0 +75 -0.108
Ert3 (1128-2) 3.1 7.5 12.8 +105 -0.235

for the different types of fiber used in this thesis.!

Note in eqn. (2-7) as the pulse propagates through an optical fiber, the pulse remains invariant
in magnitude and temporal shape. However, the phase of the pulse acquires a time-dependent fre-

quency (or chirp) due to a variation in the pulse intensity. Figure 2-3(c) illustrates this effect. The

sign of n, in optical fiber causes the pulse to obtain a positive chirp.

24.2 Solitons

Under proper conditions the negative chirp due to anomalous dispersion can be exactly bal-
anced with the positive chirp caused by SPM and a pulse can propagate with a static temporal
envelope and zero chirp. This type of pulse is known as a soliton [41], [42] and its existence in

optical fiber was first predicted in 1973 by Hasagawa and Tappert [43]. The first experimental

1. These fiber parameters were compiled by Lynn Nelson [40].
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Figure 2-3: Pulse after traveling through a fiber with (a) linear propagation and nor-
mal dispersion (causing temporally broadening and a positive frequency chirp); (b)
linear propagation and anomalous dispersion (causing temporally broadening and a
negative frequency chirp); (c) nonlinear propagation and no dispersion (causing a
positive frequency chirp); (d) nonlinear propagation and anomalous dispersion. In
this last case, the chirps induced by anomalous dispersion and nonlinearity can bal-
ance each other allowing a soliton to exist.
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observation of a soliton in optical fiber was made in 1980 by Mollenauer [44]. Mathematically,

the solution of the propagation equation,

B__e_ 2 ]
a—z_ 257 dlal"a (2-9)

yields the specific pulse shape of a optical fiber soliton,

a(t,z) = Asech(%)explij—ﬂ—"izjl (2-10)

27T

where T the soliton pulse width (1.76T; = Try;,) - The soliton area theorem relates the pulse

characteristics to parameters of the fiber,

1Bl
AT, = N § (2-11)
Solitons have a number of other mathematical attributes and the reader is referred to an exten-
sive set of references [45], [46] and [47]. Similar to solitons in long-distance transmission systems
[48], solitons generated by mode-locked fiber lasers behave under an “averaged” soliton model
which is slightly different from the precise mathematical definition of a soliton. In this thesis,
additional characteristics of solitons that are relevant to mode-locked fiber lasers are discussed in

Chapter 3 and Chapter 5

2.5 Polarization Additive-Puise Mode-Locking

In most of the passively mode-locked fiber lasers reported in this thesis, the mode-locking
mechanism employed was polarization additive-pulse mode-locking (P-APM). P-APM uses non-
linear polarization rotation in optica!l fiber to create an artificial saturable absorber. In this section
a overview of the physics behind P-APM will be presented. For a more mathematical analysis the

reader is referred to a number of thorough treatments of P-APM [36], [49].

The optical Kerr effect in optical fiber causes nonlinear polarization rotation when the initial

polarization state is elliptical [50]. The polarization ellipse can be resolved into a basis of right-
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and left-hand circular polarization components with different intensities. These two circular com-
ponents then accumulate different nonlinear phase shifts due to the nonlinear intensity depen-
dence of the refractive index as the signal propagates down the fiber. This phase differential
between the orthogonal components leads a rotation of the polarization ellipse while the ellipticity

and handedness are maintained. The angle of rotation is proportional to,

d(1) o< SUI(2) (2-12)

where [ is the length of propagation, 8 is the SPM coefficient, and I(z) is the intensity.

In the case of a pulse, there is an inhomogeneous polarization ellipse rotation across the pulse,

resulting from the variation in the intensity of the pulse itself. Figure 2-4 illustrates how intensity-
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Figure 2-4: Construction of a saturable absorber using nonlinear polarization rota-
tion.

dependent ellipse rotation can be used in conjunction with polarization optics to create an artifi-
cial saturable absorber, an element that absorbs low intensities but is bleached by and transmits
high intensities. Early proposals utilized this functionality as an intensity discriminator to clean up
pulse pedestals from a fiber soliton compressor [51] and as an optical soliton limiter [52]. By
incorporating this mechanism directly into a fiber laser cavity, a mode-locked fiber laser can be
created [53], [49]. As it relies on a coherent addition of two pulses which have a nonlinear differ-
ential phase shift, this mode-locking technique is a form of additive-pulse mode-locking (APM)
[54], [55] hence the name polarization APM (P-APM).
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In addition to P-APM, passively mode-locked fiber lasers have also been demonstrated using
nonlinear amplifying loop mirrors (NALM) [56], [57] and semiconductor saturable absorbers
[58], [59]. A NALM is typically used in a so-called figure-8 cavity where two loops of fiber are
connected with a coupler. The lower loop has an isolator and thus is unidirectional, while the
upper section is used as a Sagnac fiber interferometer. A length of EDF is placed asymmetrically
inside the Sagnac section which causes the two counter-propagating pulses to pick up a differen-
tial phase shift (via SPM). After circulating through the Sagnac loop, the pulses interfere at the
connecting coupler. With a proper bias the NALM reflects high intensities into the prop:er direc-
tion of the isolator in the lower loop. Pulses as short as 98 fs have been obtained from a fiber laser
using a NALM [60]. A review of the work using semiconductor saturable absorbers in fiber lasers

is given in Section 5.4.
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Chapter 3

Soliton Stability in Actively Mode-locked Fiber Lasers?

Actively mode-locked fiber lasers are leading candidates for sources in optical communication
systemns because high quality pulses centered at 1.55 um can be locked to a master clock at high
repetition rates (> 1 GHz) with low timing jitter. Mode-locking is generally achieved using a high-
speed intra-cavity electro-optic modulator and typical cavity lengths are usually > 1 meter due to
the limited doping concentraticns of Er*3 in silica fiber. Accordingly, to obtain a high pulse repe-
tition rate, the modulator must be driven at a harmonic of the round-trip cavity frequency to pro-

duce multiple pulses in the cavity. If the fundamental cavity frequency is Q_ and the modulation
frequency is Q,, = NQ_, the laser is mode-locked at the Nth harmonic with N pulses in the

cavity. This means that an axial mode is locked to every Nth mode falling within the gain band-
width, forming a so-called supermode [63].

Early work on harmonically mode-locked fiber lasers revealed two major difficulties: fluctua-
tions in the pulse energy and stabilization requirements of the cavity length. In this chapter both of
these characteristics are reviewed along with various solutions reported in the literature. Pulse
widths generated by these lasers are typically 2 to 20 ps in duration. In order to shorten the pulses,
a number of researchers have pursued intra-cavity pulse compression using soliton effects with
varying degrees of success. In Sections 3.2 and 3.3 of this chapter the stability region for soliton
generation in an actively mode-locked fiber laser is experimentally mapped out and compared
with theoretically predictions.

2. Portions of this chapter appear in [61] and [62].
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3.1 Review of Harmonically Mode-locked Fiber Lasers

3.1.1 Pulse Energy Stabilization

Actively mode-locked fiber lasers were first demonstrated using Nd+3-doped fiber [64], [65]
and Er-Yb-doped fiber [66] with pulse widths > 70 ps at the fundamental cavity repetition rate.

Harmonic mode-locking was achieved by [67], [68] but the lasers suffered from pulse-to-pulse

energy fluctuations. This unfortunate result is caused by the slow = 10 msec relaxation time of the

Er*3-gain, which does not respond rapidly enough on the time scale of the pulse spacing (= 1
nsec) to stabilize pulse energy variations. Pulse energy fluctuations are equivalent to a simulta-
neous oscillation of more than one supermode and can be diagnosed by examining the RF spec-
trum of the pulse train. A supermode suppression of greater than 45 to 50 dB is generally
considered acceptable for optical communication sources. Bit-error-rate testers can also be used

to examine the uniformity of the pulse trains.

Stabilization of pulse energies is clearly required before harmonically mode-locked fiber lasers
can be used in optical communication applications. One solution is the introduction of a sub-cav-
ity with a free spectral range that matches the modulation frequency [69], [70]. Energy stabiliza-
tion is achieved because a portion of each pulse in injected into successive pulses, injection
locking the pulse train optically. The major disadvantage of this method is that it requires interfer-

ometric stabilization of the sub-cavity with respect to the modviation frequency and the main cav-
ity.

A second, more appealing approach uses a passive, fast intensity-dependent loss mechanism.
In this technique, an intra-cavity nonlinear element causes more intense pulses to experience
higher loss. As long as the nonlinearity can recover to its initial state before the next pulse arrives

(i.e., it is fast), the pulse intensities become clamped to a common value.

The first application of this technique used nonlinear polarization rotation [71]. As described in
Section 2.5, APM in fiber lasers uses nonlinear polarization rotation to create an artificial fast sat-
urable absorber. By suitable adjustment of the APM (interference) bias, it is possible to impose
intensity limiting on the pulses, or Additive-Pulse-Limiting (APL). In the initial demonstration,

APL was used to stabilize 2 1-GHz pulse train, producing a supermode suppression of roughly 50
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dB. APL is dependent on the nearly instantaneous Kerr effect, so it could be safely scaled to much

higher repetition rates.

Recently, a second technique using self-phase modulation (SPM) and spectral filtering to
obtain a fast intensity-dependent loss was reported [72], [73]. In this case a more intense pulse
generates a broader spectrum through SPM. An intra-cavity spectral filter then causes a higher-
intensity pulse (with wider spectrum) to experience greater loss than a lower intensity. In this
manner an optimum pulse bandwidth, and thus a standard pulse intensity, is imposed on the pulse
train. As this method does not rely on polarization effects, it can be used in polarization-maintain-

ing (PM) fiber lasers.
3.1.2 Frequency and Cavity Stabilization

Another remaining difficulty with harmonically mode-locked fiber lasers is thermal drift of the

cavity length. The variation of the refractive index with respect to temperature in silica fiber is,

M 1 1x10°°C (-1)
oT

With a typical fiber laser length of 50 m, a ring cavity length will fluctuates by 0.55 mm/°C. If the
modulation is at the N = 2000zh harmonic, this translates to a cavity frequency fluctuation of

around 60 kHz/°C about an 8-GHz modulation frequency. Accordingly, slight thermal variations
are able to cause the pulses to lose synchronism with the modulator. Typically for stable operation
the mismatch between the modulation and cavity frequencies must be < 5 kHz. A number of tech-

niques have been reported to compensate for thermal drift.

The most obvious stabilization scheme is a dynamic adjustment of the cavity length [74]. A
portion of the fiber in the cavity is wound around a piezo-electric drum. By driving the drum with
the correct feedback signal, the cavity length can be adjusted to keep the cavity frequency syn-
chronous with the fixed modulator drive frequency. A second solution uses regenerative feedback
where the modulation frequency is derived directly from the pulse train [75]. Any change in the
cavity length automatically adjusts the modulation frequency to maintain pulse-modulator syn-

chronism. In a third solution the modulation frequency is fixed and the cavity dispersion is suffi-
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ciently high such that the pulses can remain synchronous with the modulator by shifting in

wavelength [76].

An alternate approach abandons the requirement of pulse-modulator synchronism [77]. Anom-
alous dispersion fiber is used throughout the cavity in this fiber laser to provide strong soliton
shaping, and the active mode-locking element is a phase modulator that is purposely detuned from
a cavity harmonic. When mode-locked, the resulting pulse train has a repetition rate that deviates
15 to 30 kHz from the modulation frequency. Asynchronous phase modulation produces a sinuso-
idal frequency shift [78], which normally would destroy any pulses. Solitons, however, are able to
fight the frequency shift [79] and remain intact. This type of asynchronous modulation is

described in more detail in Section 4.3.2.

3.2 Intra-cavity Soliton Pulse Compression

Sources of subpicosecond pulses are being evaluated for two primary ultra-high bit rate com-
munication systems applications: Time-Division Multiplexing (TDM) and Wavelength-Division
Multipiexing (WDM). Pulse widths of approximately 1 ps are inherently required in 100 Gbit/s
TDM systems [14]. For a WDM architecture, the broad spectrum of a subpicosecond pulse can be
used as a high-repetition-rate, spectrally-sliced source [13]. As determined by Kuizenga and Sieg-
man [80], the pulse width produced by active mode-locking is inversely proportional to the geo-
metric mean of the mode-locking frequency and the bandwidth of the medium (or filters) in the
resonator. Using typical parameters of fiber lasers, this expression predicts pulses widths to be 2
to 20 ps. Pulses generated from stabilized harmonically mode-locked fiber lasers confirmed this
prediction [70]. For harmonically mode-locked fiber lasers to be used in either ultra-high bit rate

TDM or WDM applications, the pulse widths must be reduced.

In order to shorten the pulses the fiber medium naturally invites the use of self-phase modula-
tion (SPM) [81] or the soliton effect through a combination of SPM and anomalous group velocity

dispersion (GVD) [82]. Pulse shortening with SPM was first demonstrated in an actively mode-
locked Nd+3-doped fiber laser [83]. Soliton shaping was initially demonstrated in an Er+3—doped

fiber ring laser [67]. Similar results were also attained in Er+3-doped fiber lasers with an InGaAsP

semiconductor amplifier [84] and with phase modulators [85], [86]. The theoretical results of [81]

31



were extended by Kirtner ez al [87] (and indirectly in [88]) who showed that a sufficiently large
amount of anomalous GVD and SPM should suppress the normal mode-locked state enough to
allew formation of a solitary pulse that is considerably shorter than the normal actively mode-
locked pulse. The central idea is that the soliton parameters of the cavity, rather than the modula-

tor characteristics, determine the pulse width.

Successful shortening of actively mode-locked pulses by soliton compression must satisfy the
following two conditions: 1) The solitons must be successfully re-timed on each round trip. 2)
There must be discrimination between the soliton state and the normal actively mode-locked state.
The former condition of pulse re-timing is a practical matter of maintaining synchronism between
the modulator and the pulse train and is addressed in the previous section on cavity drift. Follow-
ing the analysis in reference [88], the latter condition can be quantified by calculating the loss of
the soliton and the loss of a fundamental Gaussian pulse, which is the eigen-solution of the active
mode-locking equaticn (with no nonlinearity) [80]. If the soliton state is to remain stable, the
Gaussian pulse (the eigen state of linear active mode-locking) must possess a higher loss than that

of the soliton. The resulting condition is,

2
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where M is the modulation index per unit length, Q, is the modulation frequency, 7 is the soli-

ton pulse width, Q. is the filter bandwidth, L, is the cavity length, and Ak” is the average group

velocity dispersion of the cavity. On the left side is the loss experienced by the soliton, and on the

right side is the loss of the Gaussian mode-locked pulse.
In addition, the modulation must not drive the soliton unstable. From soliton perturbation the-
ory [89], energy fiuctuations of the soliton are damped if,

n2 1
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After fulfilling these two conditions, the pulse width is now specified by the soliton condition,

_ |Ak”|
TTTwe (3-4)

where W is pulse energy and 8 is the SPM coefficient defined in Section 2.4.1.

3.3 Experimental Investigation of Soliton Stability

The fiber laser used to investigate soliton compression of actively mode-locked pulses is shown

in Fig. 3-1. The laser was constructed entirely of PM fiber, including the WDM coupler and out-

5 GHz
CW Source iI HWP Filter HWP
AmDlitud Isolator
mplitude
| Modulator[ ' | —
35.8 m of Passive 10.5 m PM Erbium-
PM fiber doped Fiber

P\

&~ WDM

10/90 Output Coupler Pump K

Figure 3-1: Actively mode-locked fiber laser using all polarization-maintaining fiber.
WDM, wavelength division multiplexer; PM, polarization maintaining; HWP, half-
wave plate.

put coupler, to eliminate any nonlinear polarization rotation, thereby excluding any artificial satu-

rable absorber action (APM/APL) that could contribute to the pulse shortening and soliton

stability. The average dispersion Ak” of the cavity was measured to be —10 p32 km!. Approxi-

mately 500 mW of a 978-nm MOPA pump was coupled into the WDM. An open air section in the
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ring facilitated placement of different optical filters in the cavity. A fiber-pigtailed LiNbO;

waveguide amplitude modulator was the active mode-locking element.

When the modulation strength was adjusted to satisfy both egns. (3-2) and (3-3), a soliton
pulse train was generated. The optical spectra of the solitons for various filter bandwidths in this

operating regime are displayed in Fig. 3-2. The shortest soliton observed was 634 fs; it was
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Figure 3-2: Series of soliton spectra generated by the actively mode-locked fiber
laser shown in Fig. 3-1 using four different filter bandwidths. The pronounced reso-
nant sidebands (see Section 5.1.1) confirm the pulses are indeed solitons.

obtained with 7.8-nm filter, a filter bandwidth that is narrow enough to loosen the pulse-width
clamping effects of resonant sidebands (see Section 5.1.1) but not too narrow to limit the overall
spectra bandwidth [90]. An intensity autocorrelation of these solitons is shown in Fig. 3-3. The
634-fs pulse width represented a pulse width shortening by a factor of 4.4 over the standard active
mode-locked pulse width and these pulses are the shortest actively harmonically mode-locked

pulses generated directly from a fiber laser to date.
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Figure 3-3: Intensity autocorrelation of a pulse train generated by active mode-
locked fiber laser shown in Fig. 3-1 with a 7.8-nm filter. A sech fit (dashed curve) to

the trace gives a FWHM pulse width of 634 fs.

Kirtner et al [87] has presented a theory quantifying the possible soliton compression of a

pulse in an actively mode-locked laser. An expression for the possible pulse shortening factor can

be found by rewriting eqn. (3-2),

2
g2 - 3Re{J 1—j|Ak"|Lcs2§}§ + ’-} <0 (3-5)
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with § = (7,/ ‘ts)z where 1, is the 1/e intensity width of the unchirped Gaussian pulse width and
1, is the soliton (sech) pulse width. £ is a measure of the possible pulse width reduction. A direct

comparison of the full-width at half-maximum pulse width is,

_ 166 _
R = 1568 (3-6)

Using the parameters of this fiber laser, eqns. (3-5) and (3-6) predict a maximum pulse shortening
factor of R = 2.2 while the experimentally observed compression factor was R = 4.4. This lat-

ter value was found by comparing the shortest soliton produced (634 fs at Q, = 5 GHz, a filter

bandwidth of 7.8 nm, L, = 46 m, Ak" = —10 ps?, and M = 0.25) with the theoreticaily calcu-

lated puise width [87] for an unchirped Gaussian pulse using these parameters. The disagreement
between the theoretical and experimental pulse reduction factor is most likely due to uncertainties

in the experimental parameters.

There is a simple physical viewpoint describing the shortening process. Increasing the disper-
sion serves to spread out (via a frequency chirp) any low-level pulse in the time domain. The
broadened pulse is then is clipped by the modulation envelope. In this manner, the loss for the
Gaussian pulse grows as dispersion is increased. A pulse with high enough peak power experi-
ences the nonlinearity, allowing it remain chirp-free (and remain narrow) via the soliton effect.
Consequently, it is able to pass through the modulator with lower loss. In this manner, the loss for
the solitary pulses is not affected by the dispersion, allowing them to become the preferred (lowest
loss) state of the system. It is important to realize the laser initially needs to produce pulses with

high enough peak power so the pulses are affected by the nonlinearity and then can evolve into

(shorter) solitary pulses.

As described above, the stability region for the solitons lies between the two curves of eqns. (3-
2) and (3-3) and is shown in Fig. 3-4. For experimental observation of this regime, a series of dif-
ferent interference filters with varying bandwidths (5.47, 6.18, 7.80, 10.1, 11.0, 12.2, and 16.7-
nm) were placed inside the cavity. The horizontal lines represent the explored regions at particular

filter bandwidths. Autocorrelation traces for specific operating points, indicated by circles and
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Figure 3-4: Stability region of solitons with the boundary curves (1) and (2) pre-
dicted by eqns.(3-2) and (3-3), respectively. The explored operating regions at differ-
ent filter bandwidths are given by horizontal lines. The circles signify clean soliton
operation. The squares indicate a mixture of solitons and Gaussian (mode-locked)
pulses.

squares, are shown in Fig. 3-5. The circles represent operating points where clean solitons circu-
lated in the cavity. No pedestal was observed on the autocorrelation trace at these points. The
abscissa contains the soliton pulse width to the fourth power. Hence for every filter bandwidth
each point on the plot was located by using the value of the modulation strength and experimen-
tally observed soliton pulse width under constant cavity dispersion. The pulse widths varied

between 635 fs and 1.2 ps depending on the filter bandwidth and the modulation strength. The

squares represent operating points that showed a mixture of Gaussian pulse shapes and solitons.
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Figure 3-5: A series of autocorrelation traces referenced in Fig. 3-4 showing the
transition between normal mode-locked pulses and solitons. Note the pedestals due
to the competing Gaussian pulses in traces (a) and (c).

These points were unstable according to the stability criterion predicted by eqn. (3-2) because

there was too little discrimination between the Gaussian pulse and the soliton.

A typical RF spectrum of the pulse train is given in Fig. 3-6 displaying a supermode suppres-
sion of only 15 dB. As discussed in Section 3.1.1, this level of supermode suppression indicates
variation of the pulse energies in the pulse train and is not acceptable for optical communication

sources. In the present laser, soliton parameters serve to quantize the pulses, so poor supermode
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Figure 3-6: RF spectrum of soliton pulse train. The supermode suppression of only
15 to 20 dB indicates variations in pulse energies along the pulse train.

suppression actually means that the available gain was not sufficient to place a soliton in every
available time slot. A calculation with the estimated intra-cavity power and the soliton energy

indicates that approximately one-half to two-thirds of the time slots were filled with soliton

pulses.
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Chapter 4

Asynchronous Phase-modulated Optical Fiber Ring
Buffer

It is expected that a key component for ultra high-speed optical time-division multiplexed
(OTDM) networks will be an optical buffer capable of storing packets of high bit-rate (10 to 100
Gbit/sec) data [14]. Packet storage at the (high-speed) bus rate before hand-off to lower speed
electronics offers a number of networking advantages. In these types of applications the maxi-
mum amount of storage time is expected to be <1 ms. An optical fiber ring utilized as a storage
device could be capable of fulfilling these storage requirements and, due to its fiber nature, offers

easy integration into an optical network.

In this chapter recent progress in the development of this type of optical fiber buffer is
reviewed in Section 4.1. Limits in the packet storage time of this type of buffer as well as synchro-
nization requirements are described in Section 4.2. Experimental results from a new buffer design
are reported in Section 4.3. Significantly enhanced storage times are obtained by employing a CW
holding beam to control relaxation oscillations and a new mode of operation is explored where the
cavity round-trip frequency of the buffer is slightly detuned from the frequency driving the intra-

cavity phase modulator.

4.1 Previous Demonstrations of Optical Fiber Ring Buffers

One of the simplest designs for an optical fiber ring buffer is a loop containing oniy an opticai
amplifier and an input/output coupler. Such an implementation was reported to store a 312 bit,

622 Mbit/sec Non-Return to Zero (NRZ) packet for a maximum of 100 circulations (0.8 ms) [92].

3. Portions on this chapter appear in [91].
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After 40 circulations, bit error rates (BER) on the stored packets exceeded BER >107°. These

errors were most likely caused by buildup of ASE in the ZERO time slots.

In 1992 it was shown theoretically that a fiber ring of net anomalous dispersion containing
gain, an amplitude modulator and a filter could maintain indefinitely a Return to Zero (RZ) bit-

pattern of ONES (solitons) and ZEROS (empty time intervals) [88]. Figure 4-1 illustrates a typical

Input

v p

PC

Modulator —

PC

RF -

CW Source

v
Output

Figure 4-1: Typical design of optical fiber ring buffer. Packets are loaded into buffer
via a 10/90 passive coupler (this could also be a 2x2 electro-optic switch). The output
is taken from this same coupler after every packet circulation. The net dispersion of
the cavity is chosen to be slightly anomalous. EDF, erbium-doped fiber; SMF-DS
single mode fiber dispersion-shifted; WDM, wavelength-division mulitiplexers; PC,
polarization controller.

experimental construction for this type of optical fiber ring buffer. Packets of data are loaded into
the buffer via an input/output passive coupler or a 2x2 electro-optic switch. The packets then cir-
culate around the cavity and the stored data can be accessed at each round-trip. Due to filtering

and amplitude modulation, the ONES (or solitons) in the packet require a certain amount of excess
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gain to be preserved. Under the proper combination of dispersion, filtering, and modulation this
amount of excess gain is not enough to compensate the loss experienced by the linear noise. As a
result, the linear-level radiation in the ZERO time slots can remain attenuated while, simulta-
neously, the solitons (ONES) are sustained. The stability region for successful pattern storage
(when the buffer uses an amplitude modulator) is identical to the soliton stability regime discus-
sion in Section 3.2 and shown in Fig. 3-4. The combination of these two conditions predicts the
possibility of long-term storage of high-speed bit packets and was first confirmed experimentally
in a 1 Gbit/sec system with a 66 bit storage capacity [93] and a storage time on the order of min-
utes. Attempts to scale the data rate to 50 Gbit/sec and increase the storage capacity to 4 kbits
have been successful [94], [95], although storage times in these high-speed buffers have not
exceeded approximately 31.5 ps or 320 circulations. It should be noted that in these experimental
implementations (and subsequent work discussed below) the benefits of P-APM (described in

Section 2.5) are utilized which greatly assist in noise clean-up in the ZERO time slots.

4.2 Attributes of Current Designs

Two characteristics of previous optical fiber ring buffer designs that have limited their storage
times and might limit their possible implementation in high-speed optical networks are relaxation
oscillations and synchronization requirements. With reference to the former limitation, this type
of buffer is, in essence, an actively mode-locked fiber ring laser which is held below threshold so
that pulses can not be created spontaneously. However, if pulses, seeded by ONES in an input
packet, are able to build up and survive while suppression of ZEROS is maintained, the buffer can
successfully store the packet. Viewed in this light, it is not surprising that loading of packets into
the buffer induces relaxation oscillations (RO) [20], a coupled interaction between the intra-cavity
optical intensity and the gain of the buffer’s erbium-doped fiber amplifier. Initially, when there is
no pattern in the buffer, the optical gain is large as it is unsaturated. After a packet is injected into
the buffer and begins to circulate, the gain becomes increasingly saturated and steadily decreases
from its initial value. The reduced gain, in turn, causes the amplitude of the packets to diminish.
The gain then responds by increasing as it becomes less saturated and the process repeats itself.
As a consequence, the packets’ intensity is modulated as it circulates around the cavity and fol-
lows a damped oscillatosy trajectory. The RO time constant is the geometric mean of the upper-

state lifetime of the erbium-dopant (in the silica host) and the photon life-time in the resonator and
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and the buffer loses the stored packet. Due to this effect, relaxation oscillations are believed 1o be
one of the main limitations of the storage time for high-speed buffers. Ag described in Section
4.3.1, significantly enhanced storage times were observed by utilizing a CW holding beam to pin

the gain to a steady-state value and reduce RO.

discussed in Section 4.3.2.
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4.3 Optical Fiber Buffer Using a CW Holding Beam and
Asynchronous Phase Modulation

The experimental setup used to investigate relaxation oscillations and asynchronous phase
modulation is shown in Fig. 4-2. The optical buffer is enclosed within the dotted box while the
remaining equipment (described beiow) is used for packet generation and detection. As in previ-
ous optical buffers, additive-pulse mode-locking/additive pulse limiting effects obtained via non-
linear polarization rotation produced a higher loss for the ZEROS than for the ONES, thereby help-
ing to preserve the individual bit amplitudes in the packet. The phase modulator, coupled with a

7.8 nm filter, also served to discriminate between ZEROS and ONES.

A 5 GHz pulse train (with a pulse width of 9 ps) emitted from an actively mode-locked exter-

nal cavity semiconductor laser (A,=1550 nm) was externally modulated by an electro-optic modu-

lator (driven by a pattern generator) to generate 5 Gbit/sec packets with alternating lengths of 250
bits and 500 bits. After a packet was produced, the pattern generator did not produce another
packet until the loaded packet propagated in the loop for 1600 circulations. At each round-trip a
portion of the packet emerged from the fourth port of the coupler (see Fig. 4-2) and was detected
by a high-speed (3-dB bandwidth of 45-GHz) photo-diode. The output signal from the photo-
diode was then displayed on either a high-speed (3-dB bandwidth of 50-GHz) sampling oscillo-
scope to monitor the individual bits in the packet or a lower speed (3-dB bandwidth of 1-GHz)

analog oscilloscope to display the packet envelope as it circulated in the buffer.
43.1 Reduction of Relaxation Oscillations

The variation in the average power of the circulating packets due to RO can be minimized by
optically injecting a CW holding beam [98]. With this technique, either the packet or a CW signal
is launched into the buffer. By correctly adjusting the power of the CW signal relative to the aver-
age packet power, the injected photon number is conserved, thereby inhibiting any RO. In this
experiment a holding beam was generated by driving a gain-switched semiconductor (GSSL)
(A,=1543 nm) with a square wave that had a period of approximately 160 us. The phase of the
square wave was set using an optical fiber delay line so that just after the holding beam is turned
off, a packet is loaded. The holding beam remained off for 80 ps, while the packet circulated in
the buffer, and then the holding beam was activated for 80 pus. When the holding beam was acti-
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Figure 4-2: Experimental setup for evaluating an asynchronous phase modulated
buffer. The buffer is shown in dotted box. Packets of data were placed on pulse train,
derived from a mode-locked external-cavity semiconductor laser (ML ECSL), by an
amplitude modulator (AM) which was driven by a pattern generator. Packets were
loaded into the buffer via the 10/90 coupler. The gain-switched semiconductor laser
(GSSL) was utilized as a CW holding beam. EDF, erbium-doped fiber; SMF-DS sin-
gle mode fiber dispersion-shifted; PM, phase modulator; PC, polarization controller.
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vated, the buffer was erased and there was no packet storage during this interval. This input time

sequence is illustrated in Fig. 4-3 while the buffer output is shown in Fig. 4-4.

Bit pattern of packet

WIS

Loaded

’4—— 80 us *’L* 80 us ———Pl

Storage Interval

Figure 4-3: Input to buffer showing sequence of packet loading and activation of CW
holding beam.

/ Loaded packet

l<——80us +l< sous——>l

Storage Interval

Loaded packet
Stored packets P ~

CW holding beam

Figure 4-4: Output of buffer displaying one storage interval, followed by activation
of CW holding beam. Stored packets emerge from the output port after every circula-
tion. See Fig. 4-5 for actual data illustrating storage behavior.
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After proper adjustment of the polarization controllers, the buffer was able to store the loaded

packets. Typical storage behavior is given in Fig. 4-5. This photograph was taken from a 1-GHz

50 us/div

100 ns/div |

T A Q776pSc 0 AlC

Figure 4-5: Dynamics of stored packets shown on the 1-GHz analog scope with a
delaying time-base. Top trace shows long term packet evolution on a 50 ps/div scale.
The middle trace, starting from the left, shows the falling edge of the CW holding
beam, a packet ioading event (point A) and subsequent packet circulations on 100 ns/
div scale. The bottom trace is 78.7 us (800 circulations) after the loading event (again
on a 100 ns/div scale). Variations in the packets’ amplitude during the storage inter-
val are caused by filtering and asynchronous phase modulation. This attribute is dis-
cussed in detail in Section 4.3.2.

analog scope with a delaying time-base. The top trace shows the long-term packet behavior at
50 ps/div with loading events approximately every 160 ps. The square waveform of the holding
beam is clearly evident. The holding beam appears much larger than the circulating packets
because the holding beam was detected with only 10% tapped off into the loop, while only 10%
of the circulating packets were coupled out to the detector. An expanded view is given in the
lower two traces at 100 ns/div. As the round-trip time of the buffer was approximately 100 ns,
sequential packet circulations can be clearly seen on this time scale. The middle trace displays a
packet loading event. At the extreme left the holding beam turns off and 50 ns later a packet was
loaded (point A) and begins to circulate in the loop. For the same reason cited above as well as
intra-cavity losses, the first packet (point A) is larger than the following, stored packets. The bot-
tom trace (on the same scale) shows the packet envelope after circulating for 78.7 us (800 round-

trips). Clearly, despite the CW holding beam, there is still some amplitude modulation on the
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packets during the storage interval. As described in Section 4.3.2, the amplitude fluctuations are
caused by a combination of asynchronous phase modulation and filtering. In Fig. 4-5 the envelope
of stored packets in the top trace was not as intense as the base-line because the 1-GHz analog
scope was attempting to resolve the individual bits in the packet which dispersed the top of the

packet envelope.

Compared to earlier high-speed large-capacity buffers [94], the CW holding beam substan-
tially reduced the RO-induced packet modulation and the storage time was significantly
expanded. Extending the storage time to 157 ps (1600 round-trips) produced results similar to
Fig. 4-5. In this case a strong packet envelope was still present just before the holding beam was
activated so storage times longer even than 157 us seem possible. However, a longer storage time
could not be studied because the analog scope was triggered by the packet loading event and it
could 1.0t operate with a longer trigger period or in a self-triggered mode. In theory the storage
time is indefinite, but practical issues such as matching the packets' bits characteristics (such as

pulse width) to the natural pulse qualities of the buffer may impose a limit on the total storage

time.

Although storage of the packet envelope has been observed for at least 157 ps, it is important
to verify maintenance of the individual bits in the packet. A 10 bit portion of the loaded packet
displayed on a high-speed sampling scope is given in Fig. 4-6(a), while Fig. 4-6(b) shows the
same 10 bit portion after 450 round-trips (44.3 ps). To obtain the trace in Fig. 4-6(b) the sampling
oscilloscope was triggered at the loading event and the delay was set to 44.3 ys. The apparent
widening of the pulses in Fig. 4-6(b) was caused by oscilloscope timing jitter due to the long time
delay after the trigger event. Jitter was confirmed as the source by programming the pattern gener-
ator to generate an initial packet and a second packet after a delay of 44.3 us and then observing
the optical output of the amplitude modulator driven by the pattern generator (see Fig. 4-2) on the
sampling oscilloscope. This procedure bypassed the buffer but still had an equivalent trigger
delay. In this case the packet at zero-time delay was similar to Fig. 4-6(a) while a trace of second
(delayed) packet is displayed in Fig. 4-7. Clearly there is pulse broadening similar to Fig. 4-6(b),
verifying oscilloscope jitter as the origin of the pulse broadening. In addition, the oscilloscope
failed to hold its trigger beyond this time delay, preventing an observation of a high-speed stored

packet trace past a storage time of 44.3 us.
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Figure 4-6: High-speed sampling oscilloscope trace showing a portion of (a) the ini-
tial, loaded packet; (b) after the 450 circulations. Pulse broadening in the stored
packet was caused by jitter from the sampling oscilloscope (see Fig. 4-7).

4.3.2 Asynchronous Phase Modulation

In previous storage rings (except for buffers utilizing rational harmonic modulation [95]), the
RF frequency driving the modulator is equal (to within 1 kHz) to a harmonic of the cavity fre-
quency. In this case, known as synchronous modulation, all of the pulses in the packet normally
are located under a peak of a modulaticn cycle after each round-trip. If a pulse or group of pulses
become mistimed due to random cavity fluctuations, the modulator envelope is usually able to re-

time the pulses and move them back to the stable position under a modulation peak. Under asyn-
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Figure 4-7: High-speed sampling oscilloscope trace of a packet generated by the pat-

tern generator after a delay of 44.3 us. A packet at zero-time delay looked similar to

Fig. 4-6(a). This result confirmed that pulse broadening was caused by oscilloscope

timing jitter, rather than by processes internal to the buffer.
chronous modulation, the modulation frequency is detuned from a cavity harmonic by at least 100
kHz. Due to the frequency detuning, there is a deterministic and continuous sliding of the pulses
in the packet relative to the modulation cycle. If amplitudevmodulation is used, the pulses would
not survive this sliding. Under asynchronous phase modulation the pulses receive a time-varying
phase shift (due to the sliding) which corresponds to a sinusoidal shift in the pulses’ carrier fre-
quency [78]. Normally, this effect would also destroy the pulses as they would be frequency
shifted into the wings of the optical filter. However, if the pulses are solitons they can fight the fre-
quencies shifts through their nonlinear ability to generate new frequencies. As a result, the fre-
quency swings into the filter are reduced and the solitons can survive the detuned modulation. The
response of solitons and linear pulses to asynchronous phase modulation is illustrated in Fig. 4-8.
As low-level (linear) noise is shifted further into the filter than the solitons, the linear noise expe-
riences a higher degree of loss. The behavior of solitons and linear noise under asynchronous

modulation is similar to sliding-guiding filters studied in long-distance soliton transmission

experiments [79].

In the case of asynchronous harmonically mode-locked fiber lasers and optical fiber ring buff-
ers placed in transmission nodes, the characteristic of a sinusoidal shift in center wavelength

caused by asynchronous phase modulation makes them unsuitable for telecommunication appli-
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Figure 4-8: Behavior of solitons and linear pulses under asynchronous phase modu-

lation. The deterministic sliding of modulation envelope with respect to the pulse

train imparts a time-varying frequency shift to the pulse train. Through their nonlin-

earity, solitons are able to fight the frequency shift and thus experience less loss as

compared to linear signals. Regions of high loss and low loss for both linear puises

and solitons are also labeled. w,, carrier frequency
cations. However, when buffers are used in receiver nodes, the wavelength shift might not be as
debilitating because the packets will be directly detected rather than transmitted. In these applica-
tions the asynchronous mode of operation offers several possible advantages over synchronous
buffers. The central wavelength of the packet does not need to exactly match the wavelength of
the buffer and drifts in the cavity length can be tolerated. Furthermore, the packets' bits slide
though the modulation envelope sc there is no definition of relative phase between the modulator
and the packet. Thus, in theory, the packets could be injected at any position relative to the modu-
lation of the buffer. This is perhaps most important advantage of asynchronous operation as
incoming packets could be injected into the buffer without regard to the phase of the intra-cavity

modulation cycle.

In all of the previous results discussed in Section 4.3.1, including the results given in Figs. 4-5
and 4-6, the buffer was operated with asynchronous modulation. In this case the modulation fre-

quency was detuned between 70 to 110 kHz from the 500th cavity harmonic at approximately 5
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GHz. The asynchronous nature of the buffer can be examined by mixing the packet signal from
the high-speed photo-detector with a tap from the modulation drive. When low-pass filtered by the
1-GHz analog scope, the mixed signal is a sinusoid with an amplitude proportional to the ampli-
tude of the bits in the packet and a frequency equal to the difference between the modulation drive
frequency and the packet round trip frequency (i.e. the cavity harmonic closest to the modulation

drive). Mathematically, after being low-pass filtered, the signal is equal to,

V(Dpmizea = A1A42608[(2; - Q) +6,] @1)
where A, is the amplitude of the modulation drive, A, is the amplitude of the bits in the packet,
Q, is the modulator drive, €, is the nearest harmonic of the packet round trip (cavity) frequency,

and ¢, is the relative phase between the modulation drive and the packet bit-rate. Note that in the

experiment, the modulation drive and packet bit-rate were equal. Experimentally, the relative (ini-

tial) phase ¢, could be adjusted by changing the optical delay line shown in Fig. 4-2 while Q,
was adjusted by changing the cavity length of the buffer. Figure 4-9 displays the mixed signal dur-

Figure 4-9: Output of mixer (see Fig. 4-2) displayed on a 1-GHz analog oscilloscope
using a delaying time-base. Top trace at 10 us/div spans the entire storage interval.
The middle and bottom traces show the mixed signals at the beginning and the end of
the storage interval at 100 ns/div. The sinusoidal form of the mixed signal confirms
that the cavity frequency (and thus the packets’ round-trip frequency) is detuned from
the modulation frequency.
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ing the 80-ys storage interval (when the CW holding beam was turned off) using a 1-GHz analog
oscilloscope and a delaying time-base. The top trace, at 10 pus/div, spans the entire storage inter-
val, while the middle and bottom traces, at 100 ns/div, show the mixed signal just after a packet

was loaded and just before activation of the CW holding beam, respectively. The sinusoidal form

of the mixed signal confirmed Q; #Q, and thus the packets were modulated asynchronously.

The enhanced base-line in the top trace was due to a non-zero mixed si gnal being generated only

when a packet is present.

Further confirmation of the packets’ asynchronous modulation appears in the series of traces in

Fig. 4-10 again showing the mixed signal on a 1-GHz anaiog oscilloscope. In this case the detun-

r Packet loaded

H
iR |

Figure 4-10: Series of 3 traces showing the mixed signal on a 1-GHz analog oscillo-
scope with a 500 ns/div time scale under 3 different operating conditions. (a) cavity
was detuned roughly 1 MHz from the modulation frequency. (b) same detuning as
(a), but an extra delay of 100 ps was added to a delay line before the packets are
injected into the buffer. As expected, the added delay corresponds to a change in
phase of the mixed signal. Specifically, the mixed signal was shifted in phase by 7.
(c) detuning was decreased to 400 kHz by adjusting the cavity length which
increased the period of the mixed signal by approximately a factor of 2.
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ing was increased to approximately 1 MHz and the mixed signal is shown on a 500 ns/div time
scale so that changes in the period and phase of the signal can be easily observed. On this time
scale only the first 35 circulations are shown. In the top trace (a) the packet was loaded slightly
out of phase and the mixed signal was initially positive as the packets begin to circulate. In the
middle trace (b) an extra delay of 100 ps was added to the optical delay line which increases ¢, in
eqn. (4-1) by roughly 7. As expected, the mixed signal in trace (b) was shifted in phase by approx-
imately 7 due to the added delay. In the bottom trace (c) the cavity detuning was reduced to
approximately 400 kHz which increased the period of the mixed signal by a factor of approxi-

mately 2.

In spite of the asynchronous modulation, the phase modulator still provides noise clean-up and
was crucial to the storage of packets. If the phase modulator was turned off, the buffer could only
store a packet for 6.3 us (60 circulations). Beyond a detuning of 100-110 kHz the buffer could not
reliably store a packet for 800 circulations. If the cavity length was detuned by a much greater
amount, around 1 MHz (as in Fig. 4-10), the storage time was reduced to 12.7 us (120 circula-
tions). In this case the relatively rapid sliding between the bits and the modulation envelope

greatly reduced the modulator's effect.

Asynchronous modulation also had an effect on the packets’ amplitude. The top trace in Fig. 4-
11 is the envelope of the packet during a storage interval while the bottom trace in Fig. 4-11 dis-
plays this mixed signal during the same time frame. This data was taken with the buffer detuned to
roughly 70 kHz and operated under conditions identical to Fig. 4-9. Clearly, there is amplitude
modulation on the packets with a period equal to two times the mixed signal. As discussed previ-
ously, asynchronous phase modulation imparts a sinusoidal frequency shift on the packets (with a
period identical to the mixed signal). As shown in Fig. 4-8, when this frequency shift is combined
with a filter, a sinusoidal loss is produced that has a period equal to two times the detuning fre-
quency. It is likely this loss is respensible for remaining modulation on the packets, although, in

spite of the CW holding beam, relaxation oscillations could also be a contributing factor.

As mentioned previously, perhaps the most important advantage of asynchronous operation for
a buffer is elimination of phase matching for the injected packet (with respect to the modulation

frequency). Experimentally, the initial position of packet in the asynchronous modulation cycle
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Figure 4-11: The packet envelope (top trace) and the mixed signal (bottom trace)
shown during a storage interval at 10 pus/div. The modulation on the packets’ ampli-
tude was due to a combination of filtering and asynchronous modulation as illustrated
in Fig. 4-8.

could be varied by changing the optical delay line shown in Fig. 4-2. The window of initial posi-
tion where successful storage was observed varied with input packet energy; a packet with higher
energy had a larger injection position tolerance. Such a dependence is easily understood by noting
that different injection positions have different amounts of initial loss depending on the position of
the injected packets' bits relative tc the modulation envelope (see Fig. 4-8). A packet with an aver-
age bit energy of 14 pJ (the highest packet energy that could be generated) had an injection toler-
ance of 100 ps or 50 % of the modulation period. It is interesting to consider why a phase
tolerance of +7, but not -1t was observed. There are two possible reasons for this condition. First,
the center wavelength of the injected packets could have been offset from the center wavelength
of the filter, thereby initially causing one sliding direction to have a higher amount of loss. Exper-
imentally, this condition is a strong possibility. Second, a different amount of loss between up
sliding and down sliding with solitons in long-distance transmission systems using sliding-guid-
ing filters was found [99] and a similar condition probably also occurs with asynchronous phase

modulation. Both of these characteristics break the degeneracy of equal loss when loading out of
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phase with a delay of +7n or -n. With higher bit energies to overcome the additional loss, it is
expected that packet loading could be successful at any phase relative to the modulation cycle.
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Chapter 5

Soliton Fiber Lasers Incorporating Waveguide
Amplifiers

Following the development of erbium-doped fiber (EDF) a number of different designs have
been reported for short pulse fiber lasers operating in the 1.5 um region [62], [100], and {101].
Each of these cavity designs has utilized EDF or Er-Yb codoped-fiber as the gain element. Due to
the limited erbium-doping concentrations in silica fiber, the shortest cavity length obtained from
P-APM fiber lasers is roughly 4 m, giving a fundamental repetition rate of 50 MHz. Mode-locked
fiber lasers with shorter cavities are desirable for a number of reasons. Higher fundamental repeti-
tion rates could be obtained and, as described below in Section 5.1, the limitations of pulse energy
and pulse width inherent in soliton fiber lasers could also be deferred, significantly reducing the

shortest obtainable pulse width.

Typically, the P-APM fiber lasers cited previously required at least 0.5 m of EDF because a
limit on the erbium doping concentration requires a minimum EDF length for the necessary
amount of gain. One fiber laser design that obtained 270-fs pulses at a fundamental repetition rate
of 290 MHz used an Er-Yb codoped-fiber with a high pump absorption cross-section [102]. The
length of Er-Yb codoped-fiber (EYDF) was minimized by constructing a low-loss cavity and uti-
lizing a semiconductor saturable absorber as the mode-locking element. An alternative to using
EDF or EYDF in short cavity fiber lasers is an Er-Yb codoped planar waveguide amplifier [34],
[103], and [104]. In the work of GeeO [34] the gain per unit length of waveguide amplifiers is
considerably higher than EDF or EYDF because the Er-Yb is doped into a phosphate host which
allows higher doping concentrations (and thus higher gain per unit length) before the debilitating
effects of CET occur [31]. With a typical length of 4.5 cm this integrated optical amplifier is able
to deliver 14 dB of single-pass, small-signal gain at 1.53 um with 980 nm pump powers of 130

mW. The noise figure of these amplifiers varies from 6 to 8 dB.
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A fundamental advantage of replacing EDF with a waveguide amplifier in a mode-locked fiber
laser is a sharp reduction in the cavity length which, in turn, yields a number of benefits. A
decrease in the cavity length increases the fundamental repetition rate of the pulses, possibly to
rates which could be useful in telecommunications or other applications. In P-APM fiber lasers, a
shortened cavity length simultaneously reduces two parasitic effects that have limited the perfor-
mance for this type of soliton fiber laser: resonant sideband formation [105], [106] and saturation
of the P-APM mechanism [62]. In the following chapter, the advantages, operating characteristics,
and performance of two types of mode-locked soliton fiber lasers using a waveguide amplifier as

the gain element are discussed.

5.1 Iinherent Limitations of Soliton Fiber Lasers

5.1.1 Rescnant Sideband Formation in Soliton Fiber Lasers

Investigations in both long-distance soliton transmission systems [48] and fiber soliton lasers
[107] have found a resonant instability which produces a distinct sideband structure in the pulse
spectrum as shown in the lower half of Fig. 5-1. The existence and location of these sidebands can
be explained by a phase-matching condition. As the soliton circulates in the cavity, various pertur-
bations cause it to emit radiation as it readjusts itself back to the steady-state. The spectral content
of the radiation spans the bandwidth of the soliton. Coherent superposition of this radiation on
successive round-trips occurs when the round-trip phase delays of the soliton and of the radiation
produced at perturbation points are modulo 27t. The linear radiation experiences a per-round-trip

phase dispersion of,

0, = %lAk"IszLc (5-1)

where Ak” is the average net dispersion of the cavity, Aw is the offset from the center frequency,

and L, is the cavity length. An averaged soliton with net anomalous dispersion obeys an area the-

orem [19],

AT = S (5-2)
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Figure 5-1: Phase-matching diagram for resonant sideband formation. Sidebands are
formed at discreet spectral components that have a round-trip phase difference
between the linear, dispersive waves and the soliton in multiples of 27. The optical
spectrum of an actual soliton exhibiting sidebands is shown in the lower half of the
figure.

where A, is the amplitude, T, is the soliton pulse width, and § is the nonlinear Kerr coefficient.

The soliton energy is,

_ LAk

W = 2[4t = 25

(5-3)

s
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From the area theorem the nonlinear phase shift per round-trip can be calculated to be,

1A

s

0501 = 8|A’L, = L, (5-4)

Sidebands are formed when the phase difference between the phase shift of the soliton and the
radiative (linear) waves is a multiple of 21t. The resonant condition is shown graphically in Fig. 5-

L,

¢lin - ¢sol = +2nm

1y ayma. 2 1|Ak”| (5-5)
= S|k, ~ 5 > L,
s
Positions of the sidebands are found by solving for Aw,
A 1 4n’r§ 1 8Z, 1 56
O=—m——-1==|m - -
TN |AR”IL, TN L, (>-0)

where Z is the soliton period. For a fixed cavity length and dispersion, as the pulse width is

reduced, the sidebands move toward the spectral peak of the soliton (Aw — 0) and grow in
amplitude. However, a shorter soliton requires more energy. At some point the soliton’s energy,
and hence the pulse width, becomes clamped due to gain competition with the sidebands. Experi-

mentally, the pulse width of soliton fiber lasers is limited by sideband generation when the cavity
length L. =Z -3Z, [90]. If the pump power is increased after the quantization point is reached,
the laser will usually shift into a multi-pulsing regime where 2 or more, untimed pulses circulate
in the cavity simultaneously. Clearly, from eqn. (5-6) the quantization point can be delayed by

reducing the [Ak”| or L. Decreasing the net dispersion is not an optimal solution because the

pulse energy scales in direct proportion to |Ak”| . Nakazawa et al. [60] followed this approach and
reported production of 98-fs solitons from a figure-8 cavity. However, this laser operated with

multiple, untimed pulses in the cavity. As demonstrated experimentally in Section 5.3, a signifi-

cant reduction in L. by employing a waveguide amplifier as the gain element, led to a substantial
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decrease in the shortest obtainable pulse width from a soliton fiber laser while still maintaining

single pulse operation.
5.1.2 P-APM Saturation

An additional effect that limits the peak power (and hence the pulse energy) of a soliton fiber
laser is saturation of the P-APM mechanism. This condition occurs due to the interferometric
nature of P-APM which has a sinusoidal dependence of transmission with peak power. At high
pump powers (typically 85 mW for ring cavities similar to [108]) the peak power for a single soli-
ton reaches a saturation point and the single pulse breaks up into multiple pulses. This type of
energy quantization was observed in early work on soliton fiber lasers [109], [110] which had typ-
ical cavity lengths of 18 to 180 m. The P-APM mechanism is derived from nonlinear polarization
rotation (NPR), which in turn, is directly proportional to the fiber length in the cavity. Thus, by
reducing the cavity length the peak-power saturation level can be increased. Following this
approach, a 4.8-m cavity produced 450 fs solitons with single pulses in the cavity [108]. Replac-
ing the erbium-doped fiber with a waveguide amplifier offers an opportunity to further shorten the
cavity and generate high-energy, 100-fs solitons without having the laser slip into a multi-pulse

state.

5.2 Characteristics of the Waveguide Amplifier

The waveguide amplifier used in these experiments is similar to devices used in amplifier mod-
ules for long-distance transmission trials [111]. The 4.5 cm long waveguide was fabricated® in a
2.0 wt-% erbium, 4.0 wt-% ytterbium-doped phosphate glass by a two-step ion exchange process

shown in Fig. 5-2. An aluminum mask was applied to the glass wafer. Next, an ion exchange

(driven by diffusion) replaced Na* ions with Ag* ions in the unmasked region, thereby defining a
semicircle-shaped waveguide core. In the second step, a field-assisted exchange procedure was
performed by applying a high-voltage source. This moved the waveguide core to a depth of
roughly 4 um. Due to diffusion, this process also changed the core shape te be slightly elliptical.

An asymmetric core indicates the waveguide probably has a linear birefringence, meaning that

there are two distinct eigen modes of propagaﬁon for linearly polarized light. Each mode experi-

4. The waveguide amplifier was fabricated by Dr. Denis Barbier of GeeO.
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Figure 5-2: Two-step ion exchange fabrication process of the waveguide amplifier

used in this thesis. In the first step an aluminum mask was applied to an Er-Yb

codoped phosphate substrate and an ion exchange process defined a waveguide core.

Next, the waveguide core was driven to a depth of 4 pm by applying a constant high-

voltage. The finished waveguide was slightly elliptical, and the resulting birefringent

axes are shown in a schematic of the finished waveguide.
ences a different, effective refractive index, depending on whether the linear polarization of the
light is parallel or perpendicular to a symmetry line drawn through the waveguide. These two
directions are known as birefringent axes of the waveguide. If linearly polarized light is launched
exclusive along either axis, the pelarization state of the light will be maintained as it propagates. A
polarization state that initially excites both axes will not be maintained. Instead, due to a differ-
ence in the propagation constants between the two axes, the two eigen states will pick-up a rela-
tive phase that is z-dependent. As a result, the overall polarization state (a super-position of the
two eigen states) will periodically change from linear, to circular, to elliptical, back to linear, and

SO on.

A polarization beat length is defined as the distance over which the relative phase between the

two propagation modes becomes 27,

(k,-k,)L, = 2m (5-7)
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where k_ and ky are the propagation constants along the two birefringent axes. Solving for L,

gives,

A A
Ly = n,—n, ~ én ©®

where 8n is index difference between the two birefringent axes.

When constructing a fiber laser around a waveguide amplifier, the amount of linear birefrin-
gence is important in two regards. If P-APM is used as the mode-locking mechanism, the birefrin-
gence can disrupt mode-locking by reducing the amount of nonlinear polarization rotation [40].
Additionally, if a pulse does not enter the waveguide polarized solely along one birefringent axis,
portions of the pulse that are projected on each birefringent axes will temporally walk-off from

one another due to the index difference 8n. This walk-off can also be a hindrance in obtaining a

CW mode-locked state.

The birefringence of the waveguide can be measured by constructing a birefringent filter [112].
If broad-band, linearly-polarized light is launched into a birefringent medium so both birefringent
axes are excited, the output will have, in general, a wavelength-dependent polarization ellipse due
to wavelength-dependent beat length shown in eqn. (5-8). By placing a polarizer at the output, an

optical filter is created. The transfer function of this birefringent filter can be shown to be,

T(A) = 1+2cos?0sin26[cos(Ad) —1] (5-9)
where 0 is the angle between the birefringent axis and the input polarization (normally 0 = n/4

for highest discrimination) and the phase change A¢,

Ad = -Z-}Z—tSnL (5-10)
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where L is the propagation distance through the birefringent medium. The free spectral range
(FSR) of the filter separates two adjacent wavelengths of maximum transmission. From eqn. (5-9)

FSR occurs when A¢(A;) - Ad(A,) = 2m. Solving for FSR gives,

_ My

=57 (5-11)

From this expression, the index difference dn can be determined by experimentally measuring

the FSR.

Figure 5-3 illustrates the experimental set-up used to find the birefringence of the waveguide.

Broad-band Source
13um [0 @
PBS HWP #1

e /@ @ (— to OSA

Waveguide HWP PBS
Amplifier

Figure 5-3: Experimental set-up to measure the birefringence of the waveguide
amplifier. The waveguide was placed between two polarizers, forming a birefringent
filter. By launching 1.3 um broad-band light off-axis, the index difference between
the two eigen modes (birefringent axes) was determined by measuring the free spec-
tral range (FSR) of the transmitted signal. HWP, half-wave plate; PBS, polarizing
beam splitter; OSA, optical spectrum analyzer.

A broad-band (full-width half-maximum of 40 nm) source at 1.3 um was linearly polarized and
then launched into the waveguide. 1.3 pm was chosen as the center wavelength as it is not
absorbed by the waveguide. As described above, a filter was formed by placing a second polarizer
at the output. By rotating HWP #1 the orientation of the input polarization with respect to the
birefringent axes can be varied, thereby turning the fiiter on or off. The output spectra for these

two states are given in Fig. 5-4. The FSR was determined by measuring the spacing between
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Figure 5-4: Spectral output of the 1.3 um broad-band source after passing through a

birefringent filter composed of the waveguide and polarizers (see Fig. 5-3). By rotat-

ing HWP #1 the filter can be turned on (dashed line) and off (dotted line). The ratio of

these two curves is the solid line. By measuring FSR from this last trace and using

eqn. (5-11), the index difference 3n was found.
adjacent peaks from the ratio of these two states. The ratio was taken to reduce the amount of dis-
tortion due to the slope of the input spectrum. When this technique is used to measure the birefrin-
gence of polarization-maintaining fiber (PM), the length of fiber under test is chosen so that the
FSR is approximately 2 to S nm. In present case the length of the waveguide was not adjustable,

fixing the FSR to approximately 30 nm. Using eqn. (5-11) and the FSR obtained from Fig. 5-4,
the index difference Sn was found to be 8.29x10™ + 0.05 making the beat length L, = 1.6 mm
at A, = 1.55 pum. This amount of birefringence is significant; typical high-birefringent or PM

fiber has a 8n =5 x 10~3 and a beat length of L, = 3.0 mmat A, = 1.55 pum.
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5.3 P-APM Soliton Lasers Incorporating Waveguide Amplifiers®

To evaluate the performance of the waveguide amplifier in a mode-locked fiber laser, a cavity
design similar to previous soliton ring fiber lasers which used EDF as the gain medium was stud-
ied initially. A self-starting ring cavity was formed by butt-coupling fibers (with index-matching
oil) on both sides of the waveguide.® Facets of the waveguide and coupling fibers were angle-pol-
ished at 6 degrees to reduce back reflections. The coupling efficiency was measured to be approx-

imately 75 % using a 1.3 pm diode. The resulting cavity is illustrated in Fig. 5-5. The cavity

Wavegulde Ampllfler Pump

QWP HWP QWP

Output

Figure 5-5: Cavity diagram of mode-locked fiber laser using a waveguide amplifier.
QWP, quarter-wave plate; HWP, half-wave plate; BTP, birefringent tuning plate;
WDM, wavelength-division-multiplexer; SMF, single-mode fiber.

consisted of 0.86 m of Corning FlexCor fiber, 2.83 m of Corning SMF-28 fiber and open air sec-
tion of 0.20 m, giving a repetition rate of 52 MHz. The average dispersion was estimated to be
~17 ps*/km. Apart from a slightly higher average dispersion (-17 vs. —15 pszlkm) and slightly

shorter total length (3.69 m vs. 4.51 m) this cavity was nearly identical to the soliton erbium-

5. Work reported in this section was performed in collaboration with Dr. Shu Namiki and portions of this
section appear in [113] and [114].

6. The waveguide amplifier used in this section is slightly different than the waveguide used in Sections
5.2 and 5.4. The main difference was the length (4.5 cm vs. 5.2 cm, respectively) and a smaller core size
in the latter to increase the gain of the amplifier.

66



doped fiber laser reported in [90]. Both cavities have a similar dispersion allocation. With proper
adjustment of the waveplates and a pump power of 200 mW), a self-starting mode-locked state was
obtained with a pulse width of 230 fs. An autocorrelation trace and the corresponding spectrum
are given in Fig. 5-6. The output was obtained from an intra-cavity 10/90 output coupler that is
not shown in Fig. 5-5. For these results the birefringent filter (BTP) was turned off by rotating the
c-axis to be parallel with the input polarization. This pulse width is somewhat shorter than the
comparable EDF soliton laser due to the different gain spectrum (i.e. benefits of filtering [90]) and
a shorter cavity length. The pedestal caused by the resonant sidebands contains roughly 18 % of
the total pulse energy. The average output power (when pulsing) was 1.76 mW (from the 10/90
coupler) making the output pulse energy 33 pJ (including the pedestal). Single pulse operation

was verified by long-range autocorrelations and a sampling oscilloscope with a 100 ps rise-time.

As described in Section 5.1, the main benefit of using a waveguide amplifier in a mode-locked
fiber laser is the reduction in the cavity length to decrease the pulse width clamping effects of res-
onant sidebands. P-APM saturation is also curtailed, thereby avoiding the laser's tendency to pro-
duce multiple pulses. To investigate these benefits, a second cavity was constructed that consisted

of 0.83 m of Corning FlexCor fiber, 0.47 m of Corning SMF-28 fiber, and a free-space section of
0.26 m. The repetition rate was 130 MHz and the average dispersion was roughly -8 pszlkm.

Again, Fig. 5-5 illustrates the cavity construction. In this cavity design the output was taken from
the P-APM rejection port of the PBS. The shortened cavity design produced the 116-fs soliton
shown in Fig. 5-7, a 52 % pulse width reduction over the longer cavity. An average output power
of 21 mW (a pulse energy of 130 pJ, excluding pedestal) was obtained from the P-APM rejection
port which represented approximately 30 to 50% of the intra-cavity power [115]. An additional
(and unwanted) effect of a shorter cavity was an increased self-starting pump threshold due to a
reduction in the nonlinearity per pass. For the 130-MHz cavity, the pump threshold increased to
approximately 290 mW for self-starting mode-locked operation. Note that, due to approximately
75 % coupling efficiency of the butt-coupling to the waveguide, the pump power actually deliv-
ered (coupled) to the waveguide amplifier in this case was roughly 220 mW. For the pulse shown

in Fig. 5-7, a pump power of 450 mW was launched into the WDM.
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Figure 5-6: (a) Intensity autocorrelation with sech-fit (dashed line) of 52 MHz cav-
ity. The pulse-width is 250 fs. (b) Optical spectrum. Inset in (b) is the spectrum plot-
ted on a dB scale. Output was taken from an intra-cavity 10/90 fiber output coupler
not shown in Fig. 5-5.
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Figure 5-7: (a) Intensity autocorrelation with sech-fit (dashed line) of 130 MHz cav-
ity. The pulse-width is 116 fs. (b) Optical spectrum. Inset in (b) is the spectrum plot-
ted on a dB scale. Output is taken from the P-APM rejection port.
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The results presented in Fig. 5-7 were obtained with a 10 T birefringent filter set to produce a
modulation depth of 4 dB with a bandwidth of approximately 30 nm. In theory, a stronger filter
could reduce the sidebands (and pedestal) present in Fig. 5-7 while maintaining the pulse width
[90]. A second method to minimize the pedestal is illustrated in Fig. 5-8. When the launched
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Figure 5-8: Variations in pulse width (dotted line, circles), % of energy in pedestal
(solid line, squares), and relative peak separation in spectra (dashed line, triangles) as
a function of pump power in the 130 MHz cavity.

pump power was reduced to 290 mW, causing the soliton energy to decrease, the pulse width
increased to 156 fs. The sidebands then moved away from the spectral peak and decreased in

amplitude. As a result, the pedestal energy content diminished to 5 %.

In addition to the sidebands, the pulses generated by the 130 MHz cavity also contained a dou-
ble-peaked spectrum with peaks at 1531 nm and 1539 nm. An estimate of the sideband positions
based on the soliton parameters of the laser indicated these peaks were most likely not resonant
sidebands. Due to the approximately 100-fs pulse width, this structure could have been caused by

the soliton self-frequency shift (SSFS) [19]. However, behavior summarized in Fig. 5-8 does not
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support this conclusion. As the launched pump power was increased from 290 mW to 490 mW,

the pulse width decreased from 156 fs to 116 fs. The SSFS scales as R , SO over this pump range
if the SSFS were responsible for the structure we would expect a change in the separation
between the two peaks in Fig. 5-7. As shown as the dashed line in Fig. 5-8, the relative separation
remained virtually unchanged as the pump was varied. Rather, a reduction in the spectral width
was observed and the short wavelength peak at 1531 nm became nearly extinguished. The pulse

spectrum at the two pumping extremes are shown in Fig. 5-9. The relative amplitude of the peaks
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Figure 5-9: Pulse spectra with 290 mW (dashed line) and 490 mW (solid line) of

launched pump power in the 130 MHz cavity.

also changed when the filter was tuned. These characteristics suggest the 1531 nm peak might be

caused by the collective filtering of the gain spectrum and the sinusoidal wavelength response of

the BT?.

Unlike previously reported soliton lasers, we rarely observed multi-pulsing behavior, even at

high pump powers. There are a few possible reasons for this condition. As discussed previously,
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the short fiber length in the cavity avoided the pulse energy limiting effect of P-APM saturation. It
is also possible that under these conditions the waveguide amplifier could not provide enough
gain to support more than one pulse in the cavity. Indeed, the trends in Fig. 5-8 indicate higher
gain would produce an even shorter pulse. Only when the pulse width becomes clamped will the

laser shift into a multi-pulsing regime.

5.4 Work Towards an Ultra-Compact Mode-Locked Laser Using a
Waveguide Amplifier’

Although the performance of P-APM soliton ring lasers has benefited by replacing EDF with a
waveguide amplifier, the clear design direction using a waveguide amplifier is construction of an
ultra-compact cavity, roughly 5 to 10 cm in length. As the Iength of fiber in this short of a cavity
precludes using P-APM, it is necessary to employ semiconductor saturable absorbers as the
mode-locking element. In this section preliminary work on a soliton laser using with this cavity

design is reported.

Demonstration of a mode-locked fiber laser using a semiconductor saturable absorber was first
reported in 1991. In this experiment an absorber with 80 quantum wells was used in transmission
inside a ring cavity and produced transform-limited, 1.2 ps pulses [58]. In a subsequent experi-
ment a 2-ium thick bulk layer absorber was mounted (i.e. glued) directly to a mirror to form one
end of a linear cavity [59]. This design produced 320-fs, 60-pJ pulses. Refinements in the growth
of quantum wells over the past several years has enabled precise control over various characteris-
tics of the absorber such as the band-edge and time-constants. Advances in fabrication technology
has also provided the ability to grow these absorbers in conjunction with highly reflective Bragg
reflectors which have engineerable phase responses. These types of devices, known as semicon-
ductor saturable absorber mirrors (SESAM) [116] or saturable Bragg reflectors (SBR) [117] have
successfully mode-locked a number of different solid-state lasers such as Ti:Sapphire, Nd:YLF,
Nd:YAG and Cr:LiSAF among others. SESAM devices have also mode-locked a neodymium-
doped fiber laser, producing 260-fs pulses [118] and an erbium-ytterbium codoped-fiber laser

[102].

7. Work reported in this section was done in collaboration with Erik Thoen, Dr. Franz Kirtner and Elisa-
beth Marley-Koontz.
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In this thesis preliminary work was completed on two compact, mode-locked cavities shown in

Fig. 5-10 which contain a waveguide and a SESAM. The waveguide was angle-polished at 8° on

Dichroic
) . Mirror 980-nm
Waveguide Amplifier Pump
..-..-..--------__---..-.. {10
Output
>~ sEsAM g
_ . 980-nm
Waveguide Amplifier Pump
—_— — — WDM

/

SESAM
AN 92% Output Coupler

Figure 5-10: Two ultra-compact cavity designs using a waveguide amplifier and a
semiconductor saturable absorber mirror (SESAM). The dichroic mirror in the upper
cavity was deposited on an FC/PC fiber connector. Its reflectivity at 1550 nm was
roughly 98 %.

one end and flat polished on the other end. The SESAM was mounted either on the fiber or
waveguide by first applying a small amount of index-matching oil and then placing a small (typi-
cally 2 mm by 2 mm) cleaved piece of the SESAM. Various cavity lengths and dispersion alloca-
tions were investigated with lengths ranging from 0.5 to 2.0 m. Due to the birefringence of the
waveguide it was necessary to include a polarization controller in the cavity so that the pulse had
a self-consistent polarization after every round-trip. There are advantages to each cavity design
shown in Fig. 5-10. In the upper cavity, the cavity length can be significantly shortened and the
0.4 dB insertion loss of the WDM loss (at 1.55 um) can also be avoided by placing the WDM out-

side the cavity. However, there are benefits if the WDM is located inside the cavity (as shown in
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the lower half of Fig. 5-10). By placing the SESAM behind the WDM, no unabsorbed pump light
can hit the SESAM, a condition which could affect its absorption characteristics. In addition, this
design does not suffer from back reflections of 980-nm pump off the dichroic mirror. Experimen-
tally, these back reflections were found to significantly influence the MOPA pump source. Note
that both of these aspects can be potentially corrected in the first design by depositing a 980-nm
high-reflection coating on the SESAM and using a 980-nm isolator in the pump beam path. Both
cavities were investigated; the results shown in Figs. 5-13 and 5-14 were obtained with the upper

cavity design shown in Fig. 5-10.

A diagram of the two basic SESAM structures® used in this thesis is shown in Fig. 5-11. In

e GaAs substrate r— Quantum Wells

! L A4 cap layer
22 period DBR A4 spacer layer

Figure 5-11: Construction of the SESAM devices used in this thesis. The distributed
Bragg reflector (DBR) consists of alternating quarter-wave layers of GaAs and AlAs.
The quantum wells were placed a quarter-wave from the top surface of the SESAM
so that they were located at the peak of the standing-wave field for maximum absorp-
tion. For SESAM device III, two quantum wells with a band-edge of 1.545 um were
grown at this location. In device IV four quantum wells with a band-edge of 1.53 pm
were grown.

both structures a 22-pair stack of GaAs/AlAs formed a 99.8 % distributed Bragg reflector (DBR)
centered at 1.55 um with a bandwidth of 200 nm. A measurement of the linear reflectivity before
the absorber quantum wells were grown is shown in Fig. 5-12. In device III two quantum wells
with an estimated band-edge of 1.545 um were located a quarter-wavelength from the surface

(and a quarter-wavelength from the top of the DBR). At this location the peak of the reflected opti-

8. Elisabeth Marley-Koontz designed and grew the SESAM devices and performed the photo-lumines-
cence measurements used to estimate the band-edge of the quantum wells.
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Figure 5-12: Reflectivity of the distributed Bragg reflector (DBR) mirror in the

SESAM devices III and IV before growth of absorber quantum wells. Inset shows

transmission at peak.
cal field, which is a standing wave, is a maximum and the quantum wells were placed at this loca-
tion in an attempt to maximize their absorption. The band-edge of the quantum wells was
determined by photo-luminescence measurements. The composition of device IV is identical to
device III, except that a set of four quantum wells (with an estimated band-edge of 1.53 pm) were
placed a quarter-wavelength from the surface. A linear transmission absorption measurement on

similar quantum wells for each structure yielded comparable values for the band-edge.9

Despite placement of the quantum wells in the peak of the standing wave, attempts to measure
their absorption were not very successful due to the small magnitude; the maximum absorption
was estimated to be approximately 1 %.10 As the round-trip losses in the waveguide laser were

estimated to be 50 to 60 %, this amount of nonlinear loss was too small of a perturbation to ini-

9. The linear absorption measurements were performed by Erik Thoen.
10. These measurements were completed by Dr. Gunter Steinmeyer.
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tiate CW mode-locked operation. In an effort to increase the absorption of the existing SESAM
devices, two different coatings were deposited on top of the structures.!! The basic idea was that,
by increasing the strength of the field inside the absorber (normalized to the external field), an
enhancement of the saturable loss could be obtained. The first coating was a simple anti-reflection
(AR) coating that consisted of a single quarter-wave layer of Al,O3. It was estimated that this
coating increased the field inside the absorber, relative to the field on the outside, by 1.5 times. A
saturation energy measurement!? at A,=1.53 um of the AR-coated device III determined the satu-
rable loss to be 2.5 %, while in device IV it was 4.3 %. Additionally, in order to further increase
the absorption a second, resonant coating was designed using a 5 layer structure of Al,O3 and Si.
This coating was calculated to increase the internal-to-external field ratio by a factor of 3 (com-
pared to an uncoated SESAM). The saturable loss in resonant-coated SESAM was measured to be
2.8 % at 1.50 pm and 15 % at 1.53 pum. The wavelength-dependent saturable loss was due to the

resonant character of the coating.

The saturation fluence E_,, was obtained from a fitting of the incident pulse energy vs. satura-

ble loss with the following function,

R(E)~1 R, (5-12)
p 1+E,§E,,

11. Both coatings were designed by Dr. Franz Kértner and Erik Thoen. The coating runs were done at Lin-

coln Laboratories by Chris Cook.
12. All of the saturation energy measurements were performed by Erik Thoen.

76



where E p 18 the pulse energy density incident on the absorber. Table 5-1 summarizes the parame-

Table 5-1: Measured parameters of the SESAM devices used in this thesis.

SESAM sample number Saturable loss (%) E_., (W/cm?)

III AR-coated 2.5 10.5

IV AR-coated 4.3 10.5
III Resonant-coated not measured not measured
IV Resonant-coated 2.8 (at 1.50 pm) 11.2 (at 1.50 pm)

15.0 (at 1.53 pm) 1.86 (at 1.53 um)

ters of the various SESAM devices used in this thesis.

Initially, a cavity with an internal WDM (lower design shown in Fig. 5-10) was investigated.
First, the fiber to the angled-polished side of the waveguide was carefully coupled to obtain
approximately 1 dB single-pass coupling loss. After placing a SESAM in the cavity, there was a
strong tendency for the laser to operate in a pure Q-switched or Q-switched mode-locked regime
[119], an expected characteristic given the long upper-state lifetime of the Er-Yb codoped phos-
phate glass. In fact, only after careful adjustment of polarization, waveguide coupling, pump
power, and position of the SESAM on the waveguide was it possible to eliminate Q-switching,
and obtain an unstable “mode-locked” state. In this state there is one pulse per round-trip with a
slight (< 1dB) long-term (10 ps period) modulation which was most likely due to relaxation
oscillations. A trace of the pulse train from an analog oscilloscope is shown in Fig. 5-13. An auto-
correlation was attempted but the pulse train was too unstable to produce any meaningful data.
From the RF spectrum the cavity modes appeared clean and locked together although at the first
several cavity harmonics there were a couple of relaxation oscillation sidebands roughly 25 dB
down compared to the harmonic. With the proper setting of the polarization controller and opti-
mized waveguide coupling, this state was self-starting down to a launched pump level of 100 mW.
At this lower limit an output power of 0.8 mW was obtained from the 92 % output coupler. Both

AR-coated devices III and IV were used in this cavity and similar results were obtained for both

structures.
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Figure 5-13: Trace from analog oscilloscope showing the unstable “mode-locked”
state. This result was obtained from the lower cavity in Fig. 5-10 at 130 mW of 980-
nm pump power using AR-coated device III. The cavity repetition rate is 100 MHz
and there is one pulse per round-trip.

An examination of the optical spectrum clearly indicated the unstable nature of this state. Fig.
5-14. displays a series of 5 spectra taken over roughly a 30 second time span. It is apparent this is
not a steady-state condition. There are a number of possibilities why this cavity could not success-
fully stabilize the pulse train. One reason couid be the amount of self-phase modulation experi-
enced by the pulse. As the WDM is inside the cavity, there was approximately 0.5 m of Corning
FlexCor 1060 fiber while the remaining 0.5 m length of fiber was Corning SMF-28. The relatively
small Mode-Field Diameter of FlexCor fiber (see Table 2-1) enhances the amount of self-phase
modulation and reduces the local dispersion which accordingly to numerical simulations could be

a factor preventing the laser from reaching a stable mode-locked state.!3

To remove most of the FlexCor from the cavity, the upper cavity illustrated in Fig. 5-10 was
explored. The WDM was placed outside the cavity and the 980-nm pump was coupled via a dich-
roic-coated fiber connector. This cavity had 0.05 m of FlexCor fiber and roughly 0.90 m of SMF-
28 fiber. Again, after suitable adjustment of the waveguide coupling, polarization controller and
pumping level, a state close to mode-locking was obtained with AR-coated devices III and IV.
Qualitatively, this cavity operated with a higher degree of stability. However, as in the previous

case, the absorbers could not stabilize the pulse train. When the resonant versions of both SESAM

13. These simulations were completed by Dr. Franz Kirtner
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Figure 5-14: A series of optical spectra taken over a time span of 30 seconds when

the waveguide laser is operating in an unstable mode-locked state. The corresponding

time domain is shown in Fig. 5-13. The rapidly fluctuating pulse spectrum clearly

indicates the SESAM could not successfully stabilize the mode-locked pulse train.
structures where tested, the laser did not leave the Q-switched regime. In this case filtering caused
by the wavelength-dependent absorption and a fairly low saturation fluence could be a factor in

prohibiting the laser from operating in either a stable or unstable mode-locked state.

A second possible characteristic of this laser which couid inhibit a stabilization of the mode-
locked pulses with the AR-coated SESAM devices is the magnitude of pulse energy density hit-
ting the SESAM relative to its saturation fluence. A major motivation for working on this type of
fiber laser is development of an ultra-compact cavity. Toward this end, the absorbers were butt-
coupled against either the waveguide or fiber as indicated in Fig. 5-10. Due to the small diameter

(approximately 5 um) of the core, the energy density incident on the absorbers was 500 to 1000

p.J/cmz, which is nearly 100 times larger than the saturation fluence. An overly saturated SESAM

cannot stabilize a pulse train because amplitude fluctuations in the pulse do not significantly
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change the reflectivity. In solid state lasers the pulse energy density is typically chosen to be five
to ten times larger than the saturation fluence of the SESAM. Due to the fixed spot size emerging
ffom the waveguide (or fiber) the pulse energy density incident on the SESAM was a function
only of the intra-cavity pulse energy. The pulse energy (and hence the energy density) was adjust-
able by changing the cavity length and the pump power. Unfortunately, this amount of adjustment
was not enough. In contrast, the incident energy density on absorbers used in solid state laser cav-
ities can be easily adjusted over a much larger range with focussing optics. With this extra degree
of freedom, the energy density incident can be usually adjusted to the proper value, relative to the
saturation fluence, to obtain a stable CW mode-locked condition. As this adjustment was not
available in the ultra-compact cavities shown in Fig. 5-10, the fabrication tolerances on a SESAM

capable of supporting CW mode-locking become much tighter.

Presently work is continuing on this project with an short-term goal of determining the incident
energy density necessary for CW mode-locking by building a simple linear all-fiber cavity. By
temporary replacing the waveguide amplifier with erbium-doped fiber, the waveguide’s associated
difficulties such coupling and birefringence can be deferred until a more complete understanding
of the SESAM characteristics are obtained. Once an all-fiber cavity is successfully mode-locked
and a parameter range is established, new absorbers will be designed and fabricated that have a
saturation fluence and saturable absorption capable of supporting mode-locked pulses in the

waveguide cavities illustrated in Fig. 5-10.
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Chapter 6

Studies of Stretched-puise Fiber Lasers

As discussed in Chapter 5, P-APM fiber lasers operating in the soliton regime are limited in
pulse width and pulse energy by resonant sideband generation and saturation of the P-APM mech-
anism. In 1993 Kohichi Tamura developed a cavity design known as the stretched-pulse laser
which can overcome some of these limitations [120]. With this type of fiber laser, routine produc-
tion of high energy, femtosecond pulses from erbium-doped fiber lasers is now possible from a
compact source. These characteristics make the stretched-pulse fiber laser an attractive source for
a number of applications including chirped-pulse wavelength-division multiplexing [121] and
optical coherence tomography [18] as well as a seed for solid-state regenerative amplifiers [122],

[123].

In this chapter the stretched-pulse concept is reviewed in Section 6.1. Next, two aspects of
stretched-pulse lasers investigated for this thesis will be reported. An environmentally-stable ver-
sion of the stretched-pulse fiber laser will be discussed in Section 6.2. With 980-nm diode-pump-
ing levels of 200 mW, this laser is able to generate 1.2 nJ pulses with 50 nm of spectra that can be
externally compressed to sub-100 fs. In addition the effects of high output coupling (> 80 %) and
pump configuration on output performance and intra-cavity pulse dynamics are also studied. In
Section 6.3, the initial, experimental observation of resonant sidebands in stretched-pulse lasers is
presented. Via a theoretical model, the differences between sideband generation in stretched-
pulses and soliton lasers are described. Finally, findings from numerical simulations are also com-

pared with theory and experimental results.

6.1 Overview of The Stretched-pulse Laser

The stretched-pulse fiber laser is normally constructed as a ring resonator containing lengths

of both normal dispersion erbium-doped fiber and anomalous dispersion passive ﬁber. Figure 6-1
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Figure 6-1: Configuration of a stretched-pulse fiber ring laser. Also shown is a first-

order approximation of the pulse-width-minimum locations and the pulse stretching

and compressing, due to fiber segments with opposite signs of dispersion, as the

pulse circulates around the cavity.
illustrates the cavity configuration. The dispersion per unit length for each segment is large so that
the dispersion map is the dominant characteristic of the cavity, causing the pulse to periodically
stretch and compress (typically by a factor of 10 to 20) as it propagates around the cavity. To a
first approximation, the nonlinearity is maximized when the pulse compresses to a transform-lim-
ited width at the midpoint of each fiber segment and disperses to maximum width at the interface
between each type of fiber. For reasons discussed in Section 6.2, the output is normally taken just
after the pulse emerges from the normal dispersion fiber where it has a positive linear chirp. The
stretching ratio increases with a larger pulse bandwidth (i.e. a smaller minimum pulse width).
Therein lies the advantage of this system over the soliton laser. Normally, for a given pulse energy,

a shorter pulse has a higher peak intensity and thus experiences a greater nonlinearity. But in a
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stretched-pulse laser, this is true only to a point. The shorter the pulse gets, the more rapidly it
spreads, which limits the nonlinearity experienced by the pulse. Hence some of the limits on pulse
width and pulse energy imposed by nonlinear effects such as sideband generation and saturation

of the P-APM mechanism are significantly reduced.

Initial work on a stretched-pulse ring fiber laser reported self-starting pulses, with 56 nm of
bandwidth and 90 pJ of energy, that were compressed to 77 fs [120]. The stretched-pulse tech-
nique has yielded the shortest, pulses from an erbium-doped fiber laser (63 fs) [124], while an
optimized high-power design produced 100 fs pulses with 2.7 nJ of energy [125]. This pulse
energy is nearly three orders of magnitude greater than that generated from femtosecond soliton

fiber lasers.

6.2 Stretched-pulse Sigma Fiber Laser'4

Previous stretched-pulse lasers have been passively mode-locked via P-APM in a self-starting
ring cavity with non-Polarization Maintaining (non-PM) fiber. Such a configuration is sensitive to
mechanical and temperature variations which may induce drifts in the bias of the P-APM and thus
affect the laser's environmental stability. Previously reported environmentally-stable soliton fiber
lasers [128] have used a standing wave topology and a Faraday mirror (FRM) to eliminate P-APM
bias drift caused by environmentally induced polarization perturbations [129]. As a step towards
obtaining high powers and broader spectra with a diode pump, an alternate cavity design was
developed for this thesis that was environmentally stable, yet still generated nanojoule pulses with
50 nm of spectrum. The pulses from this laser were compressible to sub-100 fs and required 980-
nm diode-pumping levels of only 200 mW. This was the first stretched-puise fiber laser which

could be pumped by conventional laser diodes.

The cavity layout is shown in Fig. 6-2 and is the so-called sigma cavity used by Carruthers
et al [130], [131] as an environmentally-stable high-repetition-rate, short pulse source. PM fiber
was used in the ring section while a Faraday mirror at the end of the linear section allowed use of

non-PM erbium-doped fiber while retaining environmental stability. The 1-m piece of erbium-

doped fiber had an approximate total dispersion of 0.105 ps2. The ring section was composed of

14. Portions of this section appear in [126] and [127].
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Figure 6-2: Stretched-pulse sigma cavity. WDM, Wavelength Division Multiplexer;
FR, Faraday Rotator; BTP, Birefringent Tuning Plate; AM, Amglitude Modulator;
QWP, Quarter Wave Plate; HWP, Half Wave Plate; PM, Polarization Maintaining.
980-nm pump is injected either through WDM #1 or WDM #2, but not both

7.50 m of standard PM panda fiber with an estimated dispersion of -20 ps2lkm, resulting in a total
dispersion of approximately +0.02 psz. The role and use of the LiNbO3 amplitude modulator is

discussed below. The dominant effect in both ring and sigma stretched-pulse fiber lasers is pro-
duced by opposing fiber sections of strongly normal and anomalous dispersior, so the sigma cav-
ity was expected to behave in a manner similar to ring configurations. An unwrapped version of

the sigma cavity given in Fig. 6-3 demonstrates the similarity to previous ring cavity designs. The

short lengths and small anomalous dispersion (-7 pszlkm) of FlexCor fiber in the WDM fiber
allowed their dispersive effects to be neglected with respect to the normal dispersion erbium-
doped fiber. The locations of the pulse-width minima are an important characteristic of stretched-
pulse fiber lasers. In both cavity designs, a consideration of only the dispersion imbalance indi-
cates that, at pulse start-up, the two pulse-width minimum positions should be located at the cen-
ters of the normal and anomalous dispersion fiber sections. When the pulse-width minima are at
these locations, the nonlinearity and thus the P-APM are maximized. These positions will then
shift depending on the operating conditions. In particular, actual stretched-pulse lasers have gain
in the normal dispersion (erbium-doped) fiber, and an output coupler is placed after this section as

indicated in Fig. 6-3. Both the erbium-doped fiber and the output coupler break the symmetry of
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Figure 6-3: Unwrapped sigma cavity showing similarity to a stretched-pulse ring

cavity. Also shown are first order estimations of pulse minima and maxima locations.

As discussed in the text, the locations of the pulse-width minima move in the indi-

cated direction with increased output coupling as well as pumping configuration.
the loop and cause the pulse-width minimum positions to shift from the midpoint of the fiber sec-
tions. Strength and location of filtering also serve to further resolve these positions. Shifts of the
pulse-width minimum locations in the sigma cavity were experimentally measured and are pre-

sented below.

A study of the pulse dynamics in stretched-pulse ring fiber lasers [124] suggested a design cri-
terion for optimization of output power and pulse width. The key to the cavity design is placement
of the APM polarizer (and possibly a variable output coupler) just after the pulse emerges from
normal dispersion erbium-doped fiber as shown in Fig. 6-3. Here the highest energy pulses are

available for output coupling. Due to losses from the APM polarizer and output coupler, the pulse
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experiences only linear propagation in the anomalous dispersion fiber. By limiting nonlinear prop-
agation (and thus spectral generaticn) to fiber with normal dispersion, a remarkably linear chirp is
placed on the pulse [19] which can be easily compressed with a silicon Brewster prism sequence,
a grating pair, a fiber delay line, or a chirped Bragg fiber grating. In addition, avoiding nonlinear
soliton effects in the anomalous dispersion fiber prevents pulse breakup, thereby allowing higher
pulse energies to be produced for a given pump level. As demonstrated by Fig. 6-3, similar design
principles can be used to optimize the sigma cavity which has the added benefit of environmental

stability.

When the laser reported in ref. [125] was pumped at the full capacity of the MOPA, multiple
pulses were observed which were most likely caused by saturation of P-APM producing Additive
Pulse Limiting (APL) [71] effects. This suggested that with properly biased P-APM, comparable
single pulse energies could be obtained at reduced pump power levels. Of course, the trouble is
that at such bias points, self-starting operation is unlikely. Typical self-starting 980-nm pump
thresholds for soliton fiber ring lasers are approximately 40 mW [132], while thresholds for
stretched-pulse ring lasers range from 250 to 300 mW [125]. Presently this latter pump level is

only obtainable from a MOPA, laser-diode-multiplexed pump modules, or Ti-Sapphire source.

The sigma design is not a traveling-wave cavity through its entire length. First-order reflections
from bulk elements in the linear section of the cavity can form etalons which impede self-starting
via mode-pulling [132]. Spatial hole-burning in the erbium-doped fiber is an additional hindrance
for self-starting [133]. To overcome these obstacles and directly obtain a high energy pulse state
with diode pump levels of 200 mW, a fiber pigtailed LiNbO; traveling-wave modulator was
included in the ring section of the cavity for assistance with pulse start-up. After mode-locking
was initiated by turning on the modulator and adjusting the wave-plates and filter, the modulator
was turned off and the laser operated with a single pulse per round-trip. This procedure allowed
the P-APM bias to be set to avoid the saturated regime. The modulator was driven at the third cav-
ity harmonic (approximately 51 MHz) as our RF oscillator has a lower cut-off frequency of 50
MHz. For pulse start-up the modulation frequency must be set to within 0.5 kHz of the third cav-
ity harmonic, and the modulation depth required was approximately 25 %. Instead of using an
adjustable, free-running oscillator to drive the modulator, a regenerative RF drive that automati-

cally selects the proper modulation frequency [75] could be implemented.
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6.2.1 Operating Characteristics

With 200 mW of pump power injected into WDM #1, WDM #2 terminated with a 12-degree
angle-polish, and HWP #2 set to couple out approximately 80 %, a pulsed state was obtained with
average output power of 20 mW corresponding to a pulse energy of 1.2 nJ. The spectrum shown

in Fig. 6-4 had a width of 50.2 nm and was associated with an uncompressed pulse width of 1.44
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Figure 6-4: Typical pulse spectrum produced by stretched-pulse sigma laser with AA
= 50.2 nm. The uncompressed pulse width was 1.44 ps. The corresponding autocor-
relation of the compressed pulse is shown in Fig. 6-5.

ps. It is important to note that the specirum at the output port represented the true intra-cavity
pulse rather than the rejected pulse from the APM polarizer. Either a grating pair or a silicon
Brewster prism sequence was used for compression of the chirped output pulses. Compression via
a grating pair produced typical pulse widths of 96-106 fs, assuming a sech shape. Although a
Gaussian pulse shape is predicted in the stretched-pulse theory [134], a sech shape better approxi-
mates the pulse produced by this laser. A grating-compressed pulse of 104 fs is shown in Fig. 6-5

along with a sech fit. The time-bandwidth product was 0.65 while only 7 % of the energy was in
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Figure 6-5: Autocorrelation of pulse generated by stretched-pulse sigma laser that
was compressed by a grating pair to 104 fs. Dotted line is sech fit. The corresponding

spectrum is shown in Fig. 6-4.
the non-sech component of the pulse wings after compression, indicating that a large amount of
nonlinear (uncompressible) chirp was located in the center of the pulse. Grating compression con-
sistently yielded pulses about 30 % shorter than pulses obtained with prism compression. This
discrepancy was most likely due to spatial filtering cf the spectrum which may occur when using
a silicon prism sequence because of the large Brewster angle and the wide prism separation (15 to

19 cm) necessary for sufficient negative dispersion compensation.

Increasing the pump power to 320 mW raised the pulse energy to 1.8 nJ, while the spectrum
and compressed pulse remained nearly identical to Figs. 6-4 and 6-5. Beyond this pumping level,
the pulse energy remained clamped at 1.8 nJ. As mentioned previously, obtaining this level of out-

put pulse energy required the output coupler to extract approximately 80 to 85 % of the intra-cav-

ity power.
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Environmental stability was verified by imposing local temperature changes of 35 degrees
Celsius at various points on the fiber with a heat gun. Even under these conditions the sigma laser
remained stably mode-locked. Overall turn-key operation with the sigma laser in the high output

power (1.2 nJ pulse) state was observed over a period of months.

6.2.2 Pulse Dynamics

In the stretched-pulse ring cavity, as output coupling was increased, the spectral width of the
pulse remained roughly constant, suggesting that the round-trip nonlinear phase shift also
remained constant. However, the uncompressed pulse width that emerged from the output port
decreased significantly [135]. This indicated that the pulse-width minimum position shifted fur-
ther into the erbium-doped fiber. By shifting in this manner the pulse received more gain before
reaching a minimum pulise width, thereby compensating the higher output coupling (i.e. higher
cavity loss) to maintain its total nonlinear phase shift and net APM action on the pulse. Given the
similarities of ring and sigma cavities, it was expected that comparable intra-cavity pulse dynam-
ics also existed in the sigma configuration. This hypothesis was confirmed by the results presented
in Fig. 6-6. In the sigma cavity, with pump injected through WDM #1, the uncompressed pulse
width changed from 1.8 ps to 1.3 ps, indicating the pulse-width minimum location moved almost
50 cm into the erbium-doped fiber from the symmetry point toward the output port as the output

was is changed from 15 to 80 %. During this procedure the waveplates were not changed.

Further understanding of the pulse-width minimum shift was obtained by switching the pump-
ing configuration to use only WDM #2. Under similar conditions, the reduced change in the
uncompressed pulse width, plotted as triangles in Fig. 6-6, denoted that only a slight shift of the
pulse-width minimum location occurred as output coupling is increased. In this case there was
more gain available near the symmetry peint due to the higher pump power at this location in the
erbium-doped fiber. As a result, the pulse-width minimum shifted only approximately 20 cm to
maintain the same net nonlinear phase shift in the cavity when the output coupling was changed

from 10 to 70 %.
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Figure 6-6: Change in uncompressed pulse-width from output port for two different
pumping configurations. The location of the pulse width minimum (and hence the
uncompressed pulse width that emerged from the laser) changed with output cou-
pling in order to maintain the net APM on the pulse. The reduced change when
pumping with WDM #2 supports this reasoning as there is higher gain near the pulse-
width-minimum location with this pumping configuration.

6.2.3 Spectral Modulation

In each pump configuration the spectral width at the output port remained approximately 45 to
50 nm, even as the output coupling was adjusted. With low output coupling, as shown in Fig. 6-7,
the spectrum exhibited a modulated structure in both pumping configurations. The likely cause of

the spectral structure is nonlinear effects in the anomalous dispersion fiber. To investigate such a

possibility the soliton order (N) of the pulse injected into the anomalous dispersion fiber after the

output coupler was calculated. N is given by [19],

2nn2Pp1:§
AoA gl AR (6-1)
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Figure 6-7: Output port pulse spectra at different output powers with pump

injected by WDM #1 (lower set of traces) and with pump injected by WDM #2
(upper set of traces). At low output coupling nonlinear propagation in anomalous dis-
persion fiber led to higher order soliton effects that caused spectral distortion.
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where n, is the nonlinear index, P, is the peak power, T, is the transform-limited pulse width,
A, is the central wavelength, and A off 1s the effective mode area. With high output coupling in

either pumping configuration, egn. (6-1) gives N < 1. With low output coupling (an output power
of 6.0 mW for WDM #1 and 3.0 mW for WDM #2), N = 2.5 indicating that the pulse energy
injected into the anomalous dispersion fiber was large enough for the pulse to produce higher
order soliton effects. This is the probable cause of the spectral modulation at low output coupling.
The cleanest spectra were obtained by using the highest possible output coupling (80 to 85 %)
that still sustained mode-locked operation. These results confirm that in an optimally designed/
operated stretched-pulse fiber laser, any nonlinear propagation in the anomalous dispersion sec-

tion of the laser should be avoided.

6.3 Resonant Sidebands in Stretched-pulse Lasers with Net Normal
Dispersion?®

In past investigations of stretched-pulse fiber lasers [124] there has been a notable absence of
resonant sidebands which occur in soliton lasers [105] and long-distance soliton communication
systems [106]. A number of possible reasons for this condition have been proposed including the
Gaussian-like shape of the stretched-pulsed spectrum which, due to a faster decay in the spectral
wings as compared with a soliton (sech) pulse, could lead to reduced (or nonexistent) sideband
formation. Work completed for this thesis revealed the presence of weak spectral sideband-like
structure in a stretched-pulse laser operating with net normal dispersion. The existence of side-
bands is important as they could be a factor in limiting the performance of both the stretched-
pulse fiber laser and related dispersion-managed soliton transmission systems. In these following
sections a theoretical model, experimental evidence, and confirmation via numerical simulations
are given for resonant sideband formation in stretched-pulse fiber lasers operating with net normal

(non-soliton) dispersion.

15. Results reported in this section were obtained in collaboration with Dr. Y. Chen and they appear in
[136].
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6.3.1 Theoretical Formulation

Resonant sideband generation due to periodic perturbations that is discussed in Section 5.1.1 is
a well known characteristic in soliton systems. However, this phenomenon is not unique to soli-
tons. It occurs whenever a steady-state excitation (in this case a pulse) is perturbed so that the
excitation emits radiation while readjusting itself to the steady-state. Coherent superpesition of
this radiation occurs when the round-trip phase delays of the primary excitation and of the radia-
tion produced at perturbation points are modulo 2x. This process leads to sideband formation. To
predict the formation of sidebands, the phase shifts for both the linear and nonlinear components
must be known. Identical to soliton fiber lasers, the linear waves in a stretched-pulse fiber laser

experience a per-round-trip phase dispersion of,

1)y
Oun = 5IAKAG°L, (62)

where Ak” is the average net dispersion of the cavity, Aw is the offset from the center frequency,
and L, is the cavity length. In the laser cavity with which the experiments were performed the

third order dispersion is smail enough that it can be neglected.

As shown in Section 5.1.1 the nonlinear phase shift per round-trip for a soliton in net anoma-

lous dispersion, calculated from the soliton area theorem, is,

1A%
2 2

s

05 = 8|4 )’L, =

sol —

L, (6-3)

In order to calculate the phase shift for stretched pulses a similar area theorem for stretched
pulses (and dispersion-managed solitons) can be derived!6 using variational techniques [137]. The
resulting phase shift per-pass is,

1, |Ak”
0., = 5A| 3 ILC (6-4)

T

o

16. This derivation was completed by Dr. Y. Chen and Prof H.A. Haus.

93



where 7, is the Gaussian pulse width at a pulse width minimum and A is a correction factor to

account for the pulse stretching and compressing. A is a function of the pulse width and the dis-

persion map characteristics. The explicit form of A is [138],

(L |k, 472
A = 0.88arcsinh 5 — (6-5)
412 [L|k,"|
where k,” is the uniform dispersion in one segment. In this formulation |k,”| » |Ak”]. E is,
-1
(4 2 (s
T 1-B 1
E=-2| r(z do| | ——dz (6-6)
AK"J e [ , T@

where k”(z) is the dispersion map, f is the chirp parameter, and 7(z) is z-dependent pulse width.

Due to the alternating broadening and compression they experience, stretched pulses have a z-
dependent phase profile across their spectra which, at times, is nonuniform. But this phase profile
is not relevant when calculating the nonlinear phase shift per round-trip of the stretched pulse to

evaluate sideband formation. Rather, on successive round-trips all spectral components of a self-

consistent stretched pulse will received an identical phase shift ¢ sp (hence the frequency indepen-
dence of ¢,,). Sidebands are formed when the phase difference between this phase shift and the
radiative (linear) waves is a multiple of 217,

AIAk”l-I
2
T

o

L
Otin— 05y = f[‘”‘"’“”z‘ = +2mm 67)

The phase matching diagram showing both ¢,;, and ¢, as a function of Aw measured from

the central frequency of the pulse is given in Fig. 6-8. Due to the net normal dispersion, no partic-
ular periodicity of the perturbation is required to satisfy eqn. (6-7), since the Kerr phase delay of

the pulse can exactly match the dispersion delay of the linear radiation for any L. at m = 0. This

&
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Figure 6-8: Phase per-pass diagram of linear dispersive waves and pulses in a
stretched-pulse fiber laser operating with net normal dispersion.

condition is not possible in a soliton laser unless there is strong third order dispersion [139]. The

position of the m = 0 sideband is given by,

In the experimental investigation, A varied by approximately 20 % (mainly caused by the T,

dependence) and thus it can be taken as a constant. As a result, the sideband position varied

approximately as the inverse of the pulse width.
6.3.2 Experimental Results

The prediction of eqn. (6-8) was experimentally confirmed using a stretched-pulse laser operat-
ing in the net normal dispersion regime. The stretched-pulse laser used to study sideband genera-
tion is shown in Fig. 6-9.!7 It was a standard stretched-pulse design [124], [62] except that intra-
cavity prisms provided anomalous dispersion compensation. Similar to other stretched-pulse
lasers, the dispersion of both the erbium-doped fiber (0.12 psz) and prisms (-0.06 to -0.12 ps2)

was large.

17. This laser was constructed with help from Lynn Nelson and Siegfried Fleischer.

95



Pump A2 A4 BTP
\ PBS Isolator
| =

0.4 m FlexCor Y

0.6 m SMF

3/97
1.7mEDF , 1.1 mDSF Coupler
|

Figure 6-9: Cavity of stretched-pulse fiber laser using prisms for anomalous disper-
sion compensation. BTP, birefringent tuning plate; WDM, wavelength-division-mul-
tiplexer; PBS, polarizing beam splitter; SMF, single mode fiber; DSF, dispersion-
shifted fiber; EDF, erbium-doped fiber.

By using intra-cavity prisms instead of fiber for anomalous dispersion compensation, the net
dispersion of the cavity can be varied without changing fiber lengths. Measurements of the pulse
spectra were taken at three different points in the cavity: from a 3/97 coupler placed just before
the erbium-doped fiber, the P-APM rejection port from the PBS, and the residual reflection from
the BTP. Similarly to other studies [124], the spectral width emerging from the P-APM rejection
port depended strongly on the net dispersion in the cavity. In this case the pump level is not

altered, leading to a relatively constant output power. Over a net dispersion range of 0.02 to 0.055

p52 when the Time-Bandwidth Product (TBP), calculated using the externally compressed pulse
width, remained almost invariant. This characteristic will be important later in this chapter when

experimental results are compared numerical simulations. The behavior of these parameters is

summarized in Fig. 6-10.
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Figure 6-10: Changes in spectral width, output power, and time-bandwidth product
of pulses emerging from the P-APM rejection port as a function of net cavity disper-
sion. In this set of measurements the pump power and waveplates were not changed.

Evidence of sidebands appeared at each of the three ports. The optical spectra of the mode-
locked pulses at these three ports are shown in Fig. 6-11 for two values of net dispersion. The
sidebands are most easily distinguished at the 3/97 coupler before the spectrum is broadened in
the erbium-doped fiber via SPM. Figure 6-12 displays a series of spectra from this port as the net
cavity dispersion is increased. In order to minimize the perturbations from trace to trace, the

waveplates were not adjusted as the prism separation was increased. On the two highest disper-

sion settings (0.048 ps? and 0.052 ps?), the filter was adjusted sli ghtly to attenuate the CW spike
at 1532 nm. There is a distinct sideband on the long wavelength side that moves toward the center
as the net dispersion is increased. The sources of radiation that form the sidebands were perturba-
tions of the pulse, particularly those due to the periodic gain and loss. This point is supported by

the numerical simulations reported below. There was additional spectral structure on both sides of
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Figure 6-11: Spectra from the P-APM rejection port (dashed iine), reflection off the
BTP (solid line) and 3/97 coupler (dotted line) for two different values of net cavity
dispersion (0.039 ps2 and 0.045 psz). At each of the three ports there is evidence of
m=0 sideband on the long wavelength side.

the spectra which resembles additional resonant sidebands. However, the behavior of these

extremely low-level sidebands as the net dispersion is varied is not as clear.

According to eqn. (6-8), when A is taken to be constant, the sideband position depends lin-

early on the inverse minimum pulse width. As indicated in Fig. 6-10, the TBP remained approxi-
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Figure 6-12: Spectra from 3/97 coupler for different values of net dispersion. The
strength of net normal cavity dispersion for each trace is given on the right-hand side
in units of psz. The crosses mark the movement of the m = 0 sideband. The first
moment for all spectra is 1548 nm and this is taken as Aw = 0.

mately constant when the dispersion was varied which meant the sideband position depended
linearly on the spectral width. Figure 6-13 plots the experimentally determined sideband position
as a function of the spectral width (along with a linear fit of the experimental data). The spectral

width was chosen as the independent parameter when comparing the experimental measurements

99



55F
A Experimental
: A
= 5.0 O Numerical
- o
-
h
c 45}
(=]
=
8 aol
a.
=
g 3.5
[]
S
» 3.0
25 ] ] ] L 1
65 70 75 80 85
Spectral Width (nm)

Figure 6-13: Experimental (triangles) and numerical (open circles) results for the
m=0 sideband position as a function of spectral width. A linear fit, predicted theoreti-
cally by eqn. (6-8), is shown for both sets of data.

with numerical simulations and theoretical results as it was a more direct measure of the pulse

width minimum (and hence the nonlinear phase shift) than the externally compressed pulse width.

6.3.3 Numerical Simulations

A full numerical simulation of the laser was completed by Dr. Y. Chen as an additional confir-
mation for sideband formation and behavior. The simulations were based on the nonlinear

Schrodinger equation,

.ou k"(z)azu

— o ——t

=t 53+8|uizu =0 (6-9)
t

where u is the slowly varying pulse envelope and 3 is the nonlinear coefficient. The dispersion

map k”(z) varied with amplitude +70 ps¥/km with net normal dispersion. Equation (6-9)
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describes nondissipative propagation. In the simulations sidebands appeared because the initial
(launched) pulse shed radiation as it formed a steady-state solution with a spectral signature
enhanced by the phase-matching condition of eqn. (6-8). Simulations that included periodic gain
and loss perturbations (a model that was closer to the actual laser) showed an increase in the
amplitude of the sidebands but their position did not change. This result indicates the sidebands
are formed via the resonant process illustrated in Figure 6-8, rather than a parametric process
[140] involving a gain-loss periodicity. Furthermore, a calculation of the parametric sideband

position predicts a spacing at least 6.5 times larger than observed experimentally or numerically.

The simulations were performed using the laser cavity parameters for various experimentally
measured spectral widths (as given in Fig. 6-10) and the corresponding net normal dispersion val-
ues. The resulting (numerically determined) sideband positions are shown in Fig. 6-13 by open
circles. For each data point the pulse energy was adjusted to a common value which is supported
by the constant output power results shown in Fig. 6-10. The trend in the numerical simulations

agreed with experimental results.
6.3.4 Characteristics of Resonant Sidebands in Stretched-Pulse Fiber Lasers

As there is no periodicity requirement to make-up the phase difference between the pulse and
the radiation at m = 0, it might be expected that sideband generation in stretched-pulse lasers
could be excessive. However, the phase and amplitude of a stretched pulse change continuously in
one round-trip. For multiple perturbations the initial phases of the locally produced dispersive
waves can be different. Thus, constructive interference only necessarily occurs between radiation
produced at the same point in the cavity on successive round-trips. Dispersive waves produced at
different points may not interfere constructively with each other. For this reason sideband genera-

tion is not catastrophic and may actually be quite weak.

Soliton sideband generation due to periodic perturbation determines the maximum amplifier
spacing in long distance soliton transmission [106]. Recently, a technique closely related to the
stretched-pulse principle in fiber lasers has emerged within the context of RZ long distance trans-
mission systems. Extensive work by a number of groups has demonstrated that so-called disper-

sion-allocated or dispersion-managed soliton transmission networks offer a number of advantages
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over pure soliton systems including ionger amplifier spacing, reduced Gordon-Haus jitter and col-
lision-induced jitter, and increased power margins [141], [142], and [143]. Sideband generation in
this new type of transmission system with net normal dispersion is important in the new thrust of
long distance dispersion-managed pulse propagation. For full and efficient utilization of erbium-
doped fiber bandwidth, allocated WDM channels will probably be placed in both regimes of net
anomalous and net normal dispersion. The energy loss to the sidebands will have to be taken into
account in the design of any long distance fiber communication systems utilizing the regime of net

normal dispersion.
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Chapter 7

Conclusion/Future Work

A summary of the different devices investigated for this thesis is given in the following sec-
tions. Possible avenues of future work for the optical fiber ring buffer, soliton waveguide laser,

and resonant sidebands in stretched-pulse fiber lasers are also discussed.

7.1 Soliton Stability in Actively Mode-locked Fiber Lasers

The stability region for pulses in a harmonically mode-locked fiber ring laser with soliton pulse
compression was mapped out and compared with theoretical predictions. Soliton compression

yielded pulses that were a factor of 4.4 shorter than those predicted by standard active mode-lock-

ing theory.

7.2 Asynchronous Phase-modulated Optical Fiber Ring Buffer

Successful loading, storage, and unloading of 5 Gbit/sec packets from an asynchronous phase-
modulated optical fiber ring buffer was demonstrated. Introduction of a CW holding beam
extended the storage time to at least 157 us or 1600 circulations. Limitations with the diagnostic
equipment prevented an observation of the packet envelope beyond this limit as well as a confir-
mation of maintenance of the individual bits in the packets beyond 44.3 ps (450 circulations).
Asynchronous packet storage dynamics were explored and tolerances on the position of the
loaded packets relative to buffer's phase modulation were investigated. Possible extensions of this
work could involve increasing the bit-rate of the buffer, possibly by using all-optical phase modu-
lation, developing new techniques to observe longer packet storage times, and performing bit-

error rate tests on the stored packets.
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7.3 Soliton Fiber Lasers Incorporating Waveguide Amplifiers

Two types of soliton fiber lasers incorporating a waveguide amplifier were reported. In the first
laser, a passively mode-locked soliton ring fiber laser was investigated that used P-APM as the
mode-locking mechanism. The resulting short cavity (1.3 m of fiber) simultaneously reduced
three parasitic effects that have limited the performance of P-APM soliton fiber lasers: multi-puls-
ing behavior, resonant sideband formation and saturation of the P-APM mechanism. These
improvements enabled generation of 116 fs solitons with a pulse energy of 130 pJ at a fundamen-
tal repetition rate of 130 MHz. By reducing the pump power to 290 mW, a 156 fs pulse was
obtained with small pedestal containing 5 % of the pulse energy. Clearly, a reduction in pump
power requirements would broaden the possible applications for this laser. Such improvements as
low-loss pig-tailed fibers and an amplifier length optimized for higher pump powers would reduce

the threshold.

As an alternate solution, a second cavity design was also investigated that employed a semi-
conductor saturable absorber mirror (SESAM) to obtain mode-locking. An unstable “mode-
locked” state was obtained from preliminary work on short (<0.3 m) linear cavities using

SESAM devices. Possible further work on this research topic is discussed at the end of Chapter 5.

7.4 Studies of Stretched-Pulse Fiber Lasers

Two investigations into stretched-pulse fiber lasers were also pursued. An environmentally sta-
ble, diode-pumped stretched-pulse fiber laser that delivered 1.8 nJ pulses with a spectral width of
50 nm and a compressed duration of sub-100 fs was demonstrated. A sigma cavity design was
used for this laser. Use of a modulator for assistance with pulse start-up allowed the P-APM bias
point to be set to maximize the output pulse energy and reduced 980-nm pump power require-
ments to 200 mW. The effects of high (> 80 %) output coupling on intra-cavity pulse dynamics
are observed to depend on the pumping configuration for the sigma cavity. The highest possible
output coupling (while still retaining mode-locked operation) was found to maximize the output

pulse energy and generate the cleanest, broadest spectrum for optimal pulse compression.

Finally, an observation of the zeroth-order resonant sideband in a stretched-pulse ring fiber

laser with net normal dispersion (and insignificant third order dispersion) was reported. A theoret-
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ical prediction of the sideband position as a function of pulse width and net dispersion was con-
firmed with both experimental results and a full numerical simulation of the fiber laser. An
interesting topic of future work would be to investigate why resonant sidebands are much weaker
in stretched-pulse fiber lasers as compared to soliton lasers. It is possible that the stretching and
compressing of the pulse disrupts the phase-matching condition at the m = 0 sideband. Another
possibility is that the stretched-pulse generates much less radiation when it is perturbed. In order

to further refine these explanations, additional numerical and experimental work will be neces-

sary.
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