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Preface

”The important thing in science is not so much to obtain new facts as to discover new 

ways of thinking about them.”
Sir William Bragg (1862–1942) 

Ultrashort laser pulses wrote an important chapter in the history of science. Delivering 
timing accuracy and optical power at unprecedented levels, ultrashort pulses available at 
wavelengths from mid infrared to UV brought progress in virtually all fields of science. 
Despite the ever increasing need for ultrashort pulses, a pulsed laser source offering 
compactness, tunability, and low price is still an unfulfilled promise. 
Building a compact and efficient source of visible and UV pulses is a challenging task. 
Fiber technology offers a rich supply of compact and maintenance-free lasers delivering 
ultrashort pulses in a broad wavelength range. However, ultrashort pulses in the visible 
and UV domains are difficult to obtain directly from fiber lasers. The approach taken in 
this thesis relies on using mode-locked fiber lasers as pump sources for frequency 
conversion stages and broadband (supercontinuum) generation in nonlinear waveguides. 
The thesis work aims at optimizing the entire optical chain leading to visible and UV 
light, from the mode-locked fiber laser to the frequency conversion stage. Compact 
mode-locked lasers with repetition rate stabilization are assembled using all-fiber cavity 
components. Various designs of power amplifiers are investigated and solutions 
optimized for frequency conversion and supercontinuum generation are suggested. 
Frequency doubling and tripling by periodically-poled crystals is demonstrated in both 
waveguided and bulk device configurations. Finally, supercontinuum generation in 
customized nonlinear waveguides is demonstrated as a reliable source of tunable 
ultrashort pulses. 
It is the author’s sincere hope that the work embedded between the covers of this thesis 
constitutes a step in the long staircase towards compact and affordable ultrafast fiber laser 
sources and, in the good spirit of optics, shines some light on the problems and 
achievements of this amazing field of laser science. 
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Abstract

This thesis investigates novel methods of generating ultrashort optical pulses in the 
visible and ultraviolet wavelength ranges by frequency conversion and supercontinuum 
generation using mode-locked fiber lasers. Optimization of mode-locked fiber lasers by 
intracavity dispersion compensation and repetition rate stabilization is described. 

An Nd mode-locked fiber laser is introduced as a way to obtain picosecond pulses in the 
near infrared (~900 nm). The fiber gain medium allows for efficient pumping of the 900 
nm transition of the Nd and suppression of the parasitic 1060 nm oscillation. 

High quality picosecond pulse operation of an Yb-doped fiber laser is obtained by 
employing intracavity dispersion compensation in all-fiber format. The required negative 
dispersion is obtained from a single-mode fiber taper. Owing to the all-fiber format, the 
laser cavity is more compact than the traditional setups using bulk elements for 
dispersion compensation. 

Temporal synchronization between two mode-locked fiber lasers is obtained by cross 
phase modulation in a single-mode optical fiber. Using a special cavity design, all-optical 
clocking of a mode-locked fiber laser has been obtained. The clock source is an 
inexpensive telecom-grade laser diode. Exploiting the dissimilar gain spectra of Er and 
Yb-doped active fibers, a two-color mode-locked source has been constructed. The 
source emits two trains of pulses at 1550 nm and 1060 nm, synchronized by cross-phase 
modulation.

Visible and ultraviolet light pulses are obtained from a high power Yb-doped fiber laser 
by frequency conversion in a waveguided KTP crystal. The mechanisms permitting 
simultaneous generation of second and third harmonic light are discussed.

An all-fiber laser source optimized for pumping periodically-poled crystals is proposed. 
The source relies on interplay between frequency chirp and nonlinearity to prevent 
spectral broadening of a laser pulse inside the fiber amplifier. 

The intimate mechanisms of supercontinuum generation in photonic crystal fibers are 
investigated by spectrally-sensitive autocorrelations. Soliton fission is shown to play a 
key role in the early stages of spectral broadening. 

Using a frequency-doubled Yb-doped fiber laser, all-visible supercontinuum radiation is 
generated in a fiber taper. This novel broadband source covers the entire visible spectrum 
and, unlike traditional supercontinuum generators, does not produce any residual infrared 
radiation.
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1 Introduction 

1.1 Ultrashort pulses in a broad wavelength range 

The key tool of the work described in this thesis is the ultrashort optical pulse,
understood as an electromagnetic pulse whose temporal width lies in the range of several 
picoseconds to few hundreds of femtoseconds. Ultrashort optical pulses have unique 
features that render them superior to continuous wave laser beams in applications 
requiring short interaction time or high peak power. The narrow temporal width limits the 
interaction time between ultrashort pulses and the target medium and thus ultrashort 
pulses can be used as fast sampling signals with reduced target damaging risk. In 
addition, the energy confined within the narrow optical pulse gives rise to large optical 
powers and thus ultrashort pulses constitute ideal means for pumping of nonlinear optical 

phenomena and precision machining of inorganic and organic materials.

Various scientific applications specify the requirements of their ideal ultrashort pulse in 
terms of pulsewidth, central wavelength, and peak power [1]. The pulsewidth is 
particularly important in applications involving time-dependent phenomena. For a better 
illustration of the temporal resolution required by different fields of science, Fig. 1.1 
shows, in logarithmic scale, a classification of several natural phenomena by their 
significant time duration ( t) defined as the time interval required for a specific process 
to occur [2]. 
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Fig. 1.1. Physical, chemical, and biological processes as a function of significant time duration
(adapted from [2–4]). t is the time interval for a process to occur.

The shaded area is the operating domain of mode-locked lasers.

Radiation physics

10-5 100 105

The bottom section of the figure shows fundamental processes, whereas fields of 
endeavor are depicted in the top section. The shaded area delineates the operating range 
of mode-locked lasers. Spanning from several picoseconds to few tens of femtoseconds,
mode-locked lasers cover an extensive part of the “fast” phenomena range. Notably, the
timing precision achievable with mode-locked lasers is suitable for several “hot” topics of 
modern science such as quantum phenomena and photochemistry. Mode-locked lasers 
are thus highly-valued scientific tools, offering subpicosecond-scale temporal resolution 
with adjustable peak power and operating wavelength. 
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Tables 1.1 and 1.2 provide a quick glance at the applications of ultrashort optical pulses 
in modern research fields. Table 1.1 concentrates on short and intense optical pulses, 
whereas Table 1.2 reveals the applications of broadband supercontinuum radiation 
(originating from the interaction between an intense optical pulse with a nonlinear 
medium). 

Table 1.1. Applications of ultrashort pulses. 

P
a

ra
m

et
er

 o
f 

in
te

re
st

 

Application 
Wavelength

range

(nm) 

Pulse

duration  

(fs) 

Pulse

peak power 

(kW) 

Ref.

Study of energy transfer between 
carotenoids and 

chlorophylls in photosynthesis 
500–685 160 31 [5] 

Ultrafast time-gated and nonlinear 
microscopy

800–1064 9 388 
[6] 
[7] T

em
po

ra
l

re
so

lu
ti

on
 

Ultrafast optical sampling  850 100 0.01 [8] 

Simultaneous trapping (optical 
tweezers) and induced two-photon 

fluorescence of microparticles 
800–1100 100 0.6 [9] 

High resolution imaging of live 
cells by second-harmonic 

generation 
880 100 6.5 [10] 

Real-time investigation of 
biological tissue cross section by 

sum-frequency generation 
800–1064 40 107 [11] 

Red light generation by frequency 
multiplication 

1332–1338 ~1000 
270 mW 
average 

[12] 
[13] 

Green light generation by 
frequency multiplication 

1064 & 1338 ~1000 
200 mW 
average 

[13] 
[14] 

Blue light generation by 
frequency multiplication 

1338 ~1000 
16 mW 
average 

[13] 

Surgery 630–1053 80–2000 38–50 
[15] 
[16] 

Micropatterning and ablation of 
hard materials 

780–800 100 83–2.5·106 [17] 
[18] 

P
ea

k 
po

w
er

 

High field laser physics (laser 
plasma generated X rays) 

780 50 36·106 [19] 

As shown in Table 1.1, picosecond and sub-picosecond pulses covering the vast 
wavelength range from blue (400 nm) to mid infrared (1600 nm) are employed in a wide 
selection of applications, from ultrafast biology to material processing. These 
applications rely upon different features of ultrashort pulses (large peak power, ultrashort 
time span or wavelength tuneability) and require peak powers from tens of W to several 
GW.  
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Numerous fields of science benefit from ultra-broadband radiation exhibiting limited 
coherence. By virtue of their high peak power, ultrashort pulses are ideal pump sources 
for the strong nonlinear phenomena leading to ultra-broadband radiation. Combined with 
properly designed nonlinear waveguides, mode-locked lasers constitute practical and 
reliable sources of broadband light. Several applications of wide spectrum optical 
radiation are presented in Table 1.2. 

Table 1.2. Applications of broadband radiation consisting of bundled ultrashort pulses.

P
a

ra
m

et
er

 o
f 

in
te

re
st

Application 
Wavelength

range

(nm) 

Pump pulse 

energy 

 (nJ) 

Spectral 

brightness 

(mW/nm) 

Ref.

Raman spectroscopy 400–650 8 0.16 [20] 

Ultra-high numerical aperture 
optical coherence tomography 

700–950 4.4 0.4 [21] 

UV light generation in silica 
waveguides 

300–1600 10 0.002 [22] 

S
p

ec
tr

a
l 

w
id

th

Frequency comb generation for 
metrological applications 

300–700 >3000 >0.008 [23] 

1.2 Incentives 

Ultrashort pulses in a wavelength range spanning from UV to mid infrared are probably 
the tools of the future for many fields of activity. Research towards practical generators 
of such pulses is thus meaningful and important. A mere decade ago, aligning and 
maintaining a mode-locked laser required a wizard. A wizard with time to spare. In some 
cases, the costs incurred by the experiment were small compared to the costs of running 
the laser source. With the continuously decreasing physical size and maintenance 
requirements of mode-locked lasers, more and more scientific applications gain access to 
reliable sources of ultrashort optical pulses [24]. From this perspective, a quest for 
building a compact and reliable source of ultrashort pulses is all the more meaningful. 
Recently, fiber lasers emerged as promising candidates for ultrashort pulse generation 
[25]. Owing to the special characteristics of the all-fiber cavity as well as the lack of bulk 
optical components, fiber lasers offer compactness and reliability at unprecedented levels. 
The goal of this thesis is to investigate the design and manufacturing of fiber lasers 
suitable for producing ultrashort pulses in the near infrared and visible ranges. Several 
approaches are explored, such as the use of novel gain media, nonlinear frequency 
conversion, and wide spectral broadening in nonlinear fibers (supercontinuum 
generation).
The thesis is structured as a review of the author’s work in the field, supported by brief 
theoretical considerations and previous research results. Chapter 2 provides an 
introduction to the field of fiber lasers, detailing the basic concepts of mode-locking and 
output power scaling. Chapter 3 elaborates on the optimization of mode-locked fiber 
lasers as ultrashort pulse generators. Results concerning chromatic dispersion 
compensation in all-fiber format and laser synchronization to external clock sources are 
presented. Visible light generation by frequency multiplication is discussed in chapter 4 
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along with the design of highly-efficient periodically-poled crystals for harmonic 
frequency generation. A novel fiber source delivering high power transform-limited 
pulses suitable for efficient frequency conversion is reported. Generation of broadband 
radiation (routinely referred to as supercontinuum) is detailed in chapter 5, followed by 
the introduction of a multistage system producing all-visible supercontinuum. Concluding 
remarks form the body of chapter 6. 

4



2 Mode-locked fiber lasers 

2.1 Brief history of fiber lasers 

In strict terms, a fiber laser is an optical oscillator whose gain medium and cavity 
components are exclusively made of optical fiber. In selected cases, an extension of the 
concept is permitted in that the fiber laser cavity may contain certain bulk optical devices 
(such as gratings or prisms). The gain medium, however, is always fiber-based. 
Benefiting largely from the guided propagation of light in the fiber cavity, fiber lasers 
exhibit novel and attractive features which are inexistent or difficult to achieve in bulk 
solid state systems.  
Optical gain experiments in Nd-doped glass fibers were conducted as early as 1964 [26–
27]. Consisting of a fiber with 10 µm core and 1.5 mm cladding coiled around a flash 
lamp pump, the world’s first fiber amplifier was considered a scientific curiosity rather 
than an application of real interest. However, several appealing features of the fiber gain 
media such as good optical field confinement, long interaction length, and small footprint 
had readily been identified as great potential for laser development [28]. The early 
decades of laser science witnessed the coexistence of rare-earth doped strands of 
crystalline materials used as waveguiding gain media [28–30] and multilayered glass 
fibers providing optical guiding by total internal refraction (TIR) at the interface between 
core and cladding [26, 31]. The latter approach prevailed, as the structure allowed for 
better waveguiding properties and interfacing with standard telecom fibers. Powered by 
advanced semiconductor pump laser modules, fiber amplifiers became increasingly 
efficient being able to provide large optical gain in simple end-pumped configurations 
[32]. In 1976, a breakthrough multimode fiber laser pumped by a semiconductor pump 
module was demonstrated [33]. The appealing continuous-wave (CW) operation of this 
laser at room temperature was ascribed to the excellent heat dissipation properties of the 
gain fiber medium.  
In a seminal paper, researchers at Bell Labs reported the use of fused silica (SiO2) as host 
matrix for rare-earth dopants in a core-cladding fiber structure [34]. Such gain fibers 
drew a large benefit from the mature low-loss silica fiber technology and allowed for 
large gain amplifiers to be manufactured. Despite significant improvement in pump and 
fiber technology, operation of fiber lasers at room temperature was only possible in 
pulsed or multimode regimes. 
In 1985, Poole, Payne, and Fermann [35] developed an MCVD-based technology for 
fabricating doped silica fibers with accurate rare-earth doping level control. The method 
was repeatable and versatile, being readily adaptable to a wide range of rare-earth halides 
with high melting points (Nd, Er, and Yb, for instance). Simultaneously, the researchers 
reported on silica gain fibers embedding neodymium (Nd) and erbium (Er) ions, thus 
marking the starting point of modern fiber lasers. The controllable low dopant level 
permitted the use of long spans of gain fiber benefiting from stronger pump-signal 
interaction in the core and superior heat dissipation. High optical gain and single-mode 
operation (owing to the small core diameter) were amongst the predicted improvements 
of the novel MCVD technology. The work in [35] was followed by an account on the 
first truly CW, single-mode fiber laser based on a low-dopant level Nd gain fiber [36]. 
The laser proved superior to all previous systems in that it allowed for flexible pumping 
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strategies while maintaining low threshold values. The true single-mode operation of the 
laser enabled fused fiber components to be used in the cavity, resulting in a robust cavity 
configuration. Fused fiber components can act as pump/signal combiners or as output 
couplers. These low loss components can be fusion spliced to the laser cavity fiber and do 
not cause the diffraction or back reflection losses present in bulk laser optics.  
Characterization setups and procedures for the novel silica gain fibers with low doping 
levels emerged in the following years [37–38]. Based on the broad gain range of active 
silica fibers, widely tunable single-mode Nd and Er fiber lasers were reported [39]. 
Backed by the work of Kao and Hockham discussing, in premiere, the potential of 
cylindrical optical waveguides for telecommunications [40], the novel gain fibers set the 
stage for an unprecedented evolution in laser science. Improving at a nearly unmatched 
pace, fiber lasers grew to be the tool of choice for a large spectrum of applications. 

2.2 Rare-earth elements for optical gain 

The progress in fiber lasers is intimately coupled with the evolution of doped gain fibers. 
The following sections constitute a brief review of optical gain materials with particular 
emphasis on laser-active ions hosted in amorphous silica glass, which constitutes the key 
technology of modern doped optical fibers. 

2.2.1 General considerations 

Optical gain in dielectric media is provided by a group of elements known as lanthanides

(rare-earths). Despite their name, rare earths are not that rare. Cerium (Ce), the first 
element in the rare earths series, is present in the earth crust in a notable proportion 
(8.4%). The source of the unique optical gain properties of lanthanides resides in their 
very particular atomic structure. The classical image of an atom is that of a nucleus 
surrounded by shells of orbiting electrons. In general, as one progresses along the 
periodic table of elements, the electrons occupy shells with gradually increasing orbital 
radii. However, an abrupt discontinuity occurs at the element with atomic number Z = 57 
(lanthanum). As shells 5s and 5p are fully occupied, the electrons start to occupy the 
lower radius inner 4f shell [41]. Lanthanides (rare-earths) are elements with Z between 57 
and 71 and a gradually increasing number of 4f electrons. The last rare-earth element, 
Lutetium, has a complete 4f shell. The number of 4f electrons dictates the optical 
properties of each rare-earth element. Optical absorption and emission in lanthanides lead 
to electronic transitions within the 4f shell. Being surrounded by two fully occupied 
electronic shells, the 4f shell is electrostatically shielded (akin to inclusion in a metal 
sphere) by its larger radius neighbors. The 4f shell sensitivity to external electrical fields 
is thus low, resulting in an atomic-like behavior of lanthanides in ordered (crystal) or 
unordered (glass) environments. Due to the special electrostatic condition of the 4f shell, 
the absorption and emission bands of lanthanides exhibit reduced sensitivity to external 
electrical fields in contrast to transition elements lacking a similar shielding [42–43]. 
Ionization of the rare-earth atoms typically results in trivalent ions and involves the 
removal of two loosely-bound 6s electrons and one inner 4f electron. Thus the 5s and 5p

shells remain intact, providing continued electrostatic shielding to the remaining 4f

electrons.
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2.2.2 Host glass composition 

As rare-earth ions are placed inside a glass host (as in the case of doped optical fibers), 
their energy levels experience splitting and broadening [44] because the 4f electrons 
interact with each other and (albeit weakly) with the electrical fields of the glass lattice 
[42, 44–46]. As such, the composition of the host glass influences the spectroscopic 
properties of the rare-earth elements. Such dependence has been investigated 
experimentally for the case of Er- and Nd-doped fibers [47–49]. The most common active 
fibers are silica-based, with rare-earth ions embedded in the core. An approximate 
composition of the host silica glass is 94.5 SiO2, 5 GeO2, and 0.5 P2O5 (% mol). The 
influence of host glass composition on the fluorescence spectrum of rare-earth ions can 
be exploited by employing different glass compositions to effectively tune the gain 
spectra and relative intensities of the fluorescence peaks for different rare-earth doped 
fibers. For instance, altering the concentration of P2O5 in a Nd-doped silica fiber core 
leads to a substantial change of the emission and absorption spectra of the fiber [50]. 
Alternatively, host glass composition can be used to control the waveguiding properties 
of the gain fiber. In silica-based doped fibers, the germanium impurities in the core can 
be replaced by alumina (Al2O3) to increase the refractive index of the fiber core. Used in 
conjunction with a small amount of P2O5 to prevent devitrification [44], alumina enables 
the manufacturing of small-core, high index step fibers with improved single-mode 
operation. In addition, alumina allows for higher concentrations of rare-earth ions without 
the onset of clustering (discussed in section 2.2.3). High gain, large index contrast fibers 
can be manufactured using alumina-doped cores. Studies of fluorescence spectra in 
alumina core fibers doped with Nd have been performed [51]. More recently, a novel 
type of glass was investigated as primary material for gain optical fibers. It was called 
ZBLAN, an acronym related to its composition (ZrF - BaF - LaF - AlF - NaF), and it is 
sometimes referred to as fluoride glass. ZBLAN exhibits some very interesting optical 
properties and ZBLAN-based doped fibers received considerable attention. Built for 
more exotic applications (such as upconversion lasers for UV generation [52] or mode-
locked upconversion lasers operating in the visible wavelength range [53]), such fibers 
are still of limited applicability. 

2.2.3 Fiber doping level 

The doping level of an optical fiber is defined either as the number of laser-active atoms 
per unit volume of glass or as the concentration of such ions specified in parts per million 
(ppm) by weight or mol. The concentration of the rare-earth ions in the fiber glass matrix 
determines a number of important laser parameters such as pump absorption and gain 
coefficient.
In fibers with low doping levels, the ground level is depleted once the number of incident 
photons exceeds the number of available ions. Signal amplification is thus quickly 
saturated. To a certain extent, increasing the optical gain can be done by using long spans 
of doped fiber. However, such measure may result in deleterious effects on laser 
operation, especially in pulsed regime (excessive nonlinearity or pulse broadening). 
It would thus appear that the solution to high gain requirements of fiber lasers is a high 
doping level of gain fibers. Such action is not straightforward, as highly doped glass faces 
a series of technological problems related to uniform distribution of rare-earth ions within 
the glass matrix, such as concentration quenching, ion clustering, and crystallization. 

7



Concentration quenching refers to energy transfer between laser active ions situated in 
close proximity. It causes a reduction in the population of the upper laser levels and thus 
limits the attainable gain. Quenching phenomena are assisted by clustering. Rare-earth 
ions tend to group inside the glass (forming clusters) rather than spreading evenly, thus 
enhancing inter-ion energy transfers. The contradicting requirements of low 
clustering/quenching and high doping levels in optical fibers are addressed (within 
certain physical and chemical limits) by introducing the rare-earth dopants into the glass 
composition by a crystal precursor with large ion spacing [54]. The precursor is 
subsequently melted away, but the large spacing between rare-earth ions remains, 
enabling a certain control over clustering. At large doping levels, rare-earth ions may 
crystallize within the amorphous silica [55] creating novel narrow lines within the 
fluorescence spectrum along with a parasitic dependence of the lasing characteristics on 
the pumping wavelength. 

2.2.4 Neodymium (Nd), erbium (Er), and ytterbium (Yb) doped fibers 

The three most important gain media of the moment are neodymium (Nd), erbium (Er), 
and ytterbium (Yb). Over the years, several rare-earth elements were considered (and 
used) for optical amplification and lasing at various wavelengths: praseodymium (Pr)–
1300 nm in fluoride glass host [56], thulium (Tm)–1470–2000 nm [57–58], samarium 
(Sm)–used as optical gain equalizer at 1550 nm [59], and holmium (Ho)–2000–3000 nm 
in fluorozirconate glass host [60–61]. This section concentrates only on the gain media 
relevant to the work performed in this thesis. 

Neodymium (Nd) doped fibers 

Historically, Nd was the first dopant used in glass host for optical gain. Both glass-strand 
and single-mode fiber lasers were first reported using Nd as dopant [26, 36]. The 
absorption and fluorescence spectra of Nd, measured in a silica host, are shown in Fig. 
2.1.
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Fig. 2.1. Absorption and fluorescence spectra of Nd (adapted from [44, 62]). 
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The composition of the silica glass host is 94.5 SiO2, 5 GeO2, and 0.5 P2O5 (% mol) [62]. 
The spectrum reveals several absorption peaks around 800 nm making Nd particularly 
appealing, given the wide availability of pump lasers at this wavelength. An interesting 
feature is the very strong absorption peak situated just below 600 nm. Initially 
disregarded by laser scientists due to the lack of suitable pump lasers [44], this absorption 
peak may become important with the advent of visible single mode lasers [63], owing 
mostly to the very high absorption value. Remarkably, the Nd fluorescence spectrum 
exhibits both 3- and 4-level system emission peaks. This peculiar behavior has been 
ascertained by analyzing the dependence of the relaxation oscillations of an Nd fiber laser 
on the lasing wavelength [64–65]. The existence of a 3-level system emission peak 
around 900 nm has been confirmed both theoretically and experimentally [64]. The 
overlapping absorption and emission spectra at 900 nm (as seen in Fig. 2.1) constitutes 
additional proof of the existence of a 3-level lasing system in this wavelength range. The 
800 nm absorption band (suitable for the mature diode laser technology) and emission 
band at 900 nm are interesting as a way to achieve short wavelength lasing in fibers. 
Mode-locked operation of an Nd doped fiber laser at wavelengths shorter than 900 nm 
has been reported [P1] in what is believed to be the shortest operation wavelength mode-
locked fiber laser. It is worth noting that several other elements (Pr, for example) have 
short wavelength emission bands. However, laser operation at those wavelengths would 
require pump sources in the blue-green wavelength range, unavailable as of this moment. 

Erbium (Er) doped fibers 

The existence of a very low loss transmission window (1550 nm) made silica fibers ideal 
candidates for optical telecommunications. Owing to its strong fluorescence around 1550 
nm, erbium received immediate attention as dopant for optical fibers targeting data-train 
amplification. Historically, Er-doped fibers were suggested as fiber-based light sources 
even before silica fibers were developed [66]. With the advent of low-loss silica fibers 
and the increasing demand for optical telecommunication amplifiers, Er-doped fibers 
became an important tool for the optical system designer [35]. The absorption and 
transmission spectra of Er ions in silica glass host are given in Fig. 2.2. 
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Fig. 2.2. Absorption and fluorescence spectra of Er (adapted from [44, 62]). 
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Er exhibits only one fluorescence peak, situated in the middle of the low loss 
telecommunications window (1550 nm). Several absorption peaks are present, some of 
which conveniently located at the operation wavelength of semiconductor lasers (980 nm 
and 1480 nm). Efficient pumping is possible at both wavelengths owing to the large 
absorption values. Laser operation is based on a 3-level system. This fact is confirmed by 
the overlapping absorption and fluorescence bands and demonstrated by the relaxation 
oscillations method [65]. Efficient pumping and the low loss of the waveguide overcome 
the deficiencies of a 3 level laser system (threshold dependence on fiber length and signal 
reabsorption). In ultrashort pulse operation, Er-doped fibers benefit from the anomalous 
dispersion of standard single-mode waveguides. Er-doped systems support soliton 
operation, a regime associated with short, self-adjusting pulses, resilient to noise and 
losses. Such pulses are beneficial to high speed optical telecommunications. 

Ytterbium (Yb) doped fibers 

Optical gain and laser action in Yb-doped glass has been demonstrated as early as 1962 
[67]. However, Yb received little attention for the next decades owing mostly to its gain 
spectrum overlapping with Nd, a much better explored material. In crystalline media, Nd 
ions proved generally more efficient than Yb. In 1988, the first Yb-doped fiber was 
reported in laser operation [68]. Due to incorporation of the Yb ions in a silica fiber, the 
obtained laser efficiency was increased to 15%, comparable to Nd-based oscillators in 
similar conditions. Benefiting from the advanced silica technology, Yb-fiber lasers 
eventually became superior to Nd-based systems. There are strong reasons to investigate 
Yb-doped fibers as gain media, mostly related to the special properties of Yb-ions. Yb-
based systems lack excited state absorption, as Yb has only one transition in infrared, all 
other transitions being in UV range. Some additional interesting features of Yb-based 
systems are visible in the absorption and fluorescence spectra of Yb in silica glass host, 
shown in Fig. 2.3. 
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Fig. 2.3. Absorption and fluorescence spectra of Yb (adapted from [69]). 
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As can be seen by comparing Figs. 2.1 and 2.3, Yb ions exhibit a broader fluorescence 
spectrum than Nd. In consequence, Yb-doped fibers allow for broadly tunable lasers and 
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support ultrashort pulse operation. The broad absorption spectrum, covering the range of 
commercial semiconductor lasers (850–980 nm), relaxes the wavelength requirements of 
pump lasers for Yb-based systems. Indeed, Yb-doped fibers can be efficiently pumped 
with a broad range of semiconductor laser diodes and even with high power Nd lasers. In 
addition, Yb ions exhibit significantly lower concentration quenching than Nd and Er 
[69]. High doping levels are therefore possible, enabling high gain in short spans of fiber. 
Doped fibers exhibiting high gain per unit length are a very favorable case to ultrashort 
pulse amplification. Remarkably, Yb ions hosted in silica glass manifest as 3- and 4-level 
laser systems in immediately adjacent wavelength ranges. This phenomenon has been 
experimentally confirmed by analyzing the relaxation oscillations of an Yb fiber laser 
[70]. A sharp transition between the two regimes occurs at 1060 nm. Additional support 
for this assumption is given by Fig. 2.3, where the overlap between the fluorescence and 
absorption bands comes to an abrupt end at 1060 nm. The phenomenon is all the more 
interesting, as the switch between 3-level and 4-level operation can occur in the same 
laser setup by changing the operation wavelength. Such effects are relevant to fiber laser 
operation. In ultrashort pulse regime, Yb-based systems constitute a special case. Single-
mode silica fibers exhibit large positive chromatic dispersion at Yb operation wavelength. 
This increases the amount of energy that can be stored in a single pulse without triggering 
pulse breakup (associated with solitons) and enables special schemes for high power 
pulse amplification (chirped pulse amplification - CPA) [71]. In addition, the large 
saturation energy of Yb-ions supports high energy pulses. 

2.2.5 Advantages of fiber laser technology 

Optical fibers are waveguiding structures and therefore confine light within the small area 
of the core. This opens up a path for large optical nonlinearity. The fibers are in most 
cases silica-based, thus benefiting from the low loss mature technology developed for 
telecom applications. In single-mode fibers the pump energy is transferred efficiently to 
the laser-active ions owing to the good overlap between pump and signal modes, yielding 
low lasing thresholds. The amorphous silica glass host causes the fluorescence spectra of 
the rare-earth ions to broaden, thus supporting short optical pulses or providing wide 
tuning range. The particularly large aspect ratio of optical fibers makes heat dissipation 
facile and alleviates the need for forced air or liquid cooling. Room-temperature CW 
operation of fiber lasers was reported at wavelengths where bulk lasers could only 
operate in pulsed mode. In a fiber laser, the light is waveguided at all times and coupling 
to transmission or sensor fibers is natural. The fiber cavity architecture enables facile 
insertion of intracavity fused fiber components (such as wavelength division multiplexers, 
beam splitters, and loop mirrors) which have no diffraction losses and do not require 
tedious aligning, as opposed to their bulk counterparts. In addition, fused fiber 
components can be easily engineered to exhibit custom spectral characteristics.

2.3 Mode-locked lasers 

Mode-locking is a special operating regime of lasers, characterized by very short pulses 
of light being emitted from the laser cavity. The following sections provide a brief 
theoretical approach to mode-locking and explore various means of achieving such an 
operation regime in lasers. It should be noted that the introductory part is generally valid 
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for all solid state lasers; particularization for the case of fiber lasers is done whenever 
necessary.

2.3.1 Theoretical considerations 

Let us consider a linear cavity laser containing 2n+1 oscillating longitudinal modes of 
equal amplitude, and let  be the frequency spacing between two consecutive modes. 
The optical spectrum of such a laser is shown in Fig. 2.4. 
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Fig. 2.4. Optical spectrum of a laser with uniform modal amplitude. 
-n n

The optical bandwidth of the laser gain medium is )12( nL . In an ordinary laser, 

the 2n+1 modes oscillate randomly and the laser output is a noise-like trace with the 
average intensity (2n+1)E0

2. The total electric field of a single oscillating mode can be 
written as: 

lll tjEtE exp)( 0 ,      (2.1) 

where l and l are the mode phase and frequency, respectively. Mode-locking occurs if, 
by means of a special action, the phases of the oscillating modes are locked to each other 
in a relation of the form: 

lll 010 ,      (2.2) 

where  is the phase difference between two adjacent modes and 0 is the phase of the 
central mode (l = 0). The output of the laser can be expressed as the sum of all oscillating 
modes:

,    (2.3) 
nl

nl

ltljEtE 00 exp)(

)

where 0 is the frequency of the central mode and the phase of the central mode was 
assumed to be zero ( 0 = 0). The laser output field in Eq. (2.3) can be expressed as: 

exp()()( 0tjtAtE ,      (2.4) 

with

.     (2.5) 
nl

nl

tjlEtA exp)( 0

The output field of the laser can thus be seen as a carrier wave oscillating at 0

modulated by a time-dependent amplitude A(t). By introducing a new time axis t’ so that: 

tt ' ,       (2.6) 

the time-dependent amplitude becomes: 

.      (2.7) 
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tjlEtA 'exp)( 0
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Equation (2.7) is a geometric series with the ratio 'exp tj  and the scale factor E0. It 

can be readily summed to give: 

'exp1

)12('exp1
)( 0

tj

ntj
EtA ,     (2.8) 

which transforms into: 

2

'
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2

'12
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)( 0
t
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EtA .      (2.9) 

In Fig. 2.5, Eq. (2.9) is plotted as a function of t’, for 2n+1=9 oscillating modes 
(corresponding to Fig. 2.4).
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Fig. 2.5. Temporal output of a mode-locked laser.

As seen from the figure, under the assumption made in Eq. (2.2), the output of the laser 
consists of a train of regularly-spaced pulses. Consecutive pulses are separated by a time 

sep and the full-width-at-half-maximum (FWHM) of the pulse amplitude is p. The 
maxima of A(t) occur when the denominator in Eq. (2.9) equals zero, i.e. when 

k
t

2

'
 , with k integer.      (2.10) 

This implies that 

12
' kkt ,       (2.11) 

with  the frequency spacing between adjacent cavity modes. The optical pulses in the 
output train are thus separated by a time interval equal to the inverse of the cavity modes 

frequency spacing. For each peak in Eq. (2.9), 12
2

'12
sin n

tn
. The amplitude 

of the pulse is:
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much larger than the amplitude of a singular mode. This can be seen in Fig. 2.5, where 
the mode locked pulses are 92 = 81 times greater than E0

2. Such behavior can be 
understood by considering that a mode-locked laser delivers its output energy in short 
bursts of light as opposed to a continuous output. Since the long time span between two 
consecutive pulses is essentially devoid of optical power, the entire laser energy is 
concentrated in a short duration pulse with large amplitude. Intense, ultrashort laser 
pulses are the main achievement of mode-locked lasers. 
The first minimum of A(t) occurs when the numerator in Eq. (2.9) is zero. This leads to 
(see. Fig. 2.5): 

)12(

2
'

n
t p .       (2.13) 

It is obvious in Fig. 2.5 that 'pp t . Therefore,

LL

p

12
,       (2.14) 

where L is the gain bandwidth of the laser. The pulsewidth is inversely proportional to 
the gain bandwidth of the laser. Active fibers, having gain bandwidths of several tens of 
nm, can support sub-picosecond pulses. 
Thus far, the laser gain spectrum was assumed to be flat and all longitudinal modes had 
equal amplitudes. However, this is not always the case. The gain spectra of practical 
lasers exhibit one or more maxima and decrease smoothly towards zero on either side of 
the gain peak(s). Therefore the amplitudes of the oscillating longitudinal cavity modes 
are no longer equal. For a numerical analysis of mode-locking under such circumstances, 
a laser with a Gaussian-shaped gain spectrum is considered in the next paragraph. Figure 
2.6 shows the laser spectrum under the new gain profile assumption. 
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Fig. 2.6. Optical spectrum of a laser with Gaussian modal amplitude.
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The electric field amplitude of the l-th cavity longitudinal mode can be expressed as: 

2

2ln2
exp

2

0

L

l

l
EE  .     (2.15) 

Assuming that the modes are phase-locked and that the phase of the central mode is zero, 
the electric field at the output of the laser can be expressed as in Eq. (2.4), with A(t’)

being

.      (2.16) 
l

l

l tjlEtA 'exp)'(

Given the narrow spectral lines of the longitudinal cavity modes, the time-varying 
amplitude of the laser output can be expressed in integral form as: 
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Rearranging the phase terms in Eq. (2.17), one obtains: 

dll
t

jEtA l
2

'
2exp)'( .     (2.18) 

Equation (2.19) closely resembles the Fourier transform of El, with the Fourier space 
variable t’/(2 ). Since El in Eq. (2.15) is a Gaussian function, one may use the identity: 

a

k

a
axF

22
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to obtain: 
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Therefore, the mode-locked pulse has a Gaussian envelope, with a pulsewidth given by: 

LL

p

441.02ln2
 .      (2.21) 

The pulsewidth depends on gain bandwidth in a manner similar to Eq. (2.14), but 
multiplied with an additional coefficient of 0.441. In general, in lasers with finite gain 
spectra of various profiles, the pulse width is related to the gain bandwidth by a relation 
of the form: 

L

p

m
,        (2.22) 

with m a factor of the order of unity. Table 2.1 lists the values of m for the three of the 
most common pulse shapes. 

       Table 2.1.  The m parameter values for most common pulse shapes. 

No Pulse shape M value Ref

1. Gaussian 0.441 Eq. (2.21) 

2.
Hyperbolic secant 

(sech) 
0.315 [72] 

3. Lorentz 
0.38 (depending on 

the pulse edges) 
[73] 

The with characteristics fulfilling Eq. (2.22) are called transform-limited, in that their 
temporal and spectral widths are related by a Fourier transform, as described by Eq. 
(2.20). A transform-limited pulse is the shortest pulse that can be supported by a given 
optical spectrum with the width L. In reality, linear and nonlinear optical effects may 
cause the pulse to differ from the ideal case in Eq. (2.22), i.e. mLP . Referring 
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back to the discussed mode-locking example, if the locking condition in Eq. (2.1) 
changes to: 

,       (2.23) 2
2

1 lll

( 1, 2 – constants), the electric field of the mode-locked laser output is shown to be [74]: 

2
0

2 expexp)( ttjttE ,     (2.24) 

where  and  are functions of L and 2. The phase term in Eq. (2.24) contains a 
quadratic factor of time. The instantaneous frequency 

t
td

ttd
t 20

2
0 ,     (2.25) 

is linearly dependent on time. Such a pulse is termed chirped. To understand the 
influence of chirp on pulse characteristics, the spectral width of E(t) in Eq. (2.24) is 
expressed as [74]: 

22

2ln2
1

441.0 p

P

L ,      (2.26) 

with

2ln
2P .       (2.27) 

For nonzero values of , the product LP (called time-bandwidth product) is larger 

than 0.441. A chirped pulse is a non-ideal case since it occupies broad time and spectral 
slots.

The time domain picture

Mode-locking is often considered in time domain. It was shown in Eq. (2.11) that the 
output pulses of a mode-locked laser are separated by a time interval equal to 1/ , where 

 is the frequency spacing between adjacent longitudinal modes of the cavity. Assuming 
for simplicity that the laser has a Fabry-Perot cavity, one has: 

c

L

L

c
sp

2

2
,      (2.28) 

where c is the speed of light in the laser cavity and L is the cavity length. Thus, the 
spacing between two consecutive pulses equals the roundtrip time of the light inside the 
laser cavity. The mode-locked laser can thus be seen as a laser with a single pulse 
circulating in the cavity (Fig. 2.7). Each time the pulse bounces off the output coupler its 
replica is added to the output train. 
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Fig. 2.7. Fundamental mode-locking: the time-domain picture. 
L

sep

The mode-locked operation described in Fig. 2.7 is called fundamental mode-locking in 
reference to the single pulse in the cavity. If n pulses circulate in the cavity, the output 
pulse separation decreases by a factor of n. In this case, the laser is said to be 
harmonically mode-locked.

2.3.2 Methods of mode-locking 

Mode-locking of a laser requires the presence of an optical element (mode-locker) that 
provides periodic changes in the amplitude or phase of the light in the laser cavity. One 
distinguishes between mode-locking techniques by the control method of the optical 
element: external control (usually by electric signal) which leads to active mode-locking 
or internal control (the optical element reacts to the presence of the laser pulse), resulting 
in passive mode-locking. 

2.3.2.1 Active mode-locking 

In this case, the mode-locker is controlled externally. The laser pulsewidth and repetition 
rate are therefore subject to external control. There are two important variants of active 
mode-locking: amplitude modulation (AM) mode-locking and frequency modulation (FM) 
mode-locking.

AM mode-locking 

For AM mode-locked operation, an amplitude modulator (hence the acronym AM) is 
inserted into the laser cavity. The sinusoidal drive of the modulator causes the cavity 
losses to drop periodically and laser pulses occur within the resulting low loss windows. 
Figure 2.8 depicts the temporal operation of an AM mode-locked laser.  

Fig. 2.8. AM mode-locking. 
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If the modulator drive frequency is m, the electric field of the l-th cavity mode can be 
expressed as: 

llml ttEtE coscos1
2

1)( 0 ,    (2.29) 

where l and l are the frequency and phase of the mode, and  is the depth of the 
amplitude modulation. Rearranging the terms of Eq. (2.29), one obtains: 
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llmlll ttEtEtE coscos
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2

1)( 00  . (2.30) 

Re-expressing the last term of Eq. (2.30), the electric field of the l-th mode becomes: 

lmllmll ttEMtE coscos
4

)( 0 ,  (2.31) 

where M is the first right-hand term of Eq. (2.30). Equation (2.31) reveals the presence of 
side-bands in the spectrum of El, at frequencies equal to l+ m and l- m, respectively. 
If the modulator frequency is chosen to equal the frequency spacing between adjacent 
cavity modes ( m = ), the side-bands in the spectrum of El overlap with the 
neighboring modes. This causes phase-locking between modes, similar to Eq. (2.2).  
The AM mode-locking mechanism can be easier understood in time domain. The light 
pulse occurs at the low loss window of the modulator, where the laser gain exceeds the 
cavity losses. If a pulse is offset in respect to the center of the low loss window, one of its 
wings will be attenuated more than the other, the overall effect being that of “pulling” the 
pulse towards the center of the low loss window. This effect is shown in Fig. 2.9. 

Fig. 2.9. Pulse tracking in AM mode-locking. 

modulator 
loss

time

before interaction

after interaction
evolution

Pulse attenuation in the amplitude modulator is subsequently compensated for by 
amplification in the gain region of the laser. Once centered on the low loss window, both 
wings of the pulse are continuously and symmetrically attenuated. At each pass through 
the modulator, the pulse shortens. This process does not continue indefinitely since the 
pulse width is eventually limited by the gain spectrum, in accordance to Eq. (2.14). 
Figure 2.10 is a graphical illustration of the pulse shortening phenomenon. 

Fig. 2.10. Pulse shaping in AM mode-locking. 
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In a practical fiber laser, a steady state pulsewidth is reached when the pulse narrowing in 
the modulator is exactly balanced by the chromatic dispersion-induced pulse broadening 
in the fiber cavity. For the AM mode-locking regime, the pulse and spectral widths of a 
Gaussian-shaped pulse are given by [75]: 
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where g is the saturated gain of the active medium at the center line of the spectrum for 
one roundtrip in the cavity,  is the modulation depth, fm is the frequency of the 
modulator driving signal, and fL = ( L/2 ) is the width of the laser gain spectrum. It 
should be noted that p, AM fp, AM = 0.44. It is possible, in principle, to obtain transform-
limited pulses from an AM actively mode-locked laser unless other cavity parameters 
(chromatic dispersion and nonlinearity) distort the pulse. Some interesting features of 
AM mode-locked lasers are revealed by Eq. (2.32). Firstly, the pulsewidth is inversely 
proportional to 1/4 and therefore to Pm

1/8, with Pm being the RF power of the modulator 
drive signal. Therefore the pulsewidth depends weakly on the RF power fed to the 
modulator, rendering the modulator drive an ineffective way to shorten the pulse. On the 
other hand, the pulsewidth is inversely proportional to fm

1/2. Modulation frequency is thus 
much more efficient in controlling the pulsewidth. AM active mode-locking produces 
pulsewidths in the range of a few picoseconds. Indeed, pulses as short as 1.9 ps have been 
reported at 1.3 µm in fiber ring lasers using semiconductor gain media [76]. Decreasing 
the pulsewidth below the theoretical value given by Eq. (2.32) (called the Kuizenga-
Siegman limit) is seemingly impossible. However, by employing solitonic effects in a 
fiber cavity, the mode-locked pulsewidth can be decreased below the Kuizenga-Siegman 
limit by a factor given by [25, 77]. 

g

L
R L

238.1 ,       (2.33) 

where 2 is the cavity fiber dispersion. Using soliton effects in fiber cavities, pulses as 
short as 630 fs were generated from an AM actively mode-locked fiber laser [78]. The 
pulsewidth reduction factor was in this case 4.4. 

FM mode-locking 
To obtain FM mode-locking, a phase modulator is inserted into the laser cavity. The 
modulator is driven by a sinusoidal electrical signal and thus induces a periodic phase 
shift to the light passing through it. The l-th mode of the laser can be expressed as: 

ttEtE mlll cos1
2

1cos)( 0 .   (2.34) 

Fourier analysis of Eq. (2.34) reveals side-bands similar to AM modulation. For a 
Gaussian shaped pulse, the temporal and spectral widths of the pulse in FM mode-locking 
are given by [75]: 
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Except for the 2 factor in the pulsewidth, the equations are similar to Eq. (2.32). The 
time-bandwidth product is in this case: p, FM fp, FM = 0.626. Therefore, the Gaussian 
pulses produced by an FM mode-locked laser are not transform-limited. FM mode-
locking produces chirped pulses and is, in that respect, inferior to AM mode-locking. In 
what concerns pulsewidth reduction, precepts identical to AM mode-locking apply given 
the similar pulse and spectral width expressions (Eqs. (2.32) and (2.35)). Pulse evolution 
in FM mode-locking can be easily understood in spectral domain. At each pass through 
the modulator, the optical pulse acquires a certain frequency chirp which causes the pulse 
spectrum to broaden. Steady-state mode-locking is achieved when the spectral 
broadening in the modulator is exactly compensated by spectral narrowing in the gain 
medium. In time domain, the periodic phase modulation applied to the pulse by the 
modulator is equivalent to a periodic change in the cavity length given by: 

tfLtL m2cos)( ,      (2.36) 

where  is the central wavelength of the pulse. A stable optical pulse is created at either 
extremum of the cavity length, corresponding to an extreme phase shift (as shown in Fig. 
2.11). Herein lies the second drawback of FM mode-locking: pulse formation is possible 
at two different time instants and practical systems may uncontrollably switch between 
the two operating modes. Such instability is disturbing to most applications. 

Fig. 2.11. FM mode-locking instability caused two possible operating regimes. 
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2.3.2.2 Passive mode-locking  

In passive mode-locking, the mode locker is driven by the laser pulse itself. The mode-
locker is designed so that its insertion losses decrease with high incident signal intensity. 
The central part of an optical pulse has high optical intensity and therefore experiences 
low losses, whereas the low intensity pulse wings are attenuated. The pulse emerging 
from the mode-locking element is shorter than the incident pulse. The steady-state mode-
locking operation is self-sustaining, as pulse shortening is balanced by cavity-induced 
pulse broadening. However, the startup procedure (i.e. the onset of mode-locked 
operation) is more difficult. At the beginning of laser operation, a multitude of pulses 
circulate randomly in the laser cavity, arising from the unlocked longitudinal cavity 

20



modes. At a certain point, one of the pulses is strong enough to lower the mode-locking 
element loss and thus promote itself in the cavity. Eventually, this pulse prevails and all 
other pulses become extinct. This mechanism occurs on a random time scale and the lack 
of an external driving signal makes self-starting of passively mode-locked lasers 
problematic. In some practical systems, an additional starting element is required to 
initiate mode-locking. Depending upon the laser type, mode-locking startup can be 
achieved by using an amplitude modulator, by vibrating one of the cavity mirrors, or by 
employing special cavity designs (restrictive cavity designs). Besides additional burden 
on cavity design, mode-lock starters can prove deleterious to steady-state mode-locking 
operation. In general, passive mode-locking produces shorter pulses, as the response of 
the mode-locker is dictated by the pulse itself. Three passive mode-locking methods 
relevant to fiber lasers will be introduced.  

Nonlinear loop mirror mode-locking 
The use of a nonlinear loop mirror (NOLM) as fast switching device has been first 
suggested in the late 80s [79]. The device consists of a fiber tap-coupler with a splitting 
ratio , where the two output ports have been spliced together, as in Fig. 2.12.  

Fig. 2.12. Nonlinear loop mirror (NOLM). The dashed-line triangle 
indicates the position of the optical amplifier in the case of NALM. 
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The input signal is split in two counter-propagating signals that travel along the same 
path to recombine in the coupler. In the absence of nonlinear effects, the device behaves 
like a broadband mirror [80]. If the nonlinearity of the fiber is taken into account and if 
the splitting ratio fulfills 5.0 , the optical paths of the counter-propagating signals I2

and I3 are no longer the same, as the phase velocity is intensity-dependent. In this case, 
the output of the device changes with input intensity. The NOLM acts as a fast switch, 
performing an intensity-dependent routing between the input and output ports. 
Unfortunately, full switching (all input power is routed to the output port) requires very 
large optical power and 5.0 , being thus difficult to achieve in practice. This problem 
can be overcome by inserting an optical amplifier in the loop, close to the splitting 
coupler (as marked in Fig. 2.12) [81–82]. The resulting device is called nonlinear

amplifying loop mirror (NALM). The key to NALM operation is the fact that the 
amplitudes of the counter-propagating signals are very different owing to the asymmetric 
positioning of the amplifier in the loop. The output signal level is given by [82]: 

LtIGn
A

tGItI S

eff

S 1
2

sin 2
2 ,   (2.37) 

where G is the amplifier saturated gain value,  is the signal wavelength, Aeff is the 
effective mode area of the fiber (assumed the same in the gain and standard fibers), n2 is 
the nonlinear refractive index of the fiber, L is the loop length, and  is the loop transit 
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time. IS is the full switching intensity, i.e. the input signal intensity that causes the loop to 
route the all the input signal to the output port. Owing to the built-in amplifier, full signal 
switching can be achieved for very low input signals (in the order of µW [82]). The 
potential of a fast switching NOLM to mode-lock an all-fiber laser was theoretically 
demonstrated less than 2 years from the introduction of NOLM [83]. The idea was 
quickly recognized as an attractive source of very short optical pulses and was followed 
by a burst of publications reporting practical implementations of such laser in a 
configuration known as figure of eight laser (F8L) [83]. Practical F8L’s made use of the 
much less demanding NALM, due to its low power switching ability [84–86]. Providing 
in-depth theoretical analysis of F8L operation, the contributions reported a rapid decrease 
in obtained pulsewidth from the initial 150 ps [83] to an amazing 314 fs [85]. The optical 
setup of an F8L is presented in Fig. 2.13. 

Fig. 2.13. Figure of eight laser based on NALM. 
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The NALM transmits only the high intensity parts of the input signal. The low intensity 
fraction of the laser pulse is reflected back and rejected by the isolator. The isolator is 
instrumental to laser operation, as it rejects the low intensity wings of the propagating 
optical pulse. The role of the polarization controllers is to set the polarization direction of 
propagating pulses and compensate for birefringence changes in the loop mirror. If the 
cavity fiber dispersion is negative, the laser pulses are solitonic in nature. It has been 
demonstrated [87] that solitons can propagate through a NOLM without losses or changes 
in pulse shape. Increasing the intracavity power of a F8L leads to pulse breakup and 
harmonic mode-locking. The phenomenon was first reported by Richardson [88], being 
later attributed by Grudinin [89] to energy quantization in the cavity owing to the 
solitonic character of the laser pulses. There is no fundamental limit for the repetition rate 
of such lasers since there is no external conditioning of the cavity. Using a special cavity 
design embedding a nonlinear semiconductor amplifier, a F8L was operated at a 
repetition rate of 40 GHz and used for clock extraction in a high speed telecom network 
[90]. Placing the output coupler in the NALM, high optical power can be extracted from 
the F8L while maintaining single pulse operation. An output level of 35 W at 1550 nm in 
1.3 ps transform-limited pulses has been reported [91]. Nonlinear switching in fiber loop 
mirrors is fast and, combined with soliton compression, allows for ultrashort pulse 
operation. Pulsewidths of 350 fs have been obtained from an Er/Yb-doped F8L benefiting 
from intracavity dispersion management [92]. 
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Nonlinear polarization rotation mode-locking
for fiber lasers is based on nonlinear 

The cavity com

Another mode-locking mechanism suitable 
polarization evolution in optical fiber. This phenomenon is the combined result of self-
phase modulation (SPM) and cross phase modulation (XPM) in a fiber when the optical 
pulse is split in two orthogonally polarized components. Figure 2.14 describes the 
nonlinear polarization rotation mechanism in a fiber laser cavity.  

x

prises a span of linearly birefringent optical fiber and a polarizer. The 
polarizer axis makes an angle  with the orthogonal eigenmodes of the fiber (directions x 
and y in Fig. 2.14). The linearly polarized pulse that exits the polarizer excites the 
orthogonal eigenmodes of the fiber with amplitudes given by: 

sinAAy

,       (2.41) 

where A is the input signal amplitude and  is defined in Fig. 2.14. Both x and y polarized 

cosAAx

modes suffer linear and non-linear phase delays. With certain approximations [93], the 
phase delays along the x and y axes are given by [94]: 
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where L is the fiber length, x ,y are the propagation constants along the x and y axes, and 
k is the free space propagation constant. The intensity-dependent relative delay between 
the x and y polarized modes alters the polarization state across the pulse propagating 
through the fiber and influences the losses that different parts of the pulse experience at 
the polarizer. The assembly comprising the polarizer, fiber, and high reflectivity mirror 
acts as a nonlinear mirror, whose reflectivity is given by [94]: 

cossincos2sincos 2244Rnl ,   (2.43) 

x – y. The nonlinear reflectivity can be written as:where  = 
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Fig. 2.14. Nonlinear polarization rotation in a fiber cavity. 
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The dependence of reflectivity on input intensity can be seen in Eq. (2.44). For certain 
values of the input intensity |A|

2, the third cosine of the rightmost term in Eq. (2.44) 
becomes 1, and the nonlinear reflectivity equals unity. The portions of the pulse fulfilling 
this condition are losslessly reflected by the nonlinear mirror. The effectiveness of the 
pulse shaping mechanism provided by nonlinear polarization rotation is given by dRnl/dI.

One obtains: 
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Pulse shaping efficiency depends on pulse intensity and on the polarizer angle .
A suggestive description of mode-locking with nonlinear polarization rotation is as 
follows: the polarizer launches linearly polarized light upon the birefringent fiber. 
Following one round trip through the fiber, the state of polarization across the pulse will 
be nonuniform owing to the intensity-dependent phase shift, as described by Eq. (2.42). 
Therefore, different parts of the pulse experience different losses at the polarizer. If the 
peak of a pulse propagating in the cavity is linearly polarized and aligned with the 
polarizer, it is transmitted with minimal losses. The wings of the pulse experience more 
losses and the pulse is shortened. The effect is similar to the pulse shortening effect in a 
fast saturable absorber. Nonlinear polarization rotation can be used in both Fabry-Perot 
fiber cavities (such as that described in Fig. 2.14) and in ring cavity configurations, as 
shown in Fig. 2.15.

Fig. 2.15. Nonlinear polarization rotation mode-locked ring cavity fiber laser. 
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In this configuration, the isolator also works as a polarizer, so that the pulses leaving it 
are linearly polarized. The polarization controller on the right changes the pulse 
polarization state to elliptical. Nonlinearity in the optical fiber causes the pulse 
polarization state to evolve owing to nonlinear phase shift (Eq. (2.42)).  The polarization 
controller before the isolator forces the central part of the pulse to be linearly polarized. 
The polarizing isolator acts as a pulse shaper. Nonlinear polarization rotation was used 
since the early 90s to mode-lock fiber lasers, markedly improving laser performance [94–
96]. In the following years, considerable effort has been put into understanding the 
nonlinear polarization rotation pulse shaping mechanism and the role of cavity dispersion 
in pulse formation and temporal duration [97]. Optimizing nonlinear polarization rotation 
mode-locked fiber lasers led to remarkable results such as 452 fs in Er loop fiber laser [98] 

24



or pulses as short as 42 fs in a Fabry-Perot cavity Nd-doped fiber laser [99]. As with all 
passively mode-locked lasers, the onset of mode-locked operation is problematic. 
However, once started, such lasers can operate without external control. Fiber lasers 
mode-locked by nonlinear polarization rotation may exhibit stability problems, 
particularly due to the long spans of fiber required to produce sufficient nonlinear phase 
shift (Eq. (2.42)). Moreover, temperature and mechanical stress variations can lead to 
fluctuating birefringence, resulting in additional instabilities in the operation of the laser. 
These deficiencies can be addressed by limiting the amount of fiber inside the laser cavity 
and employing fibers with built-in birefringence (polarization-maintaining fibers). In this 
way, the linear birefringence is not affected by environmental fluctuations. In an 
alternative approach, the use of a Faraday rotating mirror was suggested to compensate 
for the changes in the linear phase shift [100]. At each roundtrip, the linear phase shift is 
exactly compensated thus canceling out most environmental influences. The Faraday 
mirror also serves to reduce the walk-off caused by chromatic dispersion in high 
birefringence fibers. 

Semiconductor saturable absorbers
ode-locking elements whose transmission increases 

 the valence band 
to conduction band. At large signal levels, the valence band levels are depleted and the 

Saturable absorbers are a class of m
with incident optical intensity and exhibits saturation for high input levels. Saturable 
absorbers are particularly attractive to ultrafast laser science because their optimization 
can be performed independently of cavity design. This way, the mode-locker and laser 
cavity can be separately designed for best performance. The possibility of shortening 
intense optical pulses in a medium exhibiting saturable absorption was first recognized in 
1967 [101] and passively mode-locked lasers making use of this phenomenon were 
quickly developed. Being initially poisonous chemicals (dyes), absorbers were neither 
easy to handle nor cheap.  It was the mid 70’s that witnessed the birth of semiconductor 
saturable absorbers [102] as clean alternatives to dye absorbers. In 1991, semiconductor 
saturable absorbers were first used to mode-lock fiber lasers [103]. The semiconductor 
saturable absorber is probably the mode-locker of choice for fiber lasers. Nonlinear loop 
mirrors and nonlinear polarization rotation are unstable and sensitive to environmental 
changes, and mode-locking powered by such devices is difficult to start. Good as they 
were, fiber lasers yearned for a stable, fast mode-locking element which would enable 
simple cavity designs and reliable self-starting. Semiconductor saturable absorbers 
provided a viable solution to all these problems. 

Light absorption in semiconductors is due to excitation of carriers from

Fig. 2.16. Absorption recovery of a semiconductor saturable absorber (after [24]). 
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absorption saturates. One of the key parameters of a semiconductor saturable absorber 
used for mode-locking is its dynamic response. Figure 2.16 shows the temporal evolution 
of the absorption of a semiconductor saturable absorber following excitation with a very 
short optical pulse. Within 60–300 fs of the excitation, the carriers thermalize in either 
band and the absorption is partially recovered. On a longer time scale (ps to ns), the 
carriers are removed by recombination and trapping [104]. The presence of the two time-
scales (visible in Fig. 2.16) is actually beneficial to mode-locking. The longer time scale 
reduces the optical intensity that saturates the absorption and thus facilitates self-starting 
of the laser, whereas the shorter time scale assists in shaping of sub-picosecond pulses 
[105].
In practice, semiconductor saturable absorbers are implemented as large stacks of 
quantum well layers, grown by molecular beam epitaxy (MBE). Semiconductor saturable 

The substrate supports the bottom at acts as one of 
the laser cavity mirrors titutes the 

the MQW absorber region and thus 

Fig. 2.17. Typical SESAM structure.

Substrate

absorbers are routinely embedded into one of the laser cavity mirrors, leading to a simple 
and compact cavity design. Such devices are called semiconductor saturable absorber 
mirrors (SESAMs) [105]. SESAM structures are the main focus of this section, as they 
constitute the key element of the lasers used throughout the thesis. Several lasers 
employing semiconductor saturable absorbers used in transmission have been reported 
[106–107]. The structure of a typical semiconductor saturable absorber is shown in Fig. 
2.17.

 distributed Bragg reflector (DBR) th
. The multiple quantum well (MQW) structure cons

source of saturable absorption and is grown on top of the DBR. For the top layer, the 
designer is presented with a multitude of choices. One can use a second DBR for the top 
layer, thus encasing the MQW structure in a Fabry-Perot cavity or a dielectric anti-
reflection coating, leading to a broadband absorber.  
Absorbers having a top DBR are referred to as Fabry-Perot saturable absorbers (FPSA). 
The Fabry-Perot cavity controls the optical field in 
the fluence (incident energy per unit area) that leads to absorption saturation. The Fabry-
Perot cavity can be operated at resonance (R-FPSA) or antiresonance (A-FPSA). When 
operated at antiresonance (in the frequency span between two consecutive resonances of 
the Fabry-Perot cavity of the absorber) the FPSA exhibits broad operation bandwidth 
along with low insertion losses and group delay [108]. The optical intensity in the A-
FPSA is low, resulting in large saturation fluence (defined in Fig. 2.18) and high optical 
damage threshold. In addition, A-FPSAs are insensitive to temperature fluctuations and 
provide loose design tolerances. However, the low intensity of the optical field in the A-
FPSA causes little nonlinear reflectivity changes and thus a weak pulse shaping 
mechanism. By contrast, the optical field within an R-FPSA is more intense, leading to 
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large nonlinear modulation and low saturation fluence. Since R-FPSAs operate at a cavity 
resonance, their operation bandwidth is narrow and the insertion losses are relatively high. 
Such features make R-FPSAs usable only in fiber lasers, where optical gain is large 
enough to tolerate the relatively large insertion losses. R-FPSAs can be designed to 
exhibit significant chromatic dispersion and thus play an important role in the steady-
state pulse characteristics [109]. Moreover, the low saturation fluence and large nonlinear 
modulation contribute to easy self-starting of the mode-locking operation [110].
An anti-reflection dielectric coating can be used as an alternative top layer. Albeit larger 
insertion losses, this absorber structure has a wide operation bandwidth; its parameters 
can be controlled by changing the diameter of the incident laser beam [105]. 
The reflectivity of a SESAM can be expressed as a function of incident signal fluence 
[111]:

sat

sat

ns

F
F

F
F

RRR

exp1
1 .     (2.46) 

Rns is the nonsaturable reflectivity, R is the nonlinear reflectivity modulation, Fsat is the 
saturation fluence, and F is the incident signal fluence. In Fig. 2.18, the SESAM 

ulse 
shaping in SESA  the Figure. The 

Fig. 2.18. Fluence-dependent reflectivity of a SESAM. 

reflectivity is plotted against incident fluence.

The SESAM reflectivity increases with incident fluence; this feature enables p
Ms. Two important reflectivity levels are outlined on

first is the minimum reflectivity (Rlinear) which corresponds to the low-intensity (or linear) 
reflectivity of the SESAM at the operating wavelength. The second is the highest 
reflectivity point (Rns), corresponding to the fully saturated absorber. The difference 
between this point and 100% is generally referred to as nonsaturable losses of the 
absorber. They are equivalent to the insertion losses of any optical device and are not 
affected by the incident light. Nonsaturable losses are an unwanted feature and their 
reduction is targeted by “smart” structure designs [105]. Between Rlinear and Rns, the 
SESAM reflectivity is fully controllable by the incident signal. The maximum change in 
reflectivity is termed nonlinear reflectivity modulation or simply modulation depth ( R).
The modulation depth value influences the laser performance. The saturation fluence is 
another important parameter of a SESAM. It gives the fluence of a pulse that raises the 
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absorber reflectivity to 1/e of its fully saturated value. In practical lasers, absorbers are 
operated several times over this value to ensure strong saturation. Strong absorber 
saturation is shown to reduce pulse instability and assist short pulse creation even in the 
presence of slow recovering absorbers [117]. 
Absorption recovery in the semiconductor saturable absorber is caused by recombination 
of the free carriers generated during light absorption. Based on the how the absorption 

roduced by mode-

The fiber ca  a linear (short) 
fiber loop mi as a broadband output 

Fig. 2.19. Typical setup of a fiber laser mode-locked by SESAM. 

recovery time compares to the pulsewidth of the laser, absorbers can be fast or slow. The 
absorption recovery time of fast saturable absorbers is much shorter than the width of the 
pulse circulating in the laser cavity. In the absence of additional pulse shaping 
phenomena (such as soliton effects), the short net gain window opened by fast saturable 
absorbers determines the width of the mode-locked pulses [112–113]. SESAMs are 
inherently slow and decreasing their recovery time is accomplished by providing carrier 
recombination centers [114] or by applying a sweep-out electrical field [115]. Lasers 
embedding fast saturable absorbers exhibit difficult starting of mode-locked operation 
owing to poor shaping of the long pulses present during laser startup.
In slow saturable absorbers, absorption recovery occurs on a time scale that is 
comparable to or longer than the pulsewidth of the laser. The pulses p
locked fiber lasers with slow saturable absorbers exhibit a trailing wing owing to the 
slowly recovering absorption. However, due to strong saturation of slow saturable 
absorbers even in the presence of long pulses, the mode-locking startup is facile [112]. It 
becomes clear that a good pulse quality, self-starting laser imposes contradicting 
requirements on the absorber. There exist several ways to overcome this limitation. For 
instance, soliton pulse shaping in a fiber cavity exhibiting negative average dispersion 
has been shown to generate pulses much shorter than the recovery time of the slow 
absorber used for mode-locking [116–117]. Pulsewidths of 13 fs were obtained from a 
laser mode-locked by a SESAM whose shortest recovery time was 60 fs (by carrier 
thermalization). In another approach, a dual-SESAM fiber laser having a slow and a fast 
absorber at either end of the cavity was suggested [118]. Placed at the end of properly 
designed dispersive segments of fiber, the SESAMS were simultaneously used for self-
starting (slow SESAM) and pulse shaping (fast SESAM), respectively. The laser pulses 
were externally compressed to 135 fs. 
The typical layout of a linear-cavity fiber laser mode-locked by a SESAM is presented in 
Fig. 2.19.

vity is delimited by the SESAM mirror at one end and by
rror at the other. The fiber loop mirror acts also 

coupler. An optical isolator is placed at the laser output to protect the laser from external 
reflections that may disturb the mode-locked operation. The laser is typically pumped by 
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a pigtailed semiconductor laser diode, selected according to the doped fiber absorption 
band. The pump power is coupled into the laser cavity by a fiber wavelength-division 
multiplexer (WDM), fusion-spliced to the gain fiber. For laboratory experiments, a lens 
system is employed to couple light to the SESAM structure. For applications requiring a 
more compact approach, the SESAM can be butt-coupled to the fiber cavity. In some 
spectral ranges of fiber lasers (1060 nm, for example), optical fibers exhibit large positive 
dispersion. The short pulse operation of fiber lasers is hindered by this dispersion regime. 
To overcome this problem, chromatic dispersion compensation modules are placed inside 
the laser cavity. These modules offset the average cavity dispersion to negative values, 
which enables soliton creation and thus short pulse operation of the laser. The quest for 
low loss, small-sized, all-fiber dispersion compensation modules that provide negative 
dispersion with minimal disturbance in laser operation and seamless integration with 
laser cavity is ongoing. A novel dispersion compensation module is reported in this thesis 
[P2].
SESAM technology has proven very beneficial to fiber lasers. High performance fiber 
lasers using SESAM structures for mode-locking have been reported in nearly every 

lasers

optical pulses with wide wavelength tuning 
f rare-earth doped fibers and the emerging 

er pulses is increasing the optical power 
arent simplicity, this method faces 

oidable consequence of energy quantization in the 

wavelength range covered by doped fibers. Careful cavity optimization has led to fiber 
lasers with simple cavity layout producing pulses as short as 180 fs at 1550 nm, a range 
of particular interest to optical telecommunications [119]. At 1060 nm (a spectral range 
particularly useful to life sciences), a linear cavity mode-locked fiber laser that could be 
tuned over 50 nm has been reported [120]. The broad wavelength tuning range with little 
penalty on the pulse quality and output power of the laser, stands proof to the powerful 
combination between SESAM technology and the broad gain spectrum of doped fibers. 
The novel wavelength region of 2000 nm, recently made available to fiber lasers by the 
advent of Tm-doped fibers, received its first ultrafast member in 1996 [121]. Producing 
190 fs pulses at 1900 nm, the reported SESAM mode-locked fiber laser opens up new 
possibilities in this spectral region. 

2.3.3 Power scaling in fiber 

Mode-locked fiber lasers deliver high quality 
capabilities, benefiting from the large gain o
SESAM technology. Many applications, however, require high optical power as added 
value to the existing fiber laser qualities. This section is devoted to discussing the means 
of producing high power ultrashort pulses using mode-locked fiber lasers. 

2.3.3.1 High intracavity power lasers 

A straightforward way of obtaining high pow
circulating in the mode-locked laser cavity. Past its app
some challenging technical problems. 
In the 1550 nm wavelength range, the intracavity power is limited by the onset of pulse 
breakup [122]. Such effects are an unav
soliton pulses produced by mode-locked lasers in this wavelength range. Several ways to 
overcome this problem have been suggested. A linear lossy element (as opposed to the 
nonlinear saturable absorber) has been used to limit the pulse energy, and thus prevent 
pulse breakup [122]. Using SESAM technology, 2.3 nJ, 5.5 ps pulses have been achieved 
in a simple mode-locked Er-fiber laser. Over-saturating the SESAM has been shown to 
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be an important action towards preventing pulse instabilities [116] and adjusting the spot 
size of the laser beam on the absorber proved beneficial for high energy pulse generation 
[118]. An alternative approach to preventing pulse breakup is employing a positive-
dispersion fiber-cavity. In this dispersion regime, pulses are non-solitonic and exhibit 
frequency chirp dictated by the cavity dispersion value. Increasing the energy of such 
pulses does not lead to pulse breakup. Moreover, the peak power of a pulse propagating 
in positive dispersion regime is lower than that of a soliton with equal energy, resulting in 
less spectral distortion by SPM effects. An Er-doped fiber laser passively mode-locked 
by a nonlinear loop mirror (NOLM) and exhibiting positive cavity dispersion has been 
used to generate 1 nJ, 100 fs pulses at 1550 nm [123]. Even though the pulse breakup 
problem has been alleviated by positive-dispersion laser-cavities, nonlinear effects still 
play a role in limiting the attainable pulse energy. In particular, SPM causes the spectrum 
of intense laser pulses to broaden and thus become unsuitable for spectrum-sensitive 
applications such as frequency conversion in nonlinear crystals. A novel type of doped 
optical fibers, called large mode-area (LMA) fibers alleviates the problem of nonlinearity 
in the laser cavity. Using a special refractive index profile, the core size (and implicitly 
the mode field area) of the fiber can be increased up to 30 µm [124], while preserving the 
output close to diffraction-limited. The special index-profile increases the bending losses 
of the higher order modes of the fiber and thus promotes the fundamental mode. Large-
core fibers can host more rare-earth ions than standard fibers and thus higher gain per 
unit length of fiber is achievable [124]. In one experiment, a 20 µm core LMA Er-doped 
mode-locked fiber laser delivered 20 nJ pulses at 1550 nm [125]. High power fiber lasers 
also benefit from increased power pump modules. The output power of currently 
available single-mode pigtailed pump modules is limited to about 1 W. Cladding 
pumping techniques allow for multimode pump modules to be used while the single-
mode operation of the laser is retained [126]. Special fibers (called double-clad fibers due 
to their special structure featuring two claddings – a signal cladding a pump cladding) are 
used in cladding-pumped systems. High cladding-pumping efficiency can be achieved by 
side-pumping, where light from the pump laser chip is coupled by means of a microlens 
to a groove etched in the fiber cladding [127]. Such a scheme has been used in a fiber 
laser mode-locked by a SESAM to obtain 1.2 nJ, 130 fs pulses at 1550 nm [128]. 
At 1060 nm (the operation wavelength of Yb-doped fiber lasers), single mode optical 
fibers exhibit positive dispersion. Therefore, pulse breakup does not constitute a power 
limiting issue. The average dispersion of the laser cavity can be easily tuned by 
employing dispersion compensation modules. However, SPM effects and available pump 
power continue to raise difficulties in the path of high power Yb fiber lasers. These 
limitations can be overcome by tuning the chromatic dispersion of the laser cavity and 
employing multimode pumping modules in suitable arrangements. Careful dispersion 
management combined with the high saturation value of the gain in Yb-doped fibers 
allows for very efficient systems, such as the one reported in [129], where 6 nJ, 50 fs 
pulses were obtained from an Yb-doped fiber laser mode-locked by nonlinear 
polarization rotation techniques. The amount of available pump power can be increased 
by employing cladding-pumping schemes. Using a custom-designed SESAM, an all-fiber 
cladding-pumped mode-locked Yb fiber laser has been demonstrated [SP1]. Operating in 
positive dispersion regime, the laser produced 63 nJ, 2.5 ps-long pulses. The pulses were 
externally compressed by a hollow-core photonic-bandgap fiber to 160 fs. Recently, a 
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novel type of LMA fiber based on photonic-crystal technology has been demonstrated 
[130–131]. Nearly transform-limited 100 fs, 7.4-nJ pulses with 54-kW peak power at 
1550 nm were achieved from an Er-doped amplifier without employing chirped-pulse 
amplification techniques. 

2.3.3.2 High power amplifiers

e not the ultimate high-power tools. Their output 
nset of optical damage of the SESAM and cavity 

Pulse
energy 

Pulse
width 

Wavelength
(nm) 

Ref.

High intracavity-power fiber lasers ar
power is eventually limited by the o
elements. Moreover, increasing the intracavity power is often done at the expense of 
pulse quality. An alternative approach to obtaining highly energetic pulses from fiber 
systems is the use of oscillator-amplifier schemes, generally known as master-oscillator 
power-amplifier (MOPA) systems. In this approach, the oscillator produces low power 
pulses that are further amplified by an optical amplifier. The major advantage of such an 
approach is that the optimization of laser and amplifier systems can be carried out 
independently. Naturally, the fibers and technologies developed for intracavity power 
augmentation were also used for high-power amplifiers. Table 2.2 lists some of the 
achievements in the field.  

Table 2.2. Milestones of high power ultrashort pulse technology. 

Power
mode 

Technology 

(nJ) (ps) 

SESAM d fiber , core-pumpe 2.3 5.5 1550 [122] 

Positive dispersion cavity [123] 1 0.1 1550 

Intracavity LMA fiber 20 20 1550 [125] 

Si r 1de-pumped double clad fibe .2 0.13 1550 [128] 

Large 
intracavity

Dispe  laser 0  rsion-managed Yb fiber 6 .05 1064 [129] 
power 

SESAM, double-clad fiber 63 2.5 1064 [130] 

Double clad fiber amplifier 6  40 10 1064 [135] 

Ph rotonic crystal LMA amplifie 600 10 1064 [136] 
Power

amplifier 
Chirped pulse amplification 1000 0.4 1064 [133] 

A solid limit for optical power in amplifier system posed by fiber nonlinearities. 
onlinear effects in fiber amplifiers lead to spectral broadening of the amplified pulses. 

s is im
N
A special technique to alleviate such issues relies on modifying the temporal shape of 
optical pulses produced by the master oscillator by using optical elements with 
appropriate chromatic dispersion. The technique is called chirped-pulse amplification 

(CPA) in reference to its modus operandi [71]. The master oscillator pulse is initially 
stretched, typically several times over its transform-limited value. The resulting long 
optical pulse is amplified in the power amplifier. Given the long time span, the pulse 
accumulates energy without triggering nonlinear effects in the amplifier fiber owing to its 
low peak power value. After passing through the amplifier, the pulse is recompressed 
using a low nonlinearity pulse compressor with chromatic dispersion parameters opposite 
to those of the stretcher. Special attention must be paid so that the amplifier does not 
impose nonlinear chirp on the pulse, as nonlinear chirp cannot be removed by the pulse 
compressor. Using CPA techniques, 1 µJ pulses with peak powers in excess of 2 TW 
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have been reported in an Yb-doped fiber amplifier operating at 1060 nm [133]. The pulse 
stretchers and compressors used in CPA systems were traditionally pairs of diffraction 
gratings. Presently, the maturing photonic crystal technology allows for low nonlinearity, 
all-fiber pulse compressors [134]. 
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3 Towards optimized all-fiber mode-locked lasers with 
broad wavelength selection 

This chapter is concerned with the development of mode-locked lasers in all-fiber format 
suitable for short wavelength generation by frequency conversion. Aside brief literature 
reviews and theoretical considerations, the chapter consists of original work performed 
by the author and his collaborators. The work described aims at optimizing the fiber laser 
(regarded as a system) in terms of operation wavelength, pulsewidth, repetition rate 
controllability, and cavity setup in order to meet the requirements of nonlinear frequency 
conversion. Output power optimization is addressed in Chapter 4, as part of the frequency 
conversion process using nonlinear crystals. 

3.1 Short wavelength mode-locked Nd-doped fiber laser 

While the 980 nm to 1100 nm and the 1500 nm to 1600 nm spectral regions are well 
covered by mode-locked lasers, several applications requiring ultrashort pulses around 
900 nm have difficulties in finding a suitable laser source. Intense laser radiation at 900 
nm is particularly interesting as a starting point for blue light generation by frequency 
doubling. Powerful, compact blue-light sources are key tools for high density optical 
storage [137], LIDAR, and the emerging (red-green-blue) RGB laser displays. To date, 
blue light generation by frequency doubling has been performed using CW 
semiconductor laser diodes [138] or Q-switched lasers [139] delivering ns-long pulses. A 
source of ultrashort pulses in the blue range would be beneficial for applications 
requiring good temporal resolution and high peak power. A mode-locked laser is 
probably the ideal source of ultrashort pulses for frequency doubling. The well-
established SESAM technology applied to mode-locked lasers allows for background-
free, high-quality pulses and promises high conversion efficiency along with high quality 
of the frequency-converted output. Of the available laser gain media, Nd is the most 
eligible candidate for lasing around 900 nm. However, building a Nd-based laser for 
operation at 900 nm is not straightforward. As shown in Fig. 2.1, Nd exhibits two gain 
regions in close proximity, one centered at 900 nm and the other at 1060 nm. The 900-nm 
transition of Nd constitutes a 3-level laser system [64], whereas the 1060-nm band 
exhibits a 4-level behavior. This poses a great challenge to the laser designer, as the 
1060-nm transition is more pump-efficient, exhibits no signal reabsorption, and thus has a 
low lasing threshold. In contrast, owing to the significant ground level population at room 
temperature, the 900-nm signal is reabsorbed and therefore the 900 nm transition requires 
a large amount of pump power to develop enough optical gain and sustain laser 
operation. An Nd-based laser system would naturally oscillate at 1060 nm, inhibiting the 
900-nm emission. Operating such a laser around 900 nm requires special measures to 
prevent lasing at 1060 nm and provide enough pump power for the 900-nm transition to 
work. Nd-doped fibers are an excellent environment for such designs, as the good overlap 
between pump and signal modes and the long interaction length make it possible to 
extract enough gain even from a 3-level system. In addition, spectrally-selective fiber-
couplers (WDMs) can be readily added to the cavity, enabling efficient filtering of the Nd 
gain spectrum and consequently precise selection of the lasing wavelength. Mode-locked 
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Nd-doped fiber lasers can overcome the problems associated with ultrashort pulse 
operation at 900 nm and thus constitute good candidates for practical and compact 
sources of ultrashort pulses in the blue range. 
To investigate the mode-locking performance of Nd fiber lasers, a linear cavity laser has 
been assembled as shown in Fig. 3.1 [P1].

Fig. 3.1. Cavity layout of the Nd-based mode-locked fiber laser. 
Mode-locking was initiated and sustained by a SESAM. 

100 mW 
 808 nm 

Nd-doped 
fiber

Output 

SESAM

808/900 nm 
WDM 

Grating pair
1200 /mm 

Polarization 
controller 

The laser cavity is similar to the typical fiber laser described in Fig. 2.19. The large 
positive dispersion of the fiber cavity is compensated by a pair of diffraction gratings 
inserted in the free-space section of the laser cavity. When properly aligned, the grating 
pair has a single-pass transmission of 75%. Besides providing dispersion compensation, 
the grating pair acts as a filter, enabling laser wavelength-tuning and filtering out the 
unwanted 1060-nm oscillation. In the proposed setup, the wavelength selective properties 
of both the WDM and the grating pair were sufficient to promote 900 nm lasing and 
suppress unwanted radiation at 1060 nm. The polarization controller compensates for 
stress birefringence in the fiber cavity. The output pulse duration exhibited a fair 
dependence on the polarization controller setting, which indicates that nonlinear 
polarization rotation played a role in pulse shaping. In the absence of a suitable isolator at 
900 nm, an angle polished connector was used at the output of the laser to prevent 
deleterious back-reflections. The Nd-doped fiber is pumped by a single-mode pigtailed 
laser diode delivering 100 mW at 808 nm. The available pump power is the main limiting 
factor of the laser power output. 

Special attention was paid to the manufacturing of the fused fiber WDM used as 
pump/signal combiner. The targeted operation wavelength of the laser (900 nm) is 
situated close to the cutoff of the LP11 mode of the optical fiber. Therefore, the fiber 

34

Fig. 3.2. (a) Output spectrum and (b) autocorrelation trace of the mode-locked Nd-doped fiber laser. 
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fusing and tapering process in involved in coupler manufacturing have to be smooth and 
gradual to avoid microbends which would excite higher order modes [140]. For that 
purpose, a ceramic microheater with a uniform temperature distribution [141] was 
employed in a computer-controlled fiber drawing rig. The SESAM mirror was grown by 
MBE and its structure closely resembles the one shown in Fig. 2.17. A detailed 
description of the SESAM structure is given in [P1]. Upon proper optical alignment, the 
laser mode-locking is self-started and a stable train of pulses is produced. The optical 
spectrum and autocorrelation trace of the pulse (extracted from the laser through an 18 
cm-long pigtail) are given in Fig. 3.2. The slight asymmetry of the autocorrelation trace is 
an artifact of the measuring instrument. 

Fig. 3.3. (a) Pulse train and (b) RF spectrum of the mode-locked Nd fiber laser. 

(b)(a)

The average output power of the laser was 1 mW, yielding no nonlinear spectral 
broadening of the pulse in the output pigtail. Based on the laser spectral width and the 
estimated fiber dispersion (30 ps2/km), the pulsewidth at the output of the laser (before 
the pigtail) was inferred to be 360 fs, corresponding to a time-bandwidth product of 0.32. 
The pulse is thus nearly transform-limited, assuming a sech shape (Table 2.1). Figure 
3.3(a) shows the train of mode-locked laser pulses obtained with a high-bandwidth 
analog oscilloscope. To ascertain the repetition rate stability, the RF spectrum of the 
pulse train detected by a 1 GHz photodiode was measured with a resolution of 10 Hz. 
The clean, sharp RF peak at the repetition rate of the laser (shown in Fig. 3.3(b)) 
confirms the low interpulse jitter. 
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Fig. 3.4. Sequential spectra of the tunable mode-locked Nd fiber laser. 
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By tilting the diffraction gratings, the laser was continuously tuned from 894 nm to 909 
nm while preserving the clean mode-locked operation and the spectral width, as shown in 
Fig. 3.4. 
By increasing the available pump power, Nd-doped fiber lasers could challenge the 
Ti:Sapphire technology in this wavelength range. 

3.2 Dispersion compensation in all-fiber format 

Owing to the large peak power of the pulses circulating in a mode-locked laser cavity, 
self-phase modulation (SPM) effects play an important role in laser operation. Above a 
certain threshold, SPM effects become deleterious and lead to pulse broadening and 
temporal instability [117]. In the particular case of sub-picosecond pulses, SPM effects 
influence pulse parameters even at low intracavity powers. This constitutes a serious 
limitation for the output power of mode-locked lasers. Operating the lasers in a long 

 pulsewidth is the result of an interplay 
e it was believed that 

active for compact lasers intended for 

pulse regime alleviates the problem; however such long pulses need to be compressed 
externally, which adds more optical elements to the setup thus increasing the complexity 
of the cavity. It has been shown that, in combination with the proper amount of chromatic 
dispersion, SPM effects in a laser cavity can be tamed and even used to generate shorter 
pulses. This particular regime is called soliton mode-locking and is associated with high 
quality optical pulses. In soliton mode-locking, the
between pulse peak power and cavity dispersion. For a long tim
short mode-lock pulses can only be achieved by using fast saturable absorbers (such as 
nonlinear polarization rotation [97]) or a complex interplay of slow saturable absorber 
and gain saturation (as in the case of dye lasers [142]). Soliton mode-locking proved the 
contrary, as pulses much shorter than the response time of the saturable absorber can be 
generated in this regime [77]. In SESAM mode-locking, soliton pulse stabilization by 
slow semiconductor saturable absorbers was used to generate 300 fs-long pulses using a 
10 ps absorption recovery time SESAM [143, 144]. Soliton pulse mode-locking is 
especially attractive for mode-locked fiber lasers, in which dispersion and nonlinearity 
are evenly distributed throughout the fiber cavity. 
Fiber lasers operating in the 1310 nm region and beyond are by nature soliton lasers, 
since standard single-mode fibers exhibit negative dispersion in this spectral range. 
However, the situation is more complicated for Yb-based fiber lasers operating around 
1060 nm. In this spectral range, optical fibers exhibit significant positive dispersion and 
soliton pulses are not directly supported. As discussed in Chapter 2, the problem is solved 
by adding a dispersion compensating module to the cavity. The module should have 
enough negative dispersion to compensate for the entire fiber section of the cavity. 
Traditionally, dispersion compensation is achieved by a pair of fused-silica prisms [145] 
or diffraction gratings [146, 147]. Obtaining enough negative chromatic dispersion to 
compensate a typical fiber laser cavity requires the fused silica prisms to be placed 
several meters apart, which makes the use of prism pairs impractical. Grating pairs offer 
much larger negative dispersion for a small separation distance and are commonly used 
in laboratory versions of fiber lasers. However, grating pairs are polarization dependent 
and difficult to align, which makes them less attr
maintenance-free operation. Moreover, both gratings and prisms are bulky optical 
elements and consequently incompatible with compact all-fiber lasers. Recently, the use 
of Gires-Tournois interferometers (GTIs) as intracavity dispersion compensators has been 
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suggested [148]. GTIs are also bulk optical devices and have a narrow operating 
bandwidth given by the resonance of the structure. However, easy integration with 
SESAM mirrors [149] makes GTIs attractive for fiber laser technology. In another 
approach, the extraordinary properties of photonic-bandgap fibers can be trimmed to 
obtain large negative dispersion at virtually any wavelength. Recent work [150] 
demonstrated intracavity dispersion compensation using photonic bandgap fiber in an all-
fiber Yb-doped mode-locked laser. The inherently difficult fusion splicing between 
photonic crystal and single-mode fibers slows down the pace at which photonic crystal-
based dispersion compensators enter the ultrafast laser field. Dispersion compensation, 
particularly in all-fiber format, continues to be of great interest to the field of mode-
locked fiber lasers. The quest to find the ultimate dispersion compensation method is not, 
by far, over. 
To overcome many of the issues associated with traditional dispersion compensation 
devices, a novel technique –based on single mode fiber tapers– has been proposed [P2].
Fiber tapers provide enough negative dispersion to compensate a short cavity fiber laser 
and can be losslessly integrated in the cavity by fusion splicing. Being made of standard 
single mode fiber, the insertion of a fiber taper in the cavity does not cause any 
disturbance to laser operation (back-reflections or higher order mode excitation). A fiber 
taper, whose fabrication and characterization are presented below, was successfully used 
to compensate dispersion in a mode-locked fiber laser, resulting in a simple all-fiber 
cavity supporting soliton pulses. 

3.2.1 Fabrication and characterization of fiber tapers 

A biconical fiber taper is manufactured by heating a short piece of optical fiber to the 
melting point and stretching it by pulling its ends in opposite directions. The resulting 
structure is a cylindrical waveguide with a smoothly decreasing diameter from that of the 

the thin taper waist confines the optical 
field in an area much smaller than the original fiber core. The abrupt and large refractive 
index change of the waveguide creates a large amount of negative chromatic dispersion, 
whereas the large light intensity in the thin taper gives rise to strong nonlinear effects. 

original fiber to the very thin region in the middle of the heated zone, as shown in Fig. 
3.5. The length of the waist (thinnest portion of the taper) is roughly dictated by the 
extent of the heated zone. 

heated
zone

sition transitiontaper 
wais

tran
t

taper length 

The key to the special properties of the fiber taper lies in the gradual change of the light 
guiding conditions within the transitions and the strong optical field confinement of the 
waist. Owing to the decreasing fiber diameter, the optical field detaches from the fiber 
core and spreads to the cladding boundaries, eventually being guided by the glass-to-air 
interface. The very strong guiding interface of 

Fig. 3.5. Profile of a biconical fiber taper. 
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The region of interest in a fiber taper is the waist where the interesting dispers
nonlinearity properties arise. Therefore, during taper manufacturing, one seeks to 

ize the length of the taper waist and minimize the transitions. 
The taper used in the experiments was manufactured using a “flame brush” technique 
[151]. A hydrogen-oxygen burner producing a small tip flame is swept across the fiber at 
a speed of a few millimeters per second, whereas the fiber ends are pulled apart at s

eters per second. The heated zone is defined by the extent of the flam
ure allows for accurate control of the heating and eliminates the need for an 

lly wide heater. To minimize the length of the taper transitions
ize the taper waist, a double stage fiber pulling fabrication method was em

ion and 

maxim

everal
microm e sweep. 
This proced
impractica  and thus 
maxim ployed.
Initially, the fiber was tapered using a constant heated zone until the waist diameter 
reached about 10 µm. During this pulling stage, the fiber diameter varies as [151]: 

L

x
dd

2
exp01 ,       (3.1) 

where d0 is the untapered fiber diameter, x is the taper extension (or pulling distance) and 
L is the heated zone length, identical to the flame sweep length. In the second stage, the 
heated zone length was increased at the same rate as fiber stretching [151]. This process 
results in extremely short taper transitions, as the amount of glass in the heated zone stays 
constant. For this pulling procedure, the reduction in taper waist diameter after n passes 
of the torch is [152]: 

uv

uv

d

d

n

n

21

211 ,       (3.2) 

where u is the velocity of the torch scan, and v is the fiber stretching speed. Tight control 
over the manufacturing parameters results in tapers with long waists and short transitions. 
The 1.8-µm taper used in dispersion compensation experiments had a waist length of 13 
cm and only 7 cm-long transitions. Upon fabrication, the tapers are promptly packaged in 
stainless steel or aluminum tubes and sealed with silicon rubber at the ends. Within the 
package, the tapers are surrounded by air. Using Eqs. (3.1) and (3.2), a computer program 

 optimize the tapewas designed to r fabrication parameters. 

Fig. 3.6. Dual stage fiber taper design software. 

Stage pull length, mm 

Fiber diameter, um 
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The sole constraint on the taper is the length of the available packaging tube that dictates 
the taper length. The program determines the optimum switch point between the first and 
second pulling stages, ensuring that the taper waist length is maximized. The output of 

e program matches reasonably well with the data obtained during fabrication. Figure 
3.6 shows a screenshot of the software interface. The tapers are fabricated on a computer 
controlled rig featuring two high precision translation stages for fiber stretching and a 
long-travel stage for hydrogen burner positioning. The fiber pulling data for the two 
stages is entered separately into the system and taper transmission at the targeted 
operation wavelength is continuously monitored. Using this method, taper waists as thin 
as 0.9 µm with losses of only 0.13 dB/cm can be obtained. It should be mentioned that 
more sophisticated fabrication methods have resulted in remarkably thin tapers (down to 
0.28 µm) [152]. Such ultra-thin tapers, however, have little application in fiber lasers, 
owing to their large nonlinearity. 
The chromatic dispersion of the fiber taper waist is determined based on the propagation 
constants of different wavelength signals in the taper, calculated by solving the 
eigenvalue equation for waveguides with cylindrical symmetry [153]: 
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with

2
0

2
2

 untapered fiber as well as thin tapers. The propagation 

ant is known, the 
second order chromatic dispersion is readily obtainable by double differentiation in 

spect to the optical frequency  ( 2 = d
2

/d
2). Throughout the work, only the 

chromatic dispersion of the taper waist was calculated, thereby neglecting the chromatic 
sion of the taper transitions. This assumption is supported by the large amount of 
sion in the taper waist compared to the transitions and the relatively short 

transitions of the fabricated tapers. Despite the approximation, the results agreed well 
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,       (3.4) 

where k0=2 /  is the wave vector,  the propagation constant of the wave in the 
waveguide, a the diameter of the waveguide core, n1, n2 the refractive indices of the core 
and cladding, respectively. m is a constant limited to integer values and commonly 
referred to as mode order. Symbols J and K represent Bessel functions and the prime sign 
denotes derivation in respect to the argument. Equation 3.3 is valid for any refractive 
index step and works for standard
constant  of a signal at a wavelength  in a fiber defined by a, n1, and n2 was found by 
solving Eq. (3.3) numerically using a combination of bisection, secant, and inverse 
quadratic interpolation methods [155]. Once the propagation const

re

disper
disper

with the data gathered during experiments.  

3.2.2 Dispersion compensation using fiber tapers 

Benefiting from advanced simulation tools and technology, we investigated the 
fabrication of tapers suitable for intracavity dispersion compensation in mode-locked 
fiber lasers [P2]. For a range of tapers with different waist diameters, manufactured with 
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the method described in the previous section, the calculated chromatic dispersion and 
measured insertion losses at 1048 nm are shown in Fig. 3.7. 

diameter of 1.2 µm panied 
by increasin ections in the taper 

 the hydrogen 
burner. To avoid m y cavities, we settled for a 

promise between 
chroma  the 
fabricated taper m icroscope. The 
transmission spectrum

 a mode-
locked fiber laser in linear-cavity configuration has been assembled shown in Fig. 3.9. 

Fig. 3.7. Calculated chromatic dispersion and measured 
losses of tapers with a range of waist diameters at an 

operating wavelength of 1048 nm. 
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It can be seen that the largest negative dispersion is provided by the taper with a waist 
. However, decreasing the diameter of the taper waist is accom

g insertion losses of the taper, owing to the small imperf
waist and prolonged exposure of the optical fiber to the intense heat of

ode-locking problems associated with loss
taper with a waist diameter of 1.8 µm which constitutes a good com

tic dispersion value and insertion losses. Fig. 3.8(a) shows the profile of
easured with a high magnification (100X) optical m

 of the taper obtained from a broadband white light source is 
shown in Fig. 3.8(b), along with the measured chromatic dispersion of the taper. 

To evaluate the dispersion compensation performance of the manufactured taper,

Fig. 3.8. (a) Measured profile of the taper used for dispersion compensation and (b) transmission 
spectrum and chromatic dispersion of the same taper. 
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taper 

Yb-doped 
fiber

70% reflectivity 
loop mirror 

The laser is essentially similar to the one described in Fig. 2.19. The taper was inserted 
and removed from the fiber section of the cavity without disturbing the optical alignment
of the SESAM mirror. Upon taper insertion, the only change experienced by the laser 

on
comp
exhibiting the f n in a positive 
dispersion regim
laser cavity in the of the taper is large 

operates in soliton pulse regim  evident in Fig. 

dispersion com  The small effective 
reduction of tion is caused by the large 
positive disp  pigtails) that imposes a 
large chirp on the pulse.

cavity was the average cavity dispersion switching from positive to negative. The 
experiment was carried out in two distinct phases to emphasize the influence of the taper 
on the laser operation. The laser was initially mode-locked without dispersi

ensation. As expected, the laser produced long pulses with an optical spectrum
lat-top shape characteristic to mode-locked operatio
e and shown in Fig. 3.10(a). The taper was subsequently inserted in the 

position shown in Fig. 3.9. The negative dispersion 
enough to offset the average cavity dispersion to negative values and the laser now 

e, as confirmed by the spectral side-bands,
3.10(b). Autocorrelation traces of the pulses produced by the laser without and with 

pensation are shown as insets in the spectra plots.
 the output pulsewidth in soliton regime opera
ersion of the output fiber (loop mirror and isolator

The large nonlinear coefficient of the fiber taper was not found to have any deleterious 
effects on the laser operation. The intracavity power (~ 6 mW) was low enough not to 
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Fig. 3.10. Optical spectrum and autocorrelation traces of the mode-locked laser without (a) and with (b) 
dispersion compensation. 
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Fig. 3.9. Cavity setup of the mode-locked fiber laser 
using a fiber taper as dispersion compensator. 
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trigger significant nonlinearities in the taper. Using much larger peak powers, the fiber 
taper can be turned into an efficient nonlinear medium, as discussed in Chapter 5. 
With improvements in reliability and packaging, single-mode fiber tapers may become a 
serious candidate for all-fiber dispersion compensation in short cavity ultrafast fiber 
lasers. 

3.3 Synchronization of mode-locked lasers by cross phase 
modulation in optical fibers 

Timing and synchronization of ultrashort pulse lasers are key operations in applications 
addressing time domain processes. A laser system delivering ultrashort pulses at a stable 
rate is a priceless tool that enables accurate control of the experiment time scale, such as 
optical sampling and on-board optical clocking. Unfortunately, the timing accuracy of 
free-running mode-locked lasers is adversely affected by environmental changes 
(temperature fluctuations, cavity drift, mechanical vibrations, pump power variations), 
and intrinsic noise sources (variations of the lasing wavelength, amplified spontaneous 
emission). Laser timing can be done by locking the laser repetition rate to an external, 
accurate clock source (usually electronic). Timing of mode-locked lasers is traditionally 
achieved by active mode-locking methods, such as control of the laser cavity length 
[155], phase modulation in optical fibers [156], or gain modulation in semiconductor
lasers [157]. Less progress has been recorded in timing passively mode-locked lasers,
owing to the lack of a suitable control mechanism in such lasers. Cavity length 
adjustment with electronic feed-back has been used for synchronization of a passively 

Sever eriments and sum frequency generation by 

tion [164], and Kerr interaction [165]. 

mode-locked laser to an external clock, with inherent speed and flexibility problems 
[158].

al applications such as pump-probe exp
nonlinear interaction require direct temporal synchronization of two passively mode-

locked lasers. Temporal synchronization of two passively mode-locked oscillators has 
been implemented using active control of the cavity length driven by the drift of the 
lasers’ repetition rates. The error signal is supplied by balanced frequency mixers [159], 
balanced cross-correlators [160], or phase locked loops (PLLs) [161]. Albeit notable 
performance, these methods suffer from low tracking bandwidth (the maximum drift in 
the repetition rate of the laser that the system is still able to synchronize) and high 
complexity.  
A special class of synchronized passively mode-locked lasers is constituted by two-color 

sources. A two color laser produces two synchronized trains of pulses at two different 
wavelengths, being a useful tool for pump-probe experiments and spectroscopy. 
Temporal synchronization between the two pulse trains is essential for applications. Two 
color laser sources have been implemented in Ti:Sapphire technology, providing stability 
and relatively broad wavelength tunability. Synchronization of the pulse trains was 
accomplished by tuning the cavity dispersion [162], gain interaction [163], cross-phase 
modula
In terms of timing and synchronization, fiber lasers are a special case. The fiber 
embedded in the laser cavity constitutes a major source of noise to the laser repetition 
rate due to enhanced thermal interaction with the environment and stress-induced 
birefringence. In addition, cavity length control by mechanical means is not possible in 
all fiber systems owing to the lack of a freely-movable mirror. However, fiber lasers do 
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have a positive side. Nonlinear effects and stress-induced birefringence in optical fibers 
are readily available, providing efficient mechanisms for laser repetition rate control. By 
assembling two fiber lasers in close environmental contact, the inter-laser drift is 
eliminated and a simple synchronization system based on cavity length adjustment is 

chronization of mode-locked fiber lasers. 

possible [166]. Such lasers are said to be environmentally coupled. In another approach, 
two passively mode-locked fiber lasers were synchronized by employing a special cavity 
design, embedding an acousto-optical modulator and a diffraction grating [167]. Neither 
of these synchronization schemes is simple or easily implemented in all-fiber lasers. 
Cross-phase modulation (XPM) in optical fibers provides a powerful solution to altering 
the repetition rate of a mode-locked fiber laser and thus achieving temporal 
synchronization with a clock source. The following section reports on the use of XPM in 
optical fibers to achieve both timing and syn
Employing the strong phase modulation mechanism offered by XPM, we achieved robust 
synchronization between two mode-locked fiber lasers in a master-slave cavity 
configuration [P3], synchronized a mode-locked fiber laser to an external electronic clock 
[P4], and realized a two-color source emitting pulse trains at very dissimilar wavelengths 
[P5]. The demonstrated systems are suitable for all-fiber integration. 

3.3.1 Theoretical considerations 

This section provides a brief theoretical account on how XPM can cause two ultrashort 
pulse sources to interact. In all that follows we shall consider two short (200 fs – 10 ps) 
pulses having different wavelengths and co-propagating in a single mode optical fiber. 
The refractive index experienced by one of the propagating pulses can be expressed as 
[214]:

2,1,2
2

3

2

200 jEEnnnnn jjj ,    (3.5) 

where n0 is the linear refractive index, n2 is a nonlinear parameter and
2

jE is the power of 

the pulse j. Thus, the pulse propagates through a medium whose refractive index is 
altered by the pulse itself (SPM) and by the co-propagating pulse (XPM). Equation 3.5 
shows that applications requiring efficient XPM are relatively safe from the deleterious 
influence of SPM, since XPM is twice as efficient as SPM and thus dominates the 
nonlinear effects. 
The propagation of a light pulse in optical fiber can be mathematically described by 

ersion and optical nonlinearity on the pulse considering the influence of chromatic disp
shape and spectrum, in a propagation differential equation of the form [214]: 
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1 22
,     (3.6) 

where z and t are the distance along the fiber and time coordinates respectively, A is the 
slowly varying pulse envelope,  relates to fiber losses, and 1, 2 are the first and second 

 dispersion parameters. The nonlinear factoorder chromatic r  is defined as: 

effcA
02n

,        (3.7) 
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with 0 the carrier frequency and Aeff the effective mode area of the propagating pulse. 
An optical pulse is uniquely defined by its time-dependent complex envelope A. The 
pulse spectrum is related to its temporal shape by Fourier transformation. Following 
propagation through a known optical fiber (defined in terms of losses, chromatic 

d in a form 
compatible with the terms depicted in Eq. (3.6).  

f two co-propagating optical puls
modeled by modifying the nonlinear right-hand term of Eq. (3.6) to reflect the changes 

dispersion, and nonlinearity), the time and spectral shapes of an input optical pulse can be 
found by solving Eq. (3.6). Equation (3.6) is very flexible in that it allows the inclusion of 
multiple dispersion and nonlinear phenomena, as long as they are expresse

The behavior o es that interact through XPM can be 

that each pulse imposes on its pair. The result is a set of coupled equations of the form: 
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The subscripts 1 and 2 indicate which pulse the equation refers to. The interaction of the 
two pulses is expressed in the right-hand term of Eq. (3.8) in a manner similar to Eq. 
(3.5). For the particular case of fiber lasers, the losses  can be neglected due to the short 
cavity length and the set of equations 3.8 changes to: 
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The time T is measured in a reference frame traveling synchronously with one of the 
pulses. The parameter d quantifies the group velocity mismatch between the two 

fined as: 

propagating pulses. For a specified fiber, the evolution of the temporal and spectral 
shapes of two input pulses A1 and A2 can be investigated by solving the set of equations 
3.9. The solution consists of a pair of pulses whose characteristics are dictated by fiber 
propagation and inter-pulse interaction. In the context of co-propagating pulses, an 
important parameter, called walk-off length (LW), is de

d

T
LW

0 ,        (3.11) 

where T0 the width of one of the propagating pulses. LW represents the length of fiber 
over which the pulses overlap temporally, therefore interacting by XPM. The walk-off 

nd the way it compares to the length of the propagation fiber play a seminal role 
in the performance of XPM systems and dictate the relative importance of SPM and XPM 
in practical systems. 

length a
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The set of equations 3.9 can be solved analyt ar cases. A general 
solution, valid lse and und by using the split-step 

ically only in particul
for any pu  fiber parameters, can be fo

Fourier transform (SSFT) procedure [167]. A purposely-designed program has been 

lgorithm that reduces the 
large sized transformation in several sub transformations [169]. The improved speed 

time and spectral resolution. 

implemented in MATLAB to simulate pulse propagation under the conjugated influence 
of chromatic dispersion, SPM, and XPM. In accordance to the SSFT philosophy, the 
program separates the chromatic dispersion and nonlinearity of the optical fiber and their 
influence on pulse propagation is treated separately. Once the fiber parameters are 
defined, the program calculates the spectral and temporal shapes of the pulses 
propagating through it. Switching back and forth between the time and spectral domains 
is accomplished via an adaptive fast Fourier transform (FFT) a

allows for investigation of pulse propagation over long spans of fiber, with improved 

For a realistic evaluation of the XPM interaction effects in fiber lasers, the simulation 
program was fed a set of data consistent with the parameters of the laser systems used for 
experimental investigations. Picosecond-long pulses at 1060 and 1550 nm were co-
propagated in a typical single-mode fiber (4.4 µm core diameter and 0.45% refractive 
index step). For both pulses, the group velocity and second order dispersion were 
calculated from Eq. (3.3). The resulting values are shown in Table 3.1 along other with 
relevant input data. The SSFT was implemented taking into account second order 
dispersion, SPM and XPM, as in Eq. (3.9). 

Table 3.1. Input data for XPM interaction simulator. 

Pulse 1 Pulse 2 

Parameter name Symbol Value Value Unit 

Wavelength  1060 1550 nm 

Peak power Ppk 75 1000 W 

Pulse width (FWHM) 2 1 ps 

Group velocity vg 2.0513·10-7 2.0554·10-7 nm/ps 

Chromatic dispersion 2 25.26·10-12 2.57·10-12 ps2/nm 

Mode field diameter MFD 6.2 9.9 µm 

Nonlinear coefficient 4.31·10-3 1.15·10-3 W-1m-1

As simulation testbed, we used a 1.5 m-long span of single-mode optical fiber of the type 
described above. For the particular fiber and operating wavelengths used in the 
simulation, the d parameter value was 9.7 ps/m, which yields a walk off length of 0.2 m 
based on the duration of pulse 1. Notably in Table 3.1, the pulses have very dissimilar 
peak powers. This choice is enforced by the goal of the work, namely synchronization of 
a mode-locked laser to a powerful master source. The synchronized, “slave” laser is 
typically weak and its influe acteristics is irrelevant. The 
“master”/“slave” term ser synchronization 
setup is revealed. 

nce on the master pulse char
inology becomes fully transparent when the la
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Fig. 3.11. Temporal and spectral evolution of two pulses interacting through XPM.  
Case 1 – The fast pulse scans through the slow pulse (a, b, c), 

Case 2 – The two pulses coincide at the beginning of the fiber (d, e, f), 
Case 3 – The two pulses coincide at the end of the fiber (g, h, i). 
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Owing to dissimilar carrier frequencies, the pulses have different group velocities and 
thus propagate through the fiber at different speeds. This results in the faster pulse 
catching up with the slower and eventually overtaking it. From this perspective, the 
pulses are referred to as “fast” pulse and “slow” pulse. XPM interaction between the two 
optical pulses is analyzed in three distinct situations of great relevance to the laser 
synchronization experiments. Simulation parameters are identical in all three cases, the 
sole difference being the initial position of the fast pulse.
The first situation corresponds to the slow pulse being completely overtaken by the fast 
pulse, initially situated behind it. Figure 3.11(a) shows the evolution of the temporal 
pulses during propagation through the fiber. The corresponding optical spectrum of the 
slow pulse is shown in Fig. 3.11(b). Figure 3.11(c) reveals the shift of the slow pulse 
peak wavelength as a function of the temporal peak-to-peak separation between the fast 
and slow pulses. As the fast pulse catches up with the slow pulse, the optical spectrum of 
the slow pulse is shifted towards longer wavelengths; the opposite occurs as the fast pulse 
separates from the slow pulse. At the end of the interaction, the spectrum of the slow 
pulse is unchanged. 
A second situation occurs when the pulse peaks coincide at the beginning of the 
propagation. As the pulses propagate down the fiber, the fast pulse decouples from its 
slow pair. The evolution of spectral and temporal shapes of the pulses is presented in Fig. 
3.11(d–f). In this situation, the spectrum of the slow pulse is permanently shifted to 
shorter wavelengths. Owing to the low peak power of the slow pulse, no spectral 
distortion occurs when this pulse propagates alone in the fiber. 
The third case corresponds to the pulse peaks overlapping at the very end of the 
propagation fiber. The characteristics of this case are plotted in Fig. 3.11(g–i). As in the 
second case, the spectrum of the slow pulse is permanently shifted, this time to longer 
wavelengths. The phenomena depicted in Fig. 3.11 have been experimentally 
investigated in [169]. By introducing a variable delay between the fast and slow pulses, 
researchers were able to record strong blue shift, red shift, or no shift at all in the 
spectrum of the slow pulse, depending upon the overlapping point of the pulses.
Several aspects of practical importance should be noted. In the presented simulation, the 
faster pulse was also assumed to be the most powerful. All results are perfectly valid if 
the slow pulse is more powerful than the fast one. The weak pulse will now catch up with 
the powerful pulse and the spectral shift presented in Fig. 3.11 occurs in the opposite 
direction, affecting the fast pulse spectrum. The magnitude of the spectral shift, however, 
is the same if all other simulation parameters are unchanged. Also, the two pulses 
involved in XPM interaction were considered co-propagating. It has been shown 
experimentally that XPM interaction is possible even if the pulses are counter-
propagating. However, the interaction efficiency in such case is very low, owing to the 
short amount of time available for the pulses to interact. From a practical perspective, 
XPM interaction between counter-propagating pulses has little effect on laser 
synchronization.

3.3.2 Synchronization of mode-locked fiber lasers by cross-phase 
modulation 

A sim
“

plified optical setup used for laser synchronization is shown in Fig. 3.12. The 
aster” pulse is typically more powerful and faster than the “slave”. m
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Master pulses are seeded into the slave laser cavity by a dichroic fiber combiner, 
typically a fused fiber WDM. The XPM interaction fiber is part of the slave laser cavity 
and the selective reflector acts as one of the cavity mirrors. Upon arriving at the selective 
reflector, the master pulse is coupled out of the cavity while the slave pulse is back 
reflected and continues its trip through the laser cavity. XPM interaction takes place only 
in the shared span of fiber, whose length exceeds the walk-off length (LW) of the two 
pulses. For consistency with the simulation results, we assume that the master (more 
powerful) pulse has 

Fig. 3.12. Typical setup for mode-locked fiber laser synchronization. 

a larger group velocity and thus propagates faster through the XPM 

ion is not affected by this 

ion rate 

he slave pulse spectrum. If the repetition rates are too dissimilar, XPM 

perturb ceed the locking power of XPM. The chromatic dispersion of the 

he operation of the 

fiber, and that the slave laser cavity contains only one pulse. The repetition rates of the 
master and slave lasers are brought close to each other by separate means.  
At the beginning of the process, the two pulses propagate randomly through the XPM 
fiber until, due to asynchronism, the master pulse intersects the slave pulse. If the event 
occurs amidst the XPM fiber span, the spectrum of the slave pulse will be temporarily 
shifted, as described in Fig. 3.11, case 1. The slave laser operat
type of interaction. The slight dissimilarity in the repetition rates of the lasers forces the 
pulse intersection point to migrate through the XPM fiber until the pulses overlap at one 
of the XPM fiber ends (cases 2 or 3 in Fig. 3.11). The spectrum of the slave laser is 
shifted in a permanent manner. At this point, the average dispersion of the slave laser 
cavity comes into play, as it translates the wavelength shift experienced by the slave laser 
into a variation of the group velocity of the pulse, effectively changing the pulse 
roundtrip time and thus the slave laser repetition rate. If the change in repetit
brings the master and slave pulses closer together, the interaction proceeds until the slave 
laser spectrum is shifted enough to bring the repetition rates of the two lasers to equality. 
Conversely, if the mentioned wavelength shift causes the repetition rate of the slave laser 
to drift even further away from the master, random interaction will continue until the 
pulses meet at the opposite end of the fiber which will shift the slave laser wavelength in 
the right direction. In synchronized lasers, the master and slave pulses coincide either in 
the WDM combiner or at the selective reflector. The position of the overlapping pulses is 
dictated by whether the repetition rate of the slave laser was originally lower or higher 
than the master repetition rate. 
Qualitatively, locking between two mode-locked lasers is possible when the repetition 
rates of the lasers are close enough for the pulses to be brought together by a relatively 
small change in t
cannot produce enough amount of spectral shift to cause repetition rates to equalize. Once 
synchronized, the slave laser operates at the master repetition rate as long as external 

ations do not ex
slave laser cavity plays a seminal role in determining the locking bandwidth, as it relates 
spectral shift to group velocity change. As long as it does not hinder t
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slave laser,

XPM.
 in a series of 

experime
propagating m mics the 

 large cavity dispersion improves the synchronization bandwidth. In 
conditions of large cavity dispersion, a small shift in the laser spectrum causes a large 
change in the group velocity of the slave pulse thus improving the locking capabilities of 

The laser synchronization precepts presented above were applied
nts that confirmed the reliable and strong XPM interaction between co-

ode-locked laser pulses. The implementation that best mi
described locking scheme is that of two synchronized mode-locked fiber lasers in a 
master-slave cavity configuration (and thus the terms “master” and “slave” pulses) [P3].
The setup is given in Fig. 3.13. 

Fig. 3.13. Master-slave laser synchronization setup. 
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The slave laser cavity is a typical Yb-doped fiber laser in a linear cavity configuration, 
similar to Fig. 2.19 and producing 2 ps-long pulses at 1053 nm. The provisions for 
synchronization are evident on the right side of the cavity and consist of a 1060/1550 nm 
dichroic coupler, a 1.5 m-long span of single-mode fiber for XPM interaction, and a 
selective reflector. The loop mirror acts as a selective reflector, exhibiting 70% 
reflectivity at 1053 nm and high transmission at 1550 nm. XPM interaction takes place in 
the 1.5 m-long fiber spanning between the master/slave combiner and the loop mirror. 
The repetition rate of the slave laser can be adjusted by tuning the slave laser cavity 
length through a translation stage that changes the axial position of the SESAM mirror. 
The master laser is a compact and stable mode-locked Er fiber laser producing 1 ps-long 
pulses at 1550 nm. The peak powers of the master and slave pulses are 1 kW and 75 W, 
respectively. 

Upon switching on the master laser, the free-running slave laser is robustly synchronized 
to the more powerful master and the two oscillate in temporal coincidence. By 
continuously changing the slave laser cavity length, the laser is driven through the 
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(a) Repetition rate change and (b) spectral shift of the slave laser. 
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synchronization band. Synchronization has been asserted by monitoring the slave laser 
repetition rate with the aid of a narrow-band RF spectrum analyzer. The tuning 
characteristics of the laser are shown in Fig. 3.14(a) and (b). The synchronization 
performance of the lasers is expressed in terms of maximum slave laser cavity detuning. 

hows the central wavelength of the slave laser during 

lost when the am
of the XPM inter
laser (0.25 nm ilar pulses 
and fiber param ctrum 

inutes 
duration of the experim d the 

The signal from the telecom laser is amplified in an Er-doped fiber amplifier and coupled 

Cavity detuning refers to changing the slave laser cavity length in respect to the optimal 
alignment (when the slave and master lasers exhibit precisely equal repetition rates). 
Outside the synchronization range, the laser repetition rare varies linearly with the 
amount of cavity detuning, as seen in Fig. 3.14(a). The synchronization (locking) range 
represents the largest change in the slave laser cavity length that does not cause loss of 
synchronism. Figure 3.14(b) s
synchronization tests. As predicted by Eq. (3.11), the wavelength shifts proportionally 
with detuning in order to maintain the synchronization of the lasers. Synchronization is 

ount of cavity detuning requires a spectral shift beyond the capabilities 
action. The recorded maximum spectral shift experienced by the slave 

) matches well the value predicted by the simulation using sim
eters. The synchronization stability has been tested by RF spe

analysis, and the lasers have remained firmly synchronized for the entire 35 m
ent. Increasing the peak power of the master laser an

dispersion of the slave laser cavity improve the synchronization bandwidth. 
Owing to the excellent overlapping between the master and slave modes, the optical fiber 
is an ideal synchronization environment. Using master pulse energies of only 1 nJ, an 
exceptionally large synchronization range of 140 µm has been obtained. These 
achievements exceed the performance of the systems reported to date. Synchronization 
between two passively mode-locked lasers has been achieved using XPM interaction in 
an optical fiber. The setup is robust and readily suitable for integration. 
The very strong XPM interaction in single-mode optical fibers was employed to 
synchronize a mode-locked fiber laser to an external optical clock (optical clocking of a 
passively mode-locked laser) [P4]. The clock system is implemented using a 1540-nm 
telecom-grade diode laser, driven by a variable frequency pulse generator. The setup is 
shown in Fig. 3.15.

into the slave laser cavity by a dichroic coupler. The master clock source produces 100 
ps-long pulses with 50 W of peak power. The slave source is a linear-cavity Yb-doped 
fiber laser, similar to the one depicted in Fig. 3.13, but operating at 20 MHz due to the 
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Fig. 3.15. Synchronizing a mode-locked fiber laser to an external clock 
by means of XPM interaction. 
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longer XPM interaction fiber (4 m). As in Fig. 3.13, the end reflector is selective and out-
couples the master pulse. Owing to the low peak power of the master pulse, XPM 
interaction is much weaker. However, the long interaction fiber and walk-off length (LW

= 10 m), made XPM-driven synchronization possible. Owing to the weak interaction, the 
locking bandwidth is small and the slave laser cavity detuning test could not be 
performed. Laser synchronization was confirmed by monitoring the repetition rate of the 
slave laser with and without the master clock. Measurements were performed using a 10 
Hz bandwidth RF spectrum analyzer and a 1 GHz photodetector. The results are 
presented in Fig. 3.16(a). 

With the clock source turned off, the repetition rate of the slave laser changes 
continuously owing to thermal drift and mechanical vibrations of the cavity. In 
synchronized state, the slave laser operates at the repetition rate of the master clock and 
its fluctuations are below the resolution of the RF analyzer, resulting in a straight line in 
Fig. 3.16(a). By turning off the master clock laser, a temporary loss of synchronism is 
created. The slave laser is re-synchronized as soon as the master clock comes back online 
(Fig. 3.16(b)). The re-acquisition time was below the temporal resolution of our 
equipment.  

ance of the 
proposed system s 
em , using an 
am irror 
(SEMM) [S

Using state-of-the-art communication equipment, master clock pulses shorter than 100 ps
can be generated. Such pulses should dramatically improve the perform

. A gain-switched telecom laser diode producing 27 ps-long pulses wa
ployed to synchronize an Er-doped fiber laser operating at 1550 nm
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Fig. 3.17. Two-color laser source based on XPM interaction. 
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Using XPM interaction in a special cavity configuration, a two-color laser source has 
been assembled [P5] as shown in Fig. 3.17. The 1550-nm and 1040-nm lasers share a part 
of the cavity, including one end cavity mirror. The SESAM mirrors are the only separate 
components, owing to the very dissimilar operating wavelengths of the lasers. The lasers 
are pumped by a single 980 nm diode laser which reaches the doped fibers through the 
1040/1550 nm dichroic combiner. System operation is based on the fact that the gain 
medium of each laser is transparent at the operating wavelength of the other, as seen from 
Figs. 2.2 and 2.3. This allows the two lasers to operate undisturbed in a shared cavity 
configuration. Moreover, the complete separation of the gain media prevents cross-gain 

Fig. 3.19. Cavity mismatch test for a dual color laser based on XPM interaction. 
The arrow indicates the direction of slave laser cavity detuning. 
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modulation which may prove deleterious for XPM-based laser synchronization. 
Independent adjustment of the cavity lengths provides accurate control over the repetition 
rates of both slave and master lasers. All fiber components were manufactured “in-house” 
using a rig similar to the one depicted in 3.2.1. The 1550-nm laser produces 0.2-ps pulses
with 2.6-kW peak power, whereas the 1040 nm laser pulses are 13 ps-long with a peak 
power of 40 W. Due to its shorter, more intense pulse, the 1550-nm laser was used as 
master laser. The walk-off length was 1.34 m, comparable to the cavity length. For the 
particular cavity arrangement in Fig. 3.17, the XPM interaction fiber, comprising both 
gain fibers and the output coupler pigtails, is traversed twice. 

(a) (b)

Fig. 3.18. Oscilloscope pattern of the two-color laser source in (a) free-running and (b) synchronized operation. 
The slave pulse train is displayed as the top trace. 
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The synchronization of the lasers was confirmed by displaying the pulse traces on an 
analog oscilloscope triggered by the master pulse. In the absence of synchronization, the 
slave pulse train cannot be clearly displayed on the scope. Once synchronization is 
achieved, the slave pulse train becomes stable. Both situations are shown in Fig. 3.18(a) 
and (b). The slave laser cavity mismatch test has been performed for the two color laser 
and the results are shown in Fig. 3.19, revealing a synchronization range of 18 µm. In 
accordance with the theory, the two pulses coincide temporally in the fiber dichroic 
splitter. However, the position of the extraction point in the cavity causes a constant 
amount of delay between the two-color output pulses. This deficiency could be corrected 
by using selective delay lines or by changing the position of the output coupler. 
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4 Frequency conversion in periodically-poled crystals 

4.1 Fundamentals of frequency conversion  

Frequency conversion is an essential step towards generation of ultrashort visible light 
pulses, being the process in which the pulses supplied by an infrared laser are converted 
into visible light pulses. This chapter addresses the main issues related to frequency 
conversion (particularly second and third harmonic generation) in nonlinear crystals. 
Several practical pump sources for frequency conversion experiments are described. 
Experimental results concerning second- and third-harmonic generation in custom-
designed periodically-poled crystals starting from a 1060-nm pump laser are reported. 
Frequency conversion is a very convenient method of generating novel wavelengths 
which are difficult or even impossible to obtain directly from lasers. In particular, visible 
light generation from mid and near infrared lasers has attracted a large amount of interest 
owing to its potential to replace the large and expensive gas laser systems dominating in 
this spectral range. Harmonic frequency generation was reported already in the early 
years of laser science [171–172]. Shortly thereafter, the chromatic dispersion of the 
nonlinear medium was identified as the main limiting factor to frequency conversion 
efficiency [173] and phase matching was suggested as an efficient way to overcome this 
hindrance [174]. The large interest raised by frequency doubling generated several early 
applications such as optical parametric oscillators [175]; however, it was not until the mid 
80s that truly efficient nonlinear devices for frequency conversion were demonstrated 
[176].
The origins of frequency conversion can be understood by expressing the polarization of 
a material in the presence of an intense electric field as [177]: 

...,,, 2
210 trEtrEtrP ,     (4.1) 

where n, n=1, 2, … is the susceptibility tensor. If the electric field is assumed to be of the 
form trEtrE cos, , Eq. (4.1) becomes: 
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In Eq. (4.2) the material polarization receives contributions from the field itself ( ) as 

well as its harmonics (2 , etc). If the term 
2

,2
2

0

trE
 is large enough, a new wave 

oscillating at 2 is generated in the material by the fundamental wave. The magnitude of 
the nonlinear interactions is determined by crystal structure and intensity of the 
fundamental wave. 
In the simplified case of frequency doubling (only the second harmonic of the 
fundamental wave is generated), the material can be characterized by choosing a set of 
nonlinear coefficients dij, so that [177]: 
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This is the most general expression of the tensor dij. In most crystalline media, however, 
symmetry results in simpler forms of Eq. (4.3). For instance, in the case of lithium 
niobate (LiNbO3), eq. 4.3 becomes [177]: 
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The optical axis is denoted by Z, whereas X and Y are the other two orthogonal axes of 
the 3D space. Table 4.1 lists some of the most commonly used crystalline materials for 
frequency conversion. 

Table 4.1. Commonly used nonlinear crystals for frequency conversion (adapted from [177, 194]). 

Commercial

name 

Chemical 

formula 

Nonlinear 

coefficient (pm/V) 

Transparency 

range (nm) 

Damage 

threshold

(GW/cm2)

KDP KH2PO4 d36 = 0.38 [194] 220–1500 0.2 

LN LiNbO3 d31 = – 4.7 [177] 400–5000 0.05 

KTP KTiOPO4 d36 = 5.7 [177] 350–4500 1

BBO -BaB2O4 |d22| = 2.2 [194] 190–3000 5 

Of particular interest for the work in this thesis are KTP and LN, owing to their large 
nonlinearity and generous operating spectrum. 
The efficiency of the frequency doubling process can be calculated as [177]: 

A
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dl
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P eff

3

22223
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2 2 sinc2

2

kl
,   (4.4) 

where P , P2  are the powers of the fundamental and second-harmonic waves, l is the 
propagated length through the crystal, deff is the effective nonlinear coefficient (calculated 
from the dij tensor in Eq. (4.3)), is the refractive index, k = k2 –2k ,

k =2 n /  is the wave-vector mismatch, and A is the interaction area between the pump 
and nonlinear medium. Equation 4.4 reveals some important aspects of practical interest. 
The second harmonic generation efficiency depends on the pump area A. Focusing the 
fundamental wave in the nonlinear medium can thus increase the amount of generated 

2
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harmonic radiation. If the fundamental wave is a Gaussian beam (as in most practical 
cases), some corrections should be applied to Eq. (4.4) in order to account for the limited 
focusing ability [178].
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Fig. 4.1. (a) SHG intensity evolution in a crystal with birefringent phase matching and (b) without 
phase matching. 
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The optimum conversion efficiency is obtained when k=0, i.e. when the refractive index 
of the fundamental wave n equals the refractive index of its second harmonic n2 . The 
fundamental and the second-harmonic waves propagate in phase and are thus phase-

matched. In this case, the second harmonic power builds up while traversing the crystal, 
as shown in Fig. 4.1(a). If the phase matching condition is not met, the phases of the 
second-harmonic wavelets generated throughout the crystal are different, causing 
destructive interference. The spatial coherence length of the fundamental and second 
harmonic waves is [177]: 

knn
lc

24
.      (4.5) 

Owing to interference between the second-harmonic wavelets, the intensity of the second 
harmonic radiation oscillates within the nonlinear medium and returns periodically to 
zero, as shown in Fig. 4.1(b). 

Phase matching 

Fig. 4.2. (a) Ordinary and extraordinary refractive indices (after [177]) and (b) refractive index surfaces for LN.
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Such an operation mode is far from optimum, as the generated second-harmonic radiation 
is periodically cancelled along the crystal. Therefore, highly efficient frequency 
conversion requires accurate phase matching between the fundamental and the second 
harmonic waves over a broad wavelength range. 
Phase matching conditions will be detailed for the particular case of LN. Figure 4.2(a) 
shows the ordinary and extraordinary refractive indices for LN [177]. It can be seen that 
the ordinary refractive index of the fundamental wave at 1060 nm nearly equals the 
extraordinary refractive index of its second harmonic at 530 nm. This renders LN an 
almost ideal frequency doubler for this wavelength range, as the crystal’s natural 
birefringence can be used for phase matching. Phase matching for longer wavelengths 
can be achieved in LN provided that the crystal birefringence is lowered, whereas a 
higher birefringence is required to achieve phase matching at shorter wavelengths. To a 
certain extent, tuning the crystal temperature can assist in changing its birefringence and 
thus the phase matching wavelength. The concept of phase matching is better illustrated 
in Fig. 4.2(b), which plots the ordinary and the extraordinary refractive indices within th

t phase matching has several drawbacks 

vercome by quasi-phase matching 

Fig. 4.3. SHG intensity evolution in a crystal with quasi phase matching. 

0 1 2 3 4

e 
crystal plane determined by the wave propagation vector and the optic axis of the crystal. 
Rotating the crystal by an angle , phase matching between the fundamental and the 
second harmonic can be achieved (ne( , 2 ) = no( )).
Despite its high theoretical efficiency, birefringen
of practical importance. In some crystals, birefringent phase matching over a broad 
wavelength range is difficult to obtain. Temperature tuning provides a limited degree of 
flexibility in the phase matching wavelength; however, the process is delicate and very 
slow. For several crystals (such as LiTaO3) birefringent phase-matching is not possible at 
all (for any temperature) owing to the insufficient amount of birefringence exhibited by 
the material [179]. Moreover, since birefringent phase matching can only occur along 
certain axes, a select few dij parameters of the crystal (not necessarily the largest ones) 
are available for frequency doubling. This situation is particularly detrimental to LiNbO3,
as its largest nonlinear coefficient, d33, is not available for birefringent phase matching 
[179]. The alternative, d31, offers less nonlinearity and consequently poor conversion 
performance. 

4.2 Quasi phase matching and periodic poling 

The drawbacks of birefringent phase matching can be o
(QPM), illustrated in Fig. 4.3 [176, 177, 180].

0

1

2

3

4

5

6

7

S
H

G
 i
n

te
n

s
it
y
, 
a

.u
.

Distance along crystal, l
c

57



QPM relies on repeated inversion of the relative phase between the fundamental and the 

ismatch. 
Fig. 4.3 shows the evolution of the second harmonic intensity in a crystal with QPM. The 
dashed line in Fig. 4.3 reproduces, for comparison, the evolution of the second harmonic 
light intensity inside an identical crystal with no phase matching. Although less efficient 
than birefringent phase matching, QPM yields significant improvement over the no phase 
matching case. The light domains in Fig. 4.3 show the regions where the nonlinear 
properties of the crystal have been altered (as opposed to shaded areas, where the crystal 
is pristine). A proper change in the nonlinear properties of the crystal causes the relative 
phase shift between the fundamental and second harmonic waves to change sign and thus 
the phase matching condition is preserved. In this manner, phase matching is ensured 
along the entire crystal without the assistance of birefringence. Such periodic alteration of 
the crystal nonlinear properties is referred to as periodic polling. It has been shown [180] 
that the most efficient QPM is obtained when crystal inversion occurs at every coherence 

second harmonic waves to prevent destructive interference between the second-harmonic 
wavelets. The falling segments of the “no phase matching” curve in Fig. 4.1(b) are thus 
replaced by rising segments in Fig. 4.3, owing to periodic zeroing of the phase m

length lc as shown in Fig. 4.3. Periodic polling can be achieved by forming stacks of thin 
nonlinear crystal wafers, each wafer rotated by 180° in respect to its neighbor. The sign 
of the nonlinear coefficient deff changes in each portion of the stack, realizing the effect 
depicted in Fig. 4.3. However, for a large number of wafers, such a solution is impractical 
due to wafer-to-wafer thickness variations and intrinsic wafer alignment difficulty. In 
ferroelectric crystals, periodic polling can be achieved by forming regions with reversed 
spontaneous polarization (domains) [179–180]. The domains are created by applying a 
large electric field across a narrow region of the crystal, causing the crystal spontaneous 
polarization to change sign. Patterned electrodes are employed to create an alternation of 
inverted and non-inverted domains as seen in Fig. 4.3. An alternate solution for periodic 
poling is ion exchange in a chemical reaction [181]. This method enables simultaneous 
manufacturing of poled gratings and waveguides in a nonlinear crystal [182]. The polling 
period can be an integer multiple of coherence lengths. The situation described in Fig. 4.3 
is called first order QPM since coherence length and poling period coincide. If the poling 
duty factor is 0.5, only odd order QPM occurs. Conversely, if the duty factor is different, 
even order QPM can be obtained. Compared to first order QPM, the efficiency of high 
order QPM is lower by a factor of n-2

(4/
2
) [180], with n the QPM order. 

QPM offers a number of advantages over birefringent phase matching. QPM can achieve 
phase matching in isotropic materials and in materials exhibiting too little or too much 
birefringence at the desired operating wavelength. In addition, QPM enables two waves 
with the same polarization to be phase matched, enabling the use of higher nonlinear 
coefficients. For example, in LiNbO3, the d33 coefficient is accessible through QPM, with 
the result of enhancing nonlinear conversion efficiency [179]. By choosing the 
appropriate polling period (domain length), virtually any two wavelengths can be phase-
matched at a given temperature. This allows LiNbO3 to be used in second harmonic 
generation for wavelengths below 1000 nm, which was impossible using birefringent 
phase matching (as seen from Fig. 4.2(a)). The possibility of achieving phase matching at 
elevated temperatures is especially important for congruent LiNbO3 whose performance 
power-wise is strongly limited by the photorefractive effect.
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The photorefractive effect occurs in all ferroelectric materials and causes the refractive 
index of the crystal to change under the influence of an intense optical field. The 
refractive index change arises from the optically induced redistribution of charge carriers 

ated enclosures heated by 

led crystals suffer from several 

(electrons and holes). As electrons and holes are displaced, static charge builds up inside 
the crystal and the refractive index along the optical beam path is modulated. The 
photorefractive effect can be permanent and thus the crystal “memorizes” the input beam 
intensity. Several interesting applications of ferroelectric materials, such as holographic 
memory chips, emerged based on this peculiar characteristic [186]. For frequency-
doubling applications, however, the photorefractive effect is deleterious, as it alters the 
phase matching condition k = k2 –2k  by virtue of refractive index change. The 
photorefractive effect can also disrupt the beam path inside the crystal, effectively 
shortening the interaction length.
The strength of the photorefractive effect can be diminished by increasing the crystal 
photoconductivity. This can be accomplished by operating the crystal at an elevated 
temperature [187–188]. The crystal is placed inside insul
electrical elements. The fragile and often bulky heaters are one of the main limitations to 
manufacturing portable light sources based on frequency doubling. Moreover, heating 
and cooling of the crystal must be performed very slowly in order to avoid accumulation 
of static charge on the crystal surface and crystal breakage. An alternative way to achieve 
high photoconductivity is doping the ferroelectric crystal with magnesium [189]. This is 
regarded as a very promising way to suppress photorefractive effects in frequency 
conversion applications handling high optical power. 

4.3 Performance assessment of periodically-poled crystals 

QPM greatly relaxes the refractive index matching conditions required by birefringent 
phase matching. However, accurate overlap between the poling period of the crystal and 
the coherence length of the fundamental is instrumental to high conversion efficiency. 
Mismatch between crystal and fundamental wave parameters results in conversion 
efficiency penalty. This section analyzes the dependence of second harmonic generation 
efficiency on fundamental wave and crystal parameters. Acceptance bandwidths are 
defined for fundamental wavelength, crystal temperature, and input beam angle.  

4.3.1 Input power variation 

As shown by Eq. (4.4), the second harmonic generation efficiency depends linearly on 
the fundamental wave power and quadratically on device length. Increasing the total 
length of the crystal is an effective way to improve the conversion efficiency at a given 
input power. However, as shown below, long po
drawbacks, such as reduced wavelength acceptance bandwidth. 

4.3.2 Fundamental wavelength variation 

If the wavelength of the fundamental wave deviates from the value considered in crystal 
design, the crystal polling (constant) can no longer provide optimum phase matching 
between fundamental and second harmonic. A phase mismatch k arises as a result of 
fundamental wavelength variation. Assuming a device of length L designed for operation 
at a wavelength O, the phase mismatch caused by the input fundamental wave at a 
wavelength F (slightly different from O) is [183]: 
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where  is the period of the poled structure. The refractive indices of the crystal at the 
fundamental and second harmonic wavelengths (n  and n2 ) can be estimated from a 
Sellmeier-type equation [184]. The wavelength FWHM of the fundamental radiation at 
which the conversion efficiency drops to half of its peak value can be found by solving 
the equation [183]: 

  sinc2

2

1

2

Lk FWHM .      (4.7) 

The wavelength acceptance bandwidth of the crystal is [183]: 

OFWHMFWHM 2 .      (4.8) 

Figure 4.4(a) plots the wavelength acceptance bandwidth versus crystal length for a series 
poled LiNbO3 (PPLN) crys

of O = 1.0632 µm at a temperature of 165°C. 
of periodically- tals with = 6.54 µm, optimized for doubling 

4.3.3 Crystal temperature variation 

Crystal temperature affects the second harmonic generation efficiency by two 
mechanisms: temperature-dependence of the refractive indices and thermal expansion of 
the crystal itself. The temperature-dependent refractive indices are well approximated by 
the temperature-dependent Sellmeier equation in [184]. Thermal expansion of the crystal 
causes the poling period  to change and adds an error factor to phase matching. The 
temperature-induced change in the crystal poling period  can be estimated as [183]: 

Tl ,        (4.9) 

where  is a temperature coefficient and T is the temperature variation. For LiNbO3,  = 
1.54 ·10-5 [185]. Similar to Eq. (4.6), the phase mismatch caused by the crystal 
temperature variation is: 
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60



TF

TnTn
Tk

4 2 2
.     (4.10) 

The temperature acceptance bandwidth can be determined by the prescription in Eq. (4.7) 
and (4.8). Figure 4.4(b) shows the temperature acceptance bandwidth for the structure 
considered in Fig. 4.4(a). 

4.3.4 Variation of the input beam angle 

Angular acceptance of a periodically-poled crystal refers to the dependence of the second 
harmonic generation efficiency on the launch angle (in respect to the crystal normal 
direction). Tilting the input beam causes the poling period “seen” by the fundamental 
wave to change as [180]: 

n

nn
k 2

2

2
0 tan

2
1cos k ,    (4.11) 

where the normal to the crystal makes an angle  with the fundamental wave vector and  
an angle k with the wave vector of the poled structure. The angular acceptance bandwidth 
is [180]: 

Lk

cos
886.0 .  

sin

The angular bandwidth is inversely proportional to the crystal length and has a maximum 
at normal incidence (  = 0). Angular acceptance bandwidth is important when the 
fundamental beam is foc

    (4.12) 

used in the crystal. The numerical aperture of the focused 
radiation has a considerable influence on the conversion efficiency, as peripheral rays are 

onverted than the central ones. 
The analysis of second harmonic efficiency dependence on crystal and wave parameters 

se of the device length is done at the expense of wavelength and temperature 
widths. Accurate cont

less efficiently c

reveals several interesting features of a periodically-poled device. For fixed poling 
period, the second harmonic efficiency scales as crystal length squared. Increasing the 
crystal length is thus beneficial to wavelength conversion. However, according to Fig. 4.3 
the increa
acceptance band rol of the operating temperature of the crystal and 
spectral width of the pump source becomes necessary. This is particularly important for 
ultrashort pulse sources, where the crystal acceptance bandwidth must be designed to 
accommodate the typically broad spectrum of the fundamental wave pulses. Fiber lasers, 
where pulse amplification is usually accompanied by spectral broadening, constitute a 
serious challenge for periodically-poled crystals, as optimization for both temporal and 
spectral shapes of the pulses creates conflicting requirements for the device length. 
The following sections address the problem of increasing the second-harmonic generation 
efficiency by two approaches: crystal optimization by built-in waveguides and laser 
source optimization by pulse and spectrum compression. 
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4.4 Waveguided periodically-poled KTP crystal for multi 
harmonic generation 

The second harmonic generation efficiency depends on both the crystal length and the 
fundamental wave intensity. Typically, the fundamental wave is focused into the 
nonlinear crystal to achieve smaller spot size and thus higher power density. Small spot-
size (and consequently high intensity) of the focused beam is achieved in a limited 
physical domain. For Gaussian beams, this domain is delimited by the Rayleigh range of 
the beam. Efficient interaction between the nonlinear crystal and the fundamental beam 

interaction length. A tradeoff between the crystal length and the focusing strength of the 

s can be made very small (µm x µm) and thus large 

crystals constitute an attractive solution for a compact 

requires that the crystal be at least as long as the Rayleigh range. Tighter focusing results 
in a smaller Rayleigh range and thus requires a shorter crystal, offering a shorter 

fundamental beam is enforced.  
This problem can be alleviated by embedding a waveguide structure in the periodically-
poled crystal. The (typically) planar waveguide guides both fundamental and second 
harmonic waves through the crystal and thus eliminates the need for a trade-off between 
the focusing spot size and the crystal length. Since the fundamental light is confined 
within the waveguide along the entire crystal, the conversion efficiency is expected to 
improve significantly compared to the efficiency of non-waveguided structures where 
efficient interaction occurs only within the Rayleigh range of the beam. The situation can 
be better understood by referring to Eq. (4.4), where A is replaced by the waveguide 
cross-sectional area. Waveguide
efficiency is expected. Waveguides are fabricated by a variety of techniques that allow 
the refractive index of the crystal to be changed, such as etching and cladding [190], 
impurity diffusion [191], proton exchange [192], a combination of proton exchange and 
ion implantation [181], or (in the case of ferroelectric materials) electrical inversion 
[179]. In waveguided nonlinear crystals, phase matching can be achieved by using the 
waveguide chromatic dispersion [177] or by standard QPM, leading to robust and 
efficient generators [192–193].
KTP is an attractive material for short wavelength frequency doubling owing to its broad 
transmission spectrum, large nonlinear coefficient, and high damage threshold [Table 4.1, 
194]. In addition, KTP exhibits low coercive field (10 times lower than LiNbO3) and 
quasi unidirectional structure which allows the fabrication of narrow inversion domains 
in relatively thick crystals [195]. The low photorefractive effect enables KTP crystals to 
handle high optical power at low operating temperatures, which alleviates the need for 
expensive and bulky ovens [196]. Conversion efficiency in excess of 50% has been 
obtained from bulk KTP crystals operated at room temperature [197]. With the added 
benefits of a waveguide, KTP 
frequency doubler suitable for intense visible light generation in small footprint 
applications.  
Using a purposely designed fiber laser, we investigated the frequency conversion 
performance of a periodically-poled KTP (PP-KTP) crystal embedding a waveguide [P6].
Owing to strong nonlinear interactions, the second (532 nm) and third (355 nm) 
harmonics of the fundamental wavelength (1064 nm) light were generated simultaneously 
in the crystal. The 12 mm-long crystal was fabricated by an ion exchange technique [181] 
and periodic polling was achieved by chemical waveguide patterning. The structure 
embeds three parallel waveguides with poling periods varying between 8.22 µm and 8.72 
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µm and a duty cycle of 0.6. Precise matching between the crystal structure and the input 
laser wavelength is performed by choosing the appropriate waveguide (coarse tuning) 
followed by temperature adjustment (fine tuning). The setup used during the experiments 
is shown in Fig. 4.5. 

The crystal is placed on a thermoelectric (TE) heater that keeps the crystal at 60 °C, the 
optimum operation temperature for a fundamental wavelength of 1064 nm. Light is 
coupled in and out of the crystal by a pair of X40 (NA = 0.65) microscope objectives. 
The waveguide structure confines the pump and second harmonic waves in the crystal, 
simplifying the tedious focusing procedure aimed at maximizing the Rayleigh range and 
light intensity in the crystal. The sole concern is matching the size of the focused beam 
with the waveguide area (4 x 7 µm2). Separation between the fundamental and second 
harmonic radiations is performed by a dichroic splitter exhibiting high reflectivity at 532 
nm and high transmission at 1064 nm and 355 nm. The fundamental is further separated 
from the third harmonic radiation by a BK7 glass prism. All beams are directed towards 
appropriate detectors. At full power, the fiber laser source delivers 1 W of light at 1064 
nm in 3 ps-long pulses. For this regime of operation, 50 mW of second harmonic 
(corresponding to an effective conversion efficiency of 33%) and 3 mW of third 
harmonic light (effective conversion efficiency of 2%) were measured. The optical 
spectra of second and third harmonics are given in Fig. 4.6(a) and (b).
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Fig. 4.5. Experimental setup for frequency conversion in a waveguided PP-KTP crystal. 

Fig. 4.6. Optical spectra of the (a) second and (b) third harmonic light. 
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The frequency conversion efficiency is limited by the mismatch between the laser 
spectrum and the crystal acceptance bandwidth as well as two-photon absorption (TPA) 
in the crystal bulk [198]. 
The second harmonic generation process is QPM-based. Following the theoretical
analysis in [P6], the third harmonic radiation is found to emerge from a two-step process 
consisting of quasi phase-matched second harmonic generation followed by non phase-
matched sum frequency mixing between the non-depleted fundamental and the strong 
second-harmonic light generated in the waveguide. It can be shown that the intensity of 
the third order harmonic radiation varies within the crystal as [P6]:

2

4,

3

1

2

3 LLAA coh ,       (4.13) 

where
2

1A is the intensity of the fundamental wave, Lcoh,4 is the coherence length of the 

sum frequency mixing process corresponding to 4th order QPM frequency doubling, and 
L is the propagated distance within the crystal. Remarkably, despite originating in a non-

ity scales quadratically with crystal length and cubically 

rs of visible and UV 

ulses whose narrow spectra fit 

mental base, two mode-locked laser systems have been assembled as test sources 
for the described situations. One of the sources is based on the robust master oscillator-

ffects in the 

phase matched interaction, third harmonic generation behaves like a phase matched 
process and its efficiency does not oscillate with propagated distance (as in Fig. 4.1(b)). 
Third harmonic radiation intens
with fundamental light intensity. For the crystal employed in the experiments, the 
coherence length Lcoh,4 was 71 µm, which creates the premises for efficient third 
harmonic generation. The calculated value of third harmonic generation efficiency is 
2.7%, which matches the measured value reasonably well. 
Owing to the small footprint and relaxed requirements for optical alignment, waveguided 
PP-KTP crystals constitute a viable solution for portable generato
light.

4.5 Ultrashort pulse sources for frequency conversion 

Frequency conversion in periodically-poled nonlinear crystals requires custom-designed 
ultrashort pulse sources delivering large peak power in high quality pulses. The optical 
spectrum of such sources is a key issue, as it has to match the acceptance bandwidth of 
the periodically-poled crystal in order to yield good conversion efficiency. Optimal 
frequency conversion in a periodically-poled crystal is obtained when both input pulse 
width and spectrum are optimized for the available crystal. To achieve a satisfactory 
balance between optical spectrum and pulse width, we concentrated on two extreme 
situations: short pulses (and consequently broad spectrum) that require short nonlinear 
crystals exhibiting large acceptance bandwidth, and long p
well within the acceptance bandwidth of long periodically-poled crystals. Both situations 
have the ability to bring the optical pulse close to its transform limited value. As 
experi

power amplifier (MOPA) architecture, whereas the other employs nonlinear e
power amplifier to compress the optical spectrum of the output pulse. 
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4.5.1 Master-oscillator power-amplifier ultrashort pulse laser source 
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Fig. 4.7. Optical setup of the all-fiber MOPA system for frequency conversion. 

The MOPA source was assembled as shown in Fig. 4.7. The master oscillator is a linear 
cavity Yb-doped fiber laser. Notably, the pump light is coupled into the laser cavity 
through a fiber Bragg grating (FBG) acting as a dichroic cavity mirror. This arrangem

hort laser cavity with reduced positive dispersion ballast. In addition, chirped 
FBGs can have large negative dispersion and provide intracavity chromatic dispersion

ensation [199]. The laser is mode-locked by a butt-coupled SESAM mirror. The all-
fiber character of the laser cavity enables compact packaging and improved stability.  
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Output signal is extracted through a broadband output coupler. Upon switching on the 
pump laser, the laser self-initiates mode-locking and produces a stable train of 4 ps-long 
pulses at a repetition rate of 100 MHz. The average output power of the master oscillator 
is 10 mW. The optical spectrum and autocorrelation (inset) of the master oscillator are 
presented in Fig. 4.8(a). The pulses are coupled into the power amplifier through an 
isolator that prevents amplifier noise from leaking into the laser cavity and disturb the 
mode-locked operation. The amplifier consists of a span of large mode area fiber (LMA) 
with a core diameter of 20 µm, pumped by a high power multimode laser diode operating 
at 920 nm. At full power, the laser diode produces 7 W in a 100 µm core pigtail. 
Coupling between the multimode pump and LMA amplifier fiber is done through a 
commercial fused coupler. The output of the amplifier is angle polished to avoid back
reflections. The choice of a collimated beam free-space output was enforced by the use of 
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Fig. 4.8. Optical spectrum and autocorrelation of (a) the master oscillator 
and (b) MOPA source for an output power of 3 W. 
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bulk diffraction gratings for pulse compression, as shown later. The device used for 
experiments was assembled by Fianium Ltd. UK. 
Figure 4.8(b) shows the optical spectrum and autocorrelation trace of a 30 nJ output pulse 
corresponding to a source output power of 3 W. SPM-induced spectral broadening is 
evident in the spectrum shape. The estimated time-bandwidth product of the pulse is 10, 
well above the transform-limited value. This is an expected effect of intense SPM effects 
in the amplifier fiber. To recover the pulse quality, a pair of 1200 lines/mm diffraction 
gratings was placed at the output of the MOPA source. In this configuration, the grating 
pair exhibits negative dispersion and removes the linear chirp from the temporal pulse, 
working as a pulse compressor. Without a priori knowledge of the extent of SPM-
induced chirp on the output pulse, a set of consecutive measurements was performed, 
targeted at minimizing the output pulse width. The grating pair compressor was adjusted 

ction

Fig. 4.9. (a) Compression curve and (b) autocorrelation of the shortest pulse at an output power of 1 W. 

3 4 5 6 7 8 9

several times, each time with a slightly increasing separation between the gratings. The 
dispersion of the grating pair compressor was thus varied until an optimal value was 
found, corresponding to the shortest pulse duration. Figure 4.9 shows the measured 
pulsewidths for various grating separations, along with the autocorrelation of the shortest 
obtained pulse. 
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The time-bandwidth product of the compressed pulse is 0.38, assuming a sech envelope. 
The pulse is thus nearly transform-limited. Since the grating pair has virtually no 
nonlinearity, the pulse spectrum is not disturbed by the compressor. However,
polarization rotation effects in the MOPA fiber amplifier cause the pulse compression 
efficiency to be dependent on the output power of the laser. The best pulse compression 
efficiency, corresponding to Fig. 4.9, was obtained for a laser output power of 1 W.  
The MOPA source was used in two independent frequency doubling experiments in order 
to asses the attainable frequency conversion performance using such a laser. In a first 
experiment, we used the uncompressed MOPA system to pump a 10 mm-long PPLN 
crystal (supplied by Stratophase Ltd. UK) which was optimized for frequency doubling at
1064 nm. The crystal had three parallel gratings with poling periods of 6.5 µm, 6.54 µm, 
and 6.58 µm. Periodic polling was realized by electric field inversion. The PPLN crystal 
was pumped with the pulses extracted directly from the MOPA output. Despite the 
narrow acceptance bandwidth (0.3 nm, far below the extent of the MOPA output 
spectrum) the crystal length is a good match for the picosecond pulses of the source and a 
fair conversion efficiency is expected. The crystal, whose facets were anti-refle
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coated to minimize reflection losses, was placed in an electric oven for temperature 
control. A digital feed-back loop controller allowed for setting and maintaining the 
crystal temperature with a precision of 0.1 °C. The experimental setup is shown in Fig. 
4.10.

The li
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Fig. 4.10. Optical setup for second-harmonic generation using picosecond pulses. 

1064 nm 

532 nm

ght was focused through the crystal by a 35 mm lens, yielding a spot size of 40 µm 

mi en the 

harm

0 500 1000 1500 2000

and a Rayleigh range of 2 mm. These values were found to yield the best conversion 
efficiency. The second-harmonic light was separated from the fundamental by a dichroic 

rror and the two beams were independently monitored by suitable detectors. Wh
polarization plates and focusing optics were properly set, a bright green light (second 

onic) emerges from the PPLN crystal. 

Figure 4.11(a) plots the second harmonic conversion efficiency as a function of the 
infrared power launched into the crystal. The maximum conversion efficiency was 13.8% 
at a crystal temperature of 165 °C. Figure 4.11(b) shows the spectrum of the green 
second-harmonic radiation at an output power of 120 mW corresponding to the highest 
conversion efficiency. Owing to polarization rotation effects in the MOPA amplifier fiber 
at high optical power, the polarization sensitive isolator in Fig. 4.10 causes certain 
insertion losses which limit the maximum available pump power to 2.1 W, corresponding 
to a pulse peak power of 4.2 kW. The frequency conversion efficiency exhibits saturation 
caused by two-photon absorption (visible in Fig. 4.11). The drop in second harmonic 
output at full laser power is likely due to laser-induced heating of the periodically-poled 
crystal that causes detuning from the optimal operation conditions. The effects of 
temperature detuning were investigated by monitoring the second-harmonic output while 
varying the operating temperature of the crystal. The pump power was set to 750 mW to 
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Fig. 4.11. (a) Second harmonic conversion efficiency vs. input power and (b) optical spectrum of the converted 
radiation (corresponding to 120 mW output) for a 10 mm PPLN pumped with picosecond pulses. 
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avoid permanent damage to the crystal caused by the photorefractive effect. The 
measured temperature tuning curve is shown in Fig. 4.12. 

The 10 mm-long crystal appears to have a temperature acceptance bandwidth of 10 °C.
ilarity between the measured and calculated values in Fig. 4.4(b), indicating a 

idth of 3 °C, is ascribed to the broad laser spectrum. As the temperature is detu
al conversion wavelength of the crystal is scanned across the broad laser 

 causing the temperature acceptance bandwidth to appear wider. Notably,
second-harmonic efficiency drops by several percents for a temperature variation of

 °C, emphasizing the importance of accurate temperature control in sys
bedding periodically-poled crystals. As indicated by the spectra of MOPA output (Fig. 

4.8(b)) and second-harmonic radiation (Fig. 4.11(b)), frequency conversion efficiency is
ited by the acceptance bandwidth of the crystal, in that the crystal will only acc
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We used the compressed pulse version of the MOPA system to investigate the possibility 
of increasing the conversion efficiency in short crystals. The MOPA source and pulse 
compressor were adjusted for best pulse shape, as shown in Fig. 4.9(b). The optical setup 

Fig. 4.13. Optical spectrum of the converted radiation (corresponding to 135 mW output) for 
a 0.3 mm PPLN pumped with femtosecond pulses. 
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e
convert a narrow “slice” of the input laser spectrum. The use of a short periodically-poled
crystal (with broad acceptance bandwidth) should alleviate this problem. However, owing 
to the limited interaction length, short crystals require very intense pulses to achieve good 
conversion efficiency. 

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 i
n

te
n

s
it
y
, 
lin

e
a

r

FWHM
 = 1 nm

Wavelength, nm

80 100 120 140 160 180 200 220
0

2

4

6

8

10

12

14

S
H

 e
ff

ic
ie

n
c
y
, 
%

Temperature, 
O
C

Fig. 4.12. Temperature tuning curve for a 10 mm-long PPLN pumped by picosecond pulses. 
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is similar to the one depicted in Fig. 4.10, where the isolator is replaced by the grating 
pair compressor. At optimal power, the source produces 700 mW in 290 fs pulses with a 
peak power of 24 kW. A 0.3 mm-long PPLN crystal was used as frequency doubling 
medium. Except for its length, the crystal is identical to the 10 mm version used with 
uncompressed pulses. A second harmonic output of 135 mW was obtained from 600 mW 
of infrared input, corresponding to a conversion efficiency of 18.3%. The spectrum of the 
second harmonic radiation at maximum power is shown in Fig. 4.13. The large spectral 
bandwidth of the second harmonic radiation indicates that the short periodically-poled 
crystal accepts a wider input spectrum than its 10 mm counterpart. In consequence, the 
conversion efficiency increased by 5%. However, further optimization of the laser source 
is necessary, as the spectral width of the laser is still in excess of the crystal acceptance 
bandwidth.

4.5.2 Spectrally-compressed source of ultrashort pulses for 

of the spectrum. The pulse spectrum is compressed. Spectral compression is intensity-

an exac t of pre-chirp and SPM effects is required to obtain 

frequency conversion 

The MOPA experiments indicate that the spectral broadening associated with pulse 
amplification in an optical fiber can seriously affect the frequency conversion efficiency. 
Limiting the spectral broadening effects in high power fiber lasers would thus seem to be 
the best option for efficient frequency conversion in periodically-poled crystals. It has 
been shown [200] that the SPM-induced effects on the spectrum of an optical pulse can 
be limited or even reversed by applying a certain amount of negative chirp on the pulse 
prior to its propagation through the nonlinear medium. This prescription can be readily 
applied to optical fibers: the SPM-induced spectral broadening experienced by a pulse in 
an optical fiber can be controlled by applying a negative chirp (pre-chirp) on the pulse 
before it is launched into the fiber. In fact, owing to the negative pre-chirp, SPM effects 
cause the pulse spectrum to narrow instead of broaden. This phenomenon relies on the 
balance between the chirp imposed on the pulse by SPM and the pre-chirping operation. 
The SPM-induced positive chirp of the pulse interacts with the pre-existing negative 
chirp, effectively re-distributing the spectral components of the pulse towards the center 

dependent and accumulates with propagation down the nonlinear fiber section. Therefore 
t balance between the amoun

the narrowest spectrum pulse at the end of the fiber.  
To estimate the effects of pulse pre-chirping, a computer routine has been devised to 
simulate the propagation of an optical pulse through a length of negative dispersion fiber 
for pre-chirp followed by a span of nonlinear fiber. As in chapter 3, pulse propagation has 
been simulated by solving Eq. (3.6) using a split-step Fourier transform algorithm, taking 
into account second order dispersion, SPM, self-steepening, and shock formation. Figure 
4.14 shows the time-domain and spectral characteristics of a transform-limited pulse 
propagating through the nonlinear fiber (a, b) and the same situation when the pulse 
undergoes initial pre-chirping (c, d). The insets on the right side reveal the shapes of the 
pulse and its associated spectrum at the far end of the nonlinear fiber. The relevant 
simulation parameters are given in Table 4.2. 
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Table 4.2. Input data for simulation of pre-chirped pulse amplification. 

Parameter name Symbol Value Unit 

Wavelength  1060 nm 

Initial pulse width (FWHM) FWHM 0.5 ps 

Initial spectral width (FWHM) FWHM 3.3 nm 
Pulse

Peak power Ppk 1500 W 

2nd order chromatic dispersion 2, P -94 ps2/km 

3rd order chromatic dispersion 3, P 1.64 ps3/km 

Nonlinear coefficient P 0 W-1m-1

Pre-chirp 
fiber

Fiber length lP 5 m 

2nd order chromatic dispersion 2, NL 24 ps2/km 

3rd order chromatic dispersion 3, P 0.0229 ps3/km 

Nonlinear coefficient NL 0.004 W-1m-1

Nonlinear 
fiber

Fiber length lNL 4 m 

2nd order chromatic dispersion 2, FS 0 ps2/km 

3rd order chromatic dispersion 3, P 0 ps3/km 

Nonlinear coefficient FS 0 W-1m-1Free space 

5 m Length L  FS

The pulse temporal shape is  a reference frame traveling with the pulse. Case 
(a, b) c onds to  non iber with positiv hromatic 
dispersion. The (in uls iences ssive SPM-induced 
spectral broadening, while t main pulse is tched by the positiv ispersion 
of the fiber. Due to ulse ing rate increa  pulse 
propagation through the nonlinear fiber. By contrast, in Fig. 4.14(c) and (d), the initial 
pulse un es pre-chi 0 cm of propagation followed by propagation 
in the nonlinear fiber seg  pre-chirping module does not exhibit optical 
nonlinearity and lea ct. L onlinea  pulse
be rea ract leme r spe ical uch as 
hollow-core fibers. During pre-chirping, the pulse stretch es its 
transform-limited width. Owing to the negative p hirping, the pulse experiences 
spectral compressio e sid ds in the compressed spectrum 
and th sym re cau by the t d order sion of 
the pr  fiber, a 0].  The tive dispersion of the nonlinear 
fiber strand has little effect on the temporal shape o  pulse, which 
propagates undisturbed through the entire 400 cm-long section. This constitutes an added 

 measured in
orresp  typical propagation in a linear f e c

itially transform-limited) p e exper  ma
he time do stre e d

 spectral broadening, the p stretch ses with

dergo rping for the first 50
ment. The

ves the pulse spectrum inta ow n rity  stretchers can 
lized in p ice using bulk diffraction e nts o cial opt fibers s

 is ed to about 7 tim
re-c

n in the nonlinear fiber. Th eban
e slight a
e-chirping

metry of the pulse shape a sed hir  disper
s discussed in [20 posi

f the narrow spectrum

bonus of pulse pre-chirping. The simulated system is optimized in that the minimum 
spectral width is achieved at the very end of the nonlinear segment. However, this may 
not always be the case. If the SPM effects are too strong or if the pre-chirping is too 
weak, the pulse spectrum will go through a minimum width point before being broadened 
again by the excessive SPM. Obviously this is not an optimized situation. Correcting this 
problem requires a reduction in the pulse peak power or a larger amount of pre-chirp.  
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The results in Fig. 4.14 can be applied in practice if the nonlinear fiber segm
placed by a fiber amplifier. The pulses (produced by a low power oscillator and pre-

chirped by a proper optical fiber) experience spectral compression in the power am
stage thus canceling out the SPM-induced spectral distortion seen in most MOPA 
systems. This type of spectrally compressed source is very useful in frequency 
conversion, where narrow pulse spectrum is essential. SPM-induced spectral comp
was employed in a series of experiments [201, 202], resulting in nearly transform-lim

ses with large peak power. However, the reported experimental setups employ grating 
pair pulse stretchers and massive cladding-pumped amplifiers which are hardly 

patible with compact fiber lasers. 
Based on the considerations above, we constructed an all-fiber spectrally-com
source of ultrashort pulses suitable for frequency conversion [P7]. The optical setu
given in Fig. 4.15. Pulses from an Yb-doped mode-locked fiber laser are pre-chirped in a 

-long piece of hollow-core photonic bandgap fiber. This type of optical fiber relies on
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Fig. 4.14. Temporal and spectral shapes of an ultrashort optical pulse propagating through a fiber 
amplifier (a, b) without and (c, d) with initial pre-chirping. The free-space section has been included to 

provide identical propagation length in the two cases. It has no influence on the time-domain pulse or its 
spectrum, being merely “propagation ballast”. 
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photonic crystal effects to guide light and thus the core of the fiber can consist of a 
variety of optical media, with much less emphasis on the refractive index. In the fiber 
used for this experiment, the fiber core consists of air (hollow core) and thus fiber 
nonlinearity is practically zero. The fiber is mechanically spliced to both laser output and 
amplifier input, resulting in a low-loss (typically 0.2 dB) compact connection.

980 nm 450 mW Yb-doped 
fiber

PPLN

Following propagation through the pre-chirping fiber, the 1.4 ps-long pulse of the laser 
stretches to 3.5 ps, while the optical spectrum is unchanged. After pre-chirping, the 
pulses are launched into a 4 m-long single mode Yb-fiber amplifier, core-pumped by a 
pigtailed laser diode delivering 450 mW at 980 nm. The performance of the source is 
monitored at the output of the amplifier by an autocorrelator and an optical spectrum 
analyzer. The pulse and spectrum width as a function of the amplifier power are shown in 
Fig. 4.16(a). Figure 4.16(b) reveals a series of spectra collected at the outp
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Fig. 4.15. Optical setup of the picosecond fiber laser source employing spectral compression. 

ut of the 
am

gly strong SPM effects cause 
spectral narrowing. For this experimental setup, the amount of pre-chirp was chosen to 
exactly balance the SPM in the amplifier at full power, which corresponds to the 
narrowest spectrum of the output pulses. Owing to spectral compression, the time-
bandwidth product of the output pulses decreases from 3.16 to 0.58 corresponding to a 
full-range sweep of the amplifier power. At the best output setting (90 mW), the system 
delivers 1.4 ps-long, nearly transform-limited pulses with a peak power of 1.25 kW. 
The suitability of the laser source for frequency conversion has been assessed by placing 
a PPLN crystal in the output of the source, as shown in Fig. 4.15. A (slightly out of 
range) 10 mm-long crystal has been used, owing to the unavailability of a more suitable 
device. A second-harmonic output of 12 mW was measured, corresponding to an 
effective conversion efficiency of 66%. We demonstrated the potential of SPM-induced 

plifier for various output powers. 

As the amplifier output power is ramped up, the increasin
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spectra for selected output power settings. Inset shows the autocorrelation of the narrowest spectrum pulse. 
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spectral narrowing to generate transform-limited pulses and consequently boost the 
conversion efficiency as a result of better matching between the pulse and crystal 
parameters. Owing to its all-fiber architecture, such a fiber source is an attractive solution 
for compact visible light generators. 
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5 Supercontinuum generation in optical fibers 

Frequency conversion is a robust and reliable source of short wavelength radiation. With 
mode-locked fiber lasers for pumping, frequency conversion in periodically-poled
crystals produces intense ultrashort pulses at a wide selection of wavelengths. However, 
the tuning range and spectral width of these sources is limited by the phase matching 
bandwidth of the nonlinear crystal. Several important fields of science draw great benefit 
from low coherence broadband optical sources covering the infrared and visible 
wavelength domains. Traditional sources of broadband radiation (thermal or ionization 
sources) are unreliable and offer poor spectral power density, directionality, and coupling 
efficiency into optical waveguides. A light source offering high brightness and 
directionality with the added bonus of broad optical spectrum is therefore in great 
demand.  
A possible solution to building such a source is the supercontinuum radiation. The term 
supercontinuum refers to the large spectral broadening experienced by intense laser 
pulses propagating in a nonlinear medium. Supercontinuum broadening is the combined 
result of several nonlinear optical phenomena, such as self phase modulation (SPM), 
four-wave mixing (FWM), and stimulated Rayleigh scattering (SRS). Originating from 
laser radiation, supercontinuum fulfills most of the requirements formulated above: it is 
directional, has large spectral power density, and in special cases can be formed inside a 
waveguide, alleviating the need for delicate waveguide coupling techniques. 
The origins of supercontinuum generation can be traced back to the groundbreaking work 
of Alfano and Shapiro who, in 1970, reported the generation of novel wavelengths in a 
gas medium irradiated with an intense laser beam [203]. The results were received with 
interest by the scientific community and efforts to improve the efficiency of nonlinear 
spectral broadening were reported in the next decade [204–205]. In 1987, 
supercontinuum spectral broadening was reported for the first time in multimode optical 
fibers [206] and, just two years later, the nonlinearity of single-mode fibers was used for 
supercontinuum generation [207]. From this moment on, supercontinuum radiation 
became a phenomenon of practical interest undergoing constant progress and benefiting 
from the latest advances in laser and fiber technology. Recently, supercontinuum 
generation was reported in novel waveguide structures such as photonic bandgap fibers 
(PBGF) [208], single mode fiber tapers [209], as well as more exotic devices such as soft 
glass Kagome crystal fibers [210]. All mentioned waveguides exhibit appealing nonlinear 
and dispersion properties and can be optimized for operation with a large selection of 
lasers. Innovative technologies enable very compact sources of supercontinuum radiation 
which are presently available in commercial form [211]. 
Supercontinuum radiation has found multiple applications in science and engineering, 
wherever intense broadband radiation was required. The large spectral power density of 
supercontinuum radiation is especially beneficial to spectroscopy [20] and biology [21], 
whereas the controlled coherence was exploited in metrological applications [23]. The 
large spectral bandwidth and uniform power distribution renders supercontinuum an 
almost ideal source for dense wavelength division multiplexed (DWDM) optical 
communications [212–213]. Therefore, research aimed at understanding the intimate 
mechanisms of supercontinuum generation as well as generating novel experimental 
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systems for broadband light generation is by no means futile, as progress in the light 
source triggers progress in the application. 
This chapter details the research work performed on supercontinuum generation 
mechanisms and practical broadband systems. Using self-made laser sources operating at 
both infrared and visible wavelengths, supercontinuum radiation has been generated in 
PBGF and single-mode fiber tapers. Experimental proof of soliton fission during the 
formation of broadband radiation has been found. 

5.1 Analysis of supercontinuum generation mechanisms in 
optical fibers 

Supercontinuum radiation arises as interplay between a large number of nonlinear 
phenomena. The mechanism behind such extensive spectral broadening is fairly complex 
and its understanding requires breaking up supercontinuum generation in small steps that 
can be analyzed separately. In this section, supercontinuum generation is split in two 
major steps: the onset of spectral broadening caused by solitonic effects, followed by 
propagation-induced evolution of the spectrum. The influence of various pump and fiber 
parameters is discussed. The initial spectral broadening is found to be particularly 
important for supercontinuum formation, as it sets the stage for later spectral evolution. 
Most important parameters of the supercontinuum radiation are determined in the initial 
stage of spectral broadening.
The early stages of supercontinuum formation from an ultrashort optical pulse are 
described by simulating the propagation of the pulse inside an optical fiber under the 
influence of nonlinearity. For this purpose, Eq.(3.6) is modified to include self-steepening 
and Raman gain [214]: 
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where TR is the Raman response of the fiber which includes both electronic and 
vibrational (Raman) interactions between wave and medium. The optical fiber used for 
supercontinuum generation in the model mimics the commercial photonic crystal fiber 
employed in subsequent experimental work (NL–5.0–1065 from Crystal Fibre).  

Fig. 5.1. Calculated chromatic dispersion of the nonlinear fiber used for 
SC generation. The arrows indicate the pumping wavelength. 
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The fiber has a zero dispersion wavelength (ZDW) at 1060 nm and the third order 
dispersion parameter is: 3 = 0.07 ps

3
/km. The nonlinear coefficient of the fiber has been 

estimated to  = 11 W
-1

 km
-1, whereas the Raman response parameter has been assumed 

to be TR = 9 fs. The calculated second order chromatic dispersion of the fiber in a range 
relevant to initial supercontinuum formation is shown in Fig. 5.1. Broadband 
supercontinuum radiation is typically obtained by pumping the nonlinear fiber with 
intense ultrashort pulses at a wavelength situated on the negative dispersion side, close to 
the ZDW (point A in Fig. 5.1). Owing to the negative dispersion experienced inside the 
fiber, the pump pulses are converted into solitons. The order of the soliton resulting from 
a single pump pulse is given by: 

2

2
0

11.3
FWHMTP

N ,       (5.2) 

where P0 is the peak power of the pump pulse and TFWHM is the FWHM value of the 
pulsewidth. In the conditions of large second order dispersion ( 2) and long pulsewidth, 
the soliton undergoes periodic changes in time and frequency domains with a spatial 
period given by: 
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For the particular case of supercontinuum pumping, the combined nonlinear and 
dispersion effects (modulation instability, SPM, third order dispersion, and the proximity 
of ZDW) cause the high order solitons (N>1) to decay into their constituent pulses (N
fundamental solitons), in a process referred to as soliton fission [214–215]. During 
soliton decay, the excess energy is emitted as blue-shifted nonsolitonic radiation at a 
wavelength determined by phase matching [216]. For a better description of the process, 
the propagation of an ultrashort pulse through the fiber described above has been 
simulated. A transform limited, 100 fs-long pulse at 1064 nm has been used for pump 
pulse. To obtain clear soliton fission, the pulse parameters were adjusted to result in a 
third order soliton (N = 3), low enough to resolve the fundamental solitons. The 
simulation setup is characterized in Table 5.1. 

Table 5.1. Pulse and fiber parameters for supercontinuum generation by pumping close to ZDW. 

Parameter name Symbol 
Parameter 

value
Unit 

Wavelength 1064 nm 

Peak power P0 117 W

Width TFWHM 0.1 ps
Input pulse 

Chirp parameter [214] C 0 -

Order N 3 -
Fiber soliton 

Spatial period zd 10.9 m 

Second order dispersion at 
pump wavelength 2 -0.46 ps2/km 

Nonlinear coefficient 11 W-1km-1Fiber

Length L 10.9 m 
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The soliton order (N) and spatial period were calculated from Eq. (5.2) and (5.3). To 
obtain a good separation of the fundamental solitons, the pulse was propagated in the 
fiber over a distance equal to the soliton period. The resulting temporal and spectral 
shapes are shown in Fig. 5.2. 

Fig. 5.2. (a) Temporal and (b) spectral description of the fission of a third order soliton during supercontinuum 
formation starting from an unchirped 100 fs-long pulse. The temporal and spectral shapes of the input pulse are 

shown in dashed line. 
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The third order soliton (N=3) created by the pump pulse splits into three fundamental 
solitons shown as A, B, and C in Fig. 5.2(a). Owing to intrapulse Raman scattering, the 
spectrum of the fundamental solitons shifts to longer wavelengths during propagation, as 
seen in Fig. 5.2(b). This phenomenon is referred to as soliton self-frequency shifting 
(SSFS). The amount of red shift experienced by each soliton is given by [214]: 
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where TFWHM, S is the fundamental soliton pulsewidth. The shorter the soliton pulse, the 
more red shift it experiences. According to Eq.(5.2), the shortest fundamental soliton 
must have the largest peak power to maintain its solitonic character. It infers that the most 
powerful soliton in Fig. 5.2(a) (soliton C) experiences the largest red shift, as indicated in 
Fig. 5.2(b). Owing to the negative dispersion of the fiber the red-shifted soliton is slower 
than its peers and accumulates delay with propagation. This causes soliton C to appear 
behind solitons A and B in Fig. 5.2(a). Each of the two splitting solitons emits a 
nonsolitonic dispersive wave (DW in Fig 5.2(b)). The blue shifted dispersive wave 
propagates in the positive dispersion regime of the fiber and consists of a long pulse 
situated on the trailing edge of the solitons, as shown in Fig. 5.2(a). Similar temporal 
features have been reported elsewhere [217]. Figure 5.2 describes the first moments of 
supercontinuum generation. If the pulses are allowed to propagate further in the fiber, the 
Raman solitons (A, B, C) will experience more red shift (according to Eq.(5.4), where the 
amount of red shift is linearly dependent on L, the propagated fiber length) whereas the 
blue shifted radiation will be broadened by conventional SPM in the positive dispersion 
regime of the fiber. At the end of the propagation, the spectral output will consist of a 
smooth spectrum spanning from the longest wavelength soliton to the shortest 
wavelength blue shifted dispersive wave.  
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It now becomes obvious that the shape of the final supercontinuum spectrum is largely 
dictated by the soliton fission phenomena in the early stages of spectral broadening. The 
influence of pump pulse and fiber parameters on soliton fission is valuable knowledge, as 
it helps to identify ways to optimize the supercontinuum radiation. 

5.2 Influence of pump and fiber parameters on the 
supercontinuum spectrum 

5.2.1 Pumping wavelength 

In Fig. 5.2, the pump pulses were close to the ZDW of the fiber and experienced negative 
dispersion. If the pump wavelength is tuned, the new chromatic dispersion conditions 
may significantly alter the supercontinuum spectrum. When the pump wavelength is 
situated deep into the negative dispersion region of the fiber (large | 2|, point B in Fig. 
5.1), the initial soliton order N of the pump pulse decreases as indicated by Eq.(5.2). The 
fission process results in fewer fundamental solitons and thus less blue-shifted 
nonsolitonic radiation. However, according to Eq.(5.4), fundamental solitons experience 
larger Raman shift in conditions of high | 2|, resulting in a larger extension of the long 
wavelength side of the supercontinuum. As shown before, soliton fission is associated 
with the emission of phase matched blue shifted radiation at short wavelengths. It has 
been demonstrated [218] that if soliton fission occurs at large | 2|, the wavelength of the 
resulting nonsolitonic radiation is shorter. Therefore, if pumping is done at wavelengths 
corresponding to large values of | 2|, the end-to-end supercontinuum bandwidth is wider 
than for pumping close to ZDW. However, given the fewer solitons, the spectrum is very 
fragmented. This behavior has been confirmed in several experiments [216, 218].  
Numerical simulations showed that the main source of soliton jitter (which causes noise 
in supercontinuum radiation) is modulation instability in the presence of input pulse noise 
[219–220]. The modulation instability bandwidth can be calculated as [221]: 

2

02
P

B .        (5.5) 

Therefore, large | 2| also helps reduce the soliton jitter noise resulting in a quieter 
supercontinuum source. 
Conversely, if pumping is performed at wavelength situated in the positive dispersion 
region of the fiber (point C in Fig. 5.1), soliton formation cannot occur. The spectrum is 
initially broadened by SPM alone and only the part of the spectrum that crosses the ZDW 
point can result in solitons. This operating mode is obviously non optimal and in most 
cases should be avoided. 

5.2.2 Pump pulse chirp 

The spectral broadening depicted in Fig. 5.2 assumes that the pump pulse is transform 
limited. In practice however, transform-limited pump pulses are not always available. 
The section analyzes the influence of pump pulse chirp on supercontinuum formation. 
If the pump pulse is positively chirped, it undergoes temporal compression before 
forming a high order soliton [222]. A portion of the nonlinear fiber will be thus used as 
pulse compressor reducing the supercontinuum generation efficiency. This phenomenon 
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is particularly important when using fiber laser pump sources, where high power pulses 
can exhibit significant frequency chirp. If the frequency chirp is too large, soliton 
formation may not occur at all despite the negative dispersion of the fiber. The 
supercontinuum spectrum is thus restricted to SPM-induced broadening. 
If the pump pulse is negatively chirped, the anomalous dispersion of the supercontinuum 
fiber imposes further chirp on the pump pulse. Soliton formation is even more difficult 
and supercontinuum generation efficiency is low. 

5.2.3 Pump pulse duration 

According to Eq.(5.2), if the peak power is kept constant, a long pump pulse results in a 
large soliton order and consequently more fundamental solitons. The resulting 
supercontinuum spectrum is smoother. In fact, it is this effect that indicated the soliton 
fission effect as the first step in supercontinuum formation [223]. For practical 
applications, however, the situation is more complex, as longer pump pulses can be 
delivered at the expense of pulse peak power. Where pump pulse duration can be freely 
selected at constant peak power, the longer pulse yields better results. A fiber laser source 
delivering pulses of adjustable width was used to generate supercontinuum in the 
nonlinear fiber depicted in Fig. 5.1 [P8]. The fiber was first pumped by 3 ps-long pulses 
with a peak power of 13 kW and the resulting supercontinuum spectrum is shown in Fig. 
5.3(a). By placing a grating pair compressor after the laser, the output pulses were 
compressed down to 0.4 ps corresponding to a peak power of 60 kW. The launching 
conditions were identical in both cases. The supercontinuum spectrum obtained with 
compressed pulse pumping is shown in Fig. 5.3(b). 

Despite the 4-fold increase in the peak power, the supercontinuum spectrum obtained by 
short pulse pumping is narrower than the spectrum generated by long pulses. This 
behavior is a direct proof of soliton fission effects, the narrower spectrum in Fig. 5.3(b) 
being ascribed to the 8-fold decrease in the order of the pump pulse-induced soliton. 
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Fig. 5.3. Supercontinuum spectra generated by (a) 3 ps, 13 kW pulses and (b) 0.4 ps, 60 kW pulses. 
Dashed lines indicate pump laser spectra. 
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5.2.4 Pump power 

Increase of pump power is always beneficial to supercontinuum generation. Large pump 
power increases the soliton order and promotes SPM broadening of nonsolitonic 
radiation. The ultimate limit for pump power is given by the onset of catastrophic optical 
damage in the nonlinear fiber. 

5.2.5 Fiber length 

The extent of the nonlinear effects involved in supercontinuum generation depends 
linearly on fiber length (Raman shifting and SPM broadening). Therefore, in a first 
approximation, supercontinuum spectrum is broader and smoother with increasing fiber 
length. However, if the fiber length exceeds 100/( P0), the evolution of nonlinear effects 
saturates [224] and little improvement in the supercontinuum spectrum is expected past 
this limit. Using a very long fiber is thus inefficient. For the fiber and pulse considered in 
Table 5.1, the limit length of the fiber is 78 m. 

5.2.6 Dispersion profile of the fiber 

The position of the ZDW of the nonlinear fiber in respect to the pumping wavelength has 
a major influence on the shape and extent of the supercontinuum radiation. In addition, 
the supercontinuum radiation is conditioned by the dispersion profile of the nonlinear 
fiber. Figure 5.1 shows the dispersion profile of the most commonly used 
supercontinuum generators, exhibiting negative dispersion on the long-wavelength side 
of the ZDW. This configuration supports soliton pulses at the pumping wavelength and 
enables Raman shifting of the fundamental solitons, leading to long wavelength 
broadening. An alternative dispersion profile (parabolic dispersion profile) has been 
suggested as an effective way to control the amount of Raman shift experienced by the 
fundamental solitons during supercontinuum broadening [227]. An example of parabolic 
dispersion fiber is shown in Fig. 5.4.

Fig. 5.4. Parabolic chromatic dispersion profile fiber  
(Crystal Fibre NL–1050–ZERO2). 
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The fiber exhibits a limited region with negative dispersion encompassed by two ZDW. 
Outside the mentioned region, the fiber has positive dispersion. The chromatic dispersion 
profile can be closely approximated by a parabola, as indicated by its name. Efficient 
supercontinuum generation is obtained if the pump wavelength is situated within the 
negative dispersion region (indicated by the arrow in Fig. 5.4). Soliton pulses can only 
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exist within the negative dispersion region and thus Raman shifting is limited by the 
long-wavelength side ZDW. This constitutes an efficient mechanism for limiting the 
extent of infrared radiation. Owing to the symmetric dispersion profile, a symmetric 
supercontinuum broadening is expected to occur.  
A high power fiber laser source was used to test the parabolic dispersion fiber in Fig 5.4 

5.3 Optimizing the supercontinuum parameters 

r effects and offers a 

5.3.1 Degree of coherence 

 metrological applications is limited by its degree of 

Fig. 5.5. Supercontinuum spectra generated by a picosecond fiber source in a single ZDW fiber (a) and 
a parabolic profile fiber (b). 
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as supercontinuum generator versus the single ZDW fiber in Fig. 5.1. The equally long 
(20 m) spools of fiber were pumped with 5 ps-long pulses at 1064 nm, carrying a peak 
power of 5 kW. The resulting supercontinuum spectra are shown in Fig. 5.5(a) and (b).

The spectrum of the input laser is indicated by dotted lines in Fig. 5.5. The parabolic 
dispersion fiber yields a symmetric spectrum with limited extension in the infrared range. 
Non-solitonic phase matched radiation peaks are visible on both sides of the flat-top peak 
in Fig. 5.5(b). Owing to the positive dispersion value at long wavelengths, soliton self-
frequency shift is limited and the energy transferred to long wavelengths is reduced. 

Supercontinuum radiation emerges from a complex set of nonlinea
generous optical spectrum spanning across several octaves. However, various systems 
require supercontinuum spectra which are optimized in respect to the parameters 
important for the application (spectral width, spectral power density, coherence, 
dominant wavelength range, etc.) even at the expense of other parameters. This section 
reviews methods to improve the supercontinuum radiation in several aspects useful to 
applications. 

The usefulness of supercontinuum in
coherence [225]. Owing to the strong nonlinear interactions involved in supercontinuum 
generation, the degree of coherence is expected to degrade significantly for very wide 
spectra. If one aims at highly coherent supercontinuum radiation, certain precautions 
must be taken to avoid excessive noise during spectral broadening. As discussed before, 
one of the main sources of noise in supercontinuum is modulation instability, whose 
bandwidth can be significantly reduced by pumping the nonlinear fiber at wavelengths 
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associated with large | 2|. In extreme cases where large spectral width is not required, the 
nonlinear fiber can be pumped in the positive dispersion region. Although detrimental to 
supercontinuum generation, the positive dispersion region of the fiber inhibits modulation 
instability leading to negligible coherence degradation [219, 226]. For short pump pulses, 
SPM plays a major role in spectrum broadening and thus the importance of modulation 
instability is diminished. Therefore, pumping with short pulses improves the coherence of 
supercontinuum. To meet the current metrological needs, one needs to employ 
supercontinuum radiation generated with pulsewidths of 50 fs or less [220]. This puts a 
significant burden on the pump source. It should also be noted that supercontinuum 
radiation is particularly sensitive to input pulse parameters (amplitude and temporal 
noise). A “quiet” pump source is a prerequisite for highly coherent supercontinuum. 

5.3.2 Spectral width and smoothness 

portant for characterization of 

5.3.3 Extended blue range 

wavelength supercontinua with a limited amount of 

Spectral smoothness of supercontinuum radiation is im
passive components, as well as for telecommunication systems, ensuring uniform channel 
power. Smooth supercontinua can be achieved by pumping very close to ZDW [218]. In 
most cases, spectral smoothness conflicts with spectral width [218] and degree of 
coherence [220]. It has been suggested [227] that a smooth supercontinuum spectrum can 
be achieved by employing a parabolic dispersion optical fiber exhibiting two ZDWs (as 
shown in Fig. 5.3). The pump power is launched in the negative dispersion region 
between the ZDWs. By appropriately choosing the peak chromatic dispersion, a smooth 
supercontinuum spectrum is obtained. 

Several applications require short
long wavelength components. The blue-shifted radiation originates in soliton fission 
processes and increasing the initial soliton order leads to improved blue-shifted output. 
However, increasing the amount of blue-shifted radiation while preventing a 
simultaneous increase in the long-wavelength content of the supercontinuum is not 
straightforward. Input pump power can be used to improve the extent and intensity of the 
blue shifted radiation. However, the influence of pump power on supercontinuum 
spectral width saturates after a certain threshold is reached [224]. Moreover, simply 
increasing the pump power causes the long wavelength side of the supercontinuum to 
extend as well, which may prove deleterious to some applications. As with spectral 
width, the extent of the blue shifted radiation can be controlled by the pulsewidth and 
wavelength of the pump, with the limitation of simultaneously extending the infrared side 
of the spectrum. The shortest wavelength of the supercontinuum spectrum can be pushed 
further into the blue range by parametric processes using advanced fiber designs. In one 
approach [228], a customized dispersion profile optical fiber has been used to stimulate 
FWM processes in the short wavelength range of the spectrum, thus improving the blue 
side content of the supercontinuum. An alternative solution relies upon cascading a 
typical photonic crystal fiber (like the one shown in Fig. 5.1) with a fiber exhibiting a 
parabolic dispersion profile (as in Fig. 5.3) [229]. Careful phase matching promotes 
FWM processes and leads to a significant increase in the short wavelength span of the 
supercontinuum. 
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5.4 Experimental investigation of soliton fission phenomenon 
during supercontinuum formation 

The supercontinuum formation mechanism discussed in section 5.1 was experimentally 
investigated using a set of spectrally resolved autocorrelation measurements [P8]. The 
experimental setup is shown in Fig. 5.6. 

Mode-locked 
fiber laser 

MOPA 
/4

Photonic
crystal fiber 

/2/2

Isolator 

Grating pair 
compressor

Prism 

Aperture 

10 cm single-mode fiber 

To measurement
Fig. 5.6. Optical setup for investigation of supercontinuum generation mechanisms. 

Supercontinuum radiation is produced in a 20 m-long span of photonic crystal fiber of the 
sort described in Fig. 5.1. The fiber is pumped with the pulses produced by a high power 
mode-locked fiber laser and compressed in a grating compressor. After compression, the 
pulses are 0.4 ps wide and carry a peak power of 60 kW. The supercontinuum spectrum 
measured after the photonic crystal fiber is shown in Fig. 5.7. 

The structure of the supercontinuum radiation was investigated by slicing the ultrawide 
spectrum in several points (marked by roman numerals in Fig. 5.7) and analyzing the 
second harmonic intensity autocorrelation of the pulses comprised within the sliced 
section. Spectral slicing was performed by a tunable filter made from a rotating prism 
followed by a variable aperture. By tuning the central wavelength of the filter, portions of 
the supercontinuum spectrum from the positive, near zero, and negative fiber dispersion 
regimes were selected and investigated by autocorrelation measurements. Figure 5.8(a–h) 
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Fig. 5.7. Spectrum of the supercontinuum radiation used for investigation of soliton fission phenomena. 
The dash-dotted line shows the chromatic dispersion of the photonic bandgap fiber used for 

supercontinuum generation. 

600 800 1000 1200 1400 1600
-120

-80

-40

0

40

80
II

In
te

n
s
it
y
, 
1

0
d

B
/d

iv

Wavelength, nm

I
III

IV VI
V

2
, 
p

s
2
/k

m



present selected autocorrelation traces and spectra obtained from the supercontinuum 
radiation.
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Fig. 5.8. Autocorrelation traces and optical spectra corresponding to points II, III, IV, and VI in Fig. 5.7. 

In the positive dispersion regime, the non-solitonic radiation propagates as long pulses 
under the influence of dispersion and SPM. This behavior is illustrated in Fig. 5.8(a) and 
(b). Around ZDW the autocorrelation trace shows clear evidence of pulse breakup (Fig. 
5.8(c)). The side peaks correspond to low energy solitons which experience small 
frequency shift. The central feature is a 140 fs-long pulse attributed to residual pump. The 
very short duration of the central feature (much shorter than the original pump pulse 
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width) is a proof of soliton effect compression undergone by pump pulses before 
breaking up into fundamental solitons. This is in agreement with the theoretical 
predictions of [222]. Fig. 5.8(e–h) show Raman solitons originating in the pump pulse 
and red shifted by SSFS. The clean autocorrelation trace is a clear indication of 
fundamental soliton pulses that propagate undisturbed through the fiber. From this 
perspective, the obtained supercontinuum radiation constitutes an ideal source of 
ultrashort pulses tunable over 600 nm. The temporal behavior of pulses extracted from 
the supercontinuum radiation at both positive and negative sides of the fiber dispersion 
has been tested by displaying the pulse trains on an analog oscilloscope. The soliton 
pulses formed a well defined trace of the screen, whereas the tops of the pulses extracted 
from the positive dispersion side could not be clearly visualized owing to the large 
amplitude noise.  
The structure of the supercontinuum radiation has been investigated and clear evidence of 
soliton fission effects has been found. The supercontinuum radiation is an attractive 
tunable source of ultrashort pulses. 

5.5 Generation of all-visible supercontinuum in fiber tapers 

Selected applications of supercontinuum in biology, medical sciences, and machine 
vision require visible-only supercontinuum without parasitic infrared components. For 
such applications, broad spectra generated using infrared lasers (such as the one in Fig. 
5.7) are not only inefficient but also deleterious, as the large amount of energy hosted in 
the infrared spectral range can damage the biological samples or saturate the vision 
sensors. Novel solutions are required to provide continuum radiation suitable for these 
applications. Filtering out the infrared part of the spectrum in Fig. 5.7 is difficult, owing 
to the wide bandwidth and the large amount of power contained therein. Based on the 
current understanding of supercontinuum formation mechanisms, the best option for 
generating a customized broadband radiation is employing a pump source emitting at a 
wavelength close to the center of the required spectrum, backed by a suitable nonlinear 
fiber exhibiting ZDW at the pump wavelength. For the particular case of visible light, the 
pump and the ZDW of the nonlinear fiber should be in the green light range (500 nm). 
Until recently, the unavailability of ultrashort pulse lasers at 500 nm and difficulty in 
manufacturing fibers with ZDW in this range made this solution impractical. 

Fiber laser 
source

/4 

f=25 mm f =35 mm
PPLN

/2heater

98%@1064nm 

1064 nm 
532 nm 
White light 

Optical
isolator 

Residual pump 

Fiber taper 

Supercontinuum  
output

99%@532nm

532/1064 nm 
dichroic 

Fig. 5.9. Optical setup for visible supercontinuum generation  

Using the technology and methods developed within the scope of this thesis, we 
generated pure white light supercontinuum in tapered optical fibers pumped with a 
frequency-doubled mode-locked Yb fiber laser [P9]. Efficient QPM frequency doubling 
of a robust mode-locked Yb fiber laser provided a high-power ultrashort pulse source 
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operating at 531 nm, conveniently located amidst the visible range. The precise fiber 
tapering technique described in chapter 3 allowed us to accurately control the ZDW of 
the taper to match the pumping wavelength. The optical setup is detailed in Fig. 5.9. The 
fiber laser source is frequency doubled in a 10 mm-long PPLN crystal similar to those 
described in chapter 4. The second harmonic light was separated from the residual 
fundamental by a dichroic mirror. The second harmonic light was then coupled into the 
fiber taper.

Figure 5.10 shows the optical spectrum of the second harmonic light and the chromatic 

o, and 
negative dispersion at the pump wavelength (as shown in Fig. 5.10(b)) has been 

dispersion characteristic of the tapers used for supercontinuum generation. 

A series of four tapers with increasing waist diameters exhibiting both positive, zer

Fig. 5.11. Supercontinuum spectra obtained using tapers with waist diameters of 
(a) 0.9 µm, (b) 0.8 µm, (c) 1.1 µm, and (d) 1.55 µm. 
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manufactured. This enables determining of the most efficient supercontinuum generator 
configuration. The supercontinuum spectra obtained by placing the tapers in sequence at 
the output of the frequency converted system are shown in Fig. 5.11(a–d). For each taper, 
80 mW of 531.6 nm light was coupled into the single-mode input pigtail. The widest 
spectrum is obtained by the 0.9 µm waist taper (Fig. 5.11(a)) due to its ZDW being 
closest to the pump wavelength. The nonsolitonic radiation peak is visible in the 
spectrum at 402 nm. At full input power, the supercontinuum average power is 55 mW, 
yielding a spectral power density of 0.17 mW/nm. The 0.8 µm waist taper (Fig. 5.11(b)) 
exhibits higher negative dispersion at pump wavelength and behaves as discussed in the 
previous section: the spectrum is less smooth (owing to the lower soliton number) and the 
amount of red shifted radiation is larger (the amount of SSFS experienced by the 
fundamental solitons increases with chromatic dispersion). The nonsolitonic radiation 
peak extends further into the blue range (375 nm) owing to phase matching occurring at 
shorter wavelengths. The end-to-end spectral width is larger than in the previous case but 
at the expense of spectral smoothness. Figures 5.11(c) and (d) show the supercontinuum 
spectra obtained with positive dispersion tapers (consequently less efficient). Owing to 
the positive dispersion regime, traces of SSFS are barely visible on the right-hand side of 
Fig. 5.11(c). Also, the phase matched nonsolitonic radiation is formed at longer 
wavelengths.  In the particular case of fiber tapers, large positive dispersion is always 
associated with low nonlinearity (due to thicker taper waist, as seen in Fig. 5.10(b)). This 
explains the poor broadening seen in Fig. 5.11(d), where only discreet peaks can be 
noticed. The results in Fig. 5.11 indicate that the supercontinuum generation efficiency 
depends strongly on the taper waist diameter accuracy. A waist diameter deviation of 
only 0.2 µm from the optimal value (0.9 µm) leads to significant changes in the 
supercontinuum spectrum.  
Using the mature fiber taper technology, all-visible supercontinuum radiation can be 
obtained in a compact and stable setup. Intense ultrashort pulses in the green range (531.6 
nm) have been obtained from a frequency-doubled Yb fiber source using a robust PPLN 
crystal. The described supercontinuum source may provide a solution to the all-visible 
broadband radiation problem. 
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6 Conclusions 

This thesis aims at designing fiber lasers optimized for frequency conversion and 
supercontinuum generation applications. The research work addresses various aspects of 
frequency-converted laser sources, such as the mode-locked laser used as pump source, 
the fiber-based power amplifier, the frequency doubling and tripling stages, and the 
nonlinear waveguides for supercontinuum generation. 

Short wavelength (~900 nm) generation directly from a mode-locked laser was 
demonstrated using Nd-doped single mode fiber as gain medium. Despite its widespread 
use as gain material in bulk lasers, Nd has only recently earned recognition in fiber lasers. 
The work performed in this thesis resulted in the shortest wavelength mode-locked fiber 
laser at the time (880 nm). The use of all-fiber intracavity components allowed for 
efficient suppression of the parasitic 1060-nm radiation, characteristic to Nd-based 
systems. The laser was self-starting and produced sub-picosecond pulses with an average 
power of 1 mW. The grating pair used for dispersion compensation allowed for tuning of 
the laser operation wavelength within a 30-nm band. 

A custom designed single-mode fiber taper was used to provide intracavity dispersion 
compensation to a short Yb-doped fiber laser. This resulted in a very compact cavity 
layout, suitable for small footprint laser sources. A three-fold reduction in the pulsewidth 
has been recorded, following the insertion of the fiber taper in the laser cavity. Soliton 
sidebands were identified in the laser spectrum, which constituted a clear indication of 
soliton pulse operation as a result of dispersion compensation. 

Stable synchronization between two mode-locked fiber lasers was achieved using cross 
phase modulation (XPM) in a single-mode optical fiber. Owing to the fiber-based 
interaction medium, the repetition rates of the lasers were robustly locked to each other. 
The lasers tolerated a change in the cavity length of up to 150 µm without losing 
synchronization. This constitutes a very reliable noise-cancellation mechanism, 
particularly useful for time-sensitive applications.  
Using a similar cavity design, an all-optical clocking mechanism suitable for mode-
locked fiber lasers was devised. An Yb-doped fiber laser was synchronized to an external 
optical clock supplied by a standard telecom diode laser. Precise timing of the laser could 
be accomplished using an electronic synthesizer used as driver for the diode laser. The 
system was tested against clock failure, and fast reacquisition of the clock signal was 
demonstrated.  
The dissimilar gain spectra of Er- and Yb-doped fibers were used to assemble a dual-
color laser. This special laser source emitted two synchronized trains of pulses at 1550 
nm and 1040 nm. Pulse synchronization was performed by XPM interaction in a shared 
fiber cavity. 

Having an Yb-doped fiber laser as pump source, simultaneous second and third harmonic 
generation was demonstrated in a waveguided periodically-poled KTP crystal. A 
conversion efficiency of 33% for second harmonic and 2% for third harmonic waves was 
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recorded. Following a brief theoretical analysis, the third harmonic light was found to 
emerge from a non phase-matched process based on fourth order second harmonic 
generation in the periodically-poled crystal. The system constitutes a promising source of 
visible and UV laser pulses using a single frequency conversion stage. 

Employing a pre-chirping technique, spectral compression of an ultrashort optical pulse 
was obtained in a fiber amplifier. This allowed for nearly transform-limited pulses to be 
obtained at the output of a fiber amplifier stage. The narrow-spectrum pulses are useful in 
frequency conversion experiments, as it provides a better matching with the small 
acceptance bandwidth of periodically-poled crystals. A frequency conversion efficiency 
of 66% was obtained using a 10 mm-long crystal pumped by the spectrally-compressed 
source.

Supercontinuum formation in photonic crystal fibers was investigated using spectrally-
resolved autocorrelations. Soliton fission was found to be the key factor in spectral 
broadening, as it converts the pump pulses into multiple fundamental solitons, associated 
with the long-wavelength extension of the supercontinuum spectrum. The short-
wavelength side of the broadband spectrum is given by phase-matched nonsolitonic 
radiation emitted during soliton fission. Experimental evidence of soliton fission was 
found and the measured features were consistent with the theory. Using a tunable filter, 
the supercontinuum radiation was proved to be a reliable source of ultrashort pulses in a 
broad wavelength range. 

For biological applications, where the large amount of infrared radiation present in 
ordinary supercontinuum is deleterious, an all-visible supercontinuum source was 
demonstrated. Starting from a frequency-doubled Yb fiber laser, truly all-visible 
broadband light spanning from 400 nm to 650 nm was generated in a custom designed 
(and rather unique) fiber taper exhibiting zero-dispersion wavelength at 532 nm. A 
special fiber pulling technique was developed to manufacture the thin (0.9 µm) and long 
(20 cm) fiber taper with low losses and good uniformity. 
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Femtosecond Neodymium-Doped Fiber Laser
Operating in the 894–909-nm Spectral Range

M. Rusu, S. Karirinne, M. Guina, A. B. Grudinin, and O. G. Okhotnikov

Abstract—We demonstrate a practical ultrafast Nd-doped fiber
laser operating in the 894–909-nm spectral range. Using purposely
designed semiconductor saturable absorbers, a truly self-started
mode-locking regime of operation with clean transform-limited
360-fs pulses was achieved.

Index Terms—Mode-locked lasers, neodymium, optical fiber,
quantum-well devices.

ULTRAFAST fiber lasers are currently becoming very
useful and reliable tools in many practically important

applications such as micromachining, biomedicine, terahertz
generation, and others. The main features of fiber-based de-
vices—high efficiency, reliability, and small footprint—make
them very attractive for applications traditionally occupied
by conventional ultrafast lasers. Important activities in devel-
opment of practical ultrafast fiber lasers have been recently
focused on the use of semiconductor saturable absorber mirrors
(SESAMs) as intracavity intensity discriminating element,
and Yb-doped fiber as a gain medium [1], [2]. The SESAMs
have been extensively used to mode-lock a large variety of
laser systems [3], [4]. The passive mode-locking mechanism
provided by an SESAM is very efficient and allows for imple-
mentation of very compact linear cavity lasers. Yb-doped fibers
offer high efficiency, low threshold, and virtually unlimited
ability to scale power up [5], [6]. Yb-doped fiber lasers can be
easily tuned in a 1030–1120-nm spectral range. However, some
applications require a wavelength close to 900 nm. This can be
achieved with Nd-doped fibers [7], [8]. The quasi-three-level
F I transition of a Nd- ion-doped laser around

900 nm has attracted much attention in recent years as a master
source for generation of high power radiation at 460 nm (blue
laser) and as a high power single-mode pump for 980-nm fiber
lasers [9], [10]. However, the stimulated emission cross section
is an order of magnitude smaller than that of commonly used
four-level transition at 1064 nm. In addition, the lower laser
level has a significant thermal population at room temperature
resulting in losses due to reabsorption of laser light. Conse-
quently, quasi-three-level laser systems require considerable
pumping before exhibiting gain [6]. Optical fiber-based sys-
tems provide promising alternative to the bulk configuration
because of their excellent mode confinement and long inter-
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Fig. 1. Cavity configuration for a tunable mode-locked Nd fiber laser.

action length that allow us to extract sufficient gain even for
quasi-three-level transitions [7], [8]. In this letter, we report on
a passively mode-locked Nd -doped fiber laser operating at
the three-level F I transition near 900 nm.

A schematic description of laser setup is shown in Fig. 1. The
cavity contains a grating pair for intracavity dispersion com-
pensation, a 1-m-long Nd -doped fiber with angled-cleaved
end to suppress intracavity reflections, a wavelength-division
multiplexer, and a 92% reflectivity fiber loop mirror. The
cavity was terminated by the loop mirror from one end and
by an SESAM from the other. The neodymium-doped silica
fiber (NA , cutoff wavelength 800 nm) is pumped
by a pigtailed single-mode laser diode operating at 808 nm.
The unsaturated fiber absorption at 808 nm was 37 dB/m.
The 808/900-nm pump wavelength-selective coupler and the
loop mirror were made of fiber with a cutoff wavelength of

735 nm. The maximum launched pump power was 100 mW.
The large normal group-velocity dispersion introduced into the
cavity by the fiber is offset by the anomalous dispersion of the
grating pair, so that total intracavity dispersion was anomalous
which resulted in easy self starting of mode-locked operation.
Mode locking was initiated and stabilized by the SESAM. The
SESAM was grown by solid-source molecular beam epitaxy
on n-type GaAs (100) substrate satisfying an antiresonant
design [3]. The sample includes a bottom mirror comprising
20 pairs of AlAs–Al Ga As quarter-wave layers forming
a distributed Bragg reflector (DBR). The DBRs stopband had
a center wavelength of 910 nm and approximately 100-nm
bandwidth (860–960 nm). The absorber region consists of
six 6-nm-thick In Ga As quantum-wells separated by
16-nm GaAs barriers. The quantum-wells are placed between
a 0.1- m GaAs buffer layer and a 50-nm GaAs cap layer. The
device was grown at 650 C with the exception of the active
region that was grown at 520 C. The photoluminescence
emission peak from quantum-wells was measured to be at
930 nm. The saturation fluence and nonlinear reflectivity have
been estimated to be 3 J/cm and 2%–3%, respectively.
Recently, similar absorber mirrors were successfully used in
broadly tunable mode-locked Yb-fiber lasers [2].

1041-1135/04$20.00 © 2004 IEEE
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Fig. 2. Autocorrelation trace of the pulses observed at the output of the fiber
lead with the length of 18 cm. The distance between gratings is 4.5 cm.

Fig. 3. Optical spectrum of the pulses shown in Fig. 2.

The proper alignment of the SESAM with the Nd-doped fiber
resulted in self-starting mode-locking at the fundamental fre-
quency of the laser cavity of 35.17 MHz. The laser threshold was
60 mW for CW operation and 70 mW for the mode-locked
regime. Polarization dependence of the grating reflectivity led
to the necessity to employ polarization controller in order to
minimize intracavity loss. Although the mode locking could
be started at virtually any position of polarization controller,
the most stable operation with shortest pulses were achieved at
only one orientation of the controller. This fact also suggests
that nonlinear polarization had probably played some role in
pulse shaping [11]. The shortest stable pulses were achieved
with a grating separation of 4.5 cm, whereas, total second-order
group velocity dispersion of the doped fiber was measured to
be 0.05 ps . The total second-order dispersion in the cavity, in-
cluding a double pass of the fiber and the grating pair set with
the optimal grating separation, was 0.13 ps . The pulsewidth
measurements were performed at the output of the fiber pigtail
external to the loop mirror. The autocorrelation measurements
presented in Fig. 2 reveals a pulsewidth of 620 fs [full-width
at half-maximum (FWHM) assuming a sech pulse shape] for
the shortest length of the fiber pigtail of 18 cm. The corre-
sponding pulse spectrum is presented in Fig. 3 and had FWHM

Fig. 4. Continuous wavelength tuning over 894–909-nm range obtained for
mode-locked operation.

bandwidth of 2.4 nm. The average output power was 1 mW.
The effect of the fiber pigtail on the pulsewidth was studied by
changing the length of the fiber lead. The extrapolated value
of the pulse duration corresponded to the pulsewidth generated
by the laser was found to be 360 fs. Therefore, the time-band-
width product of the pulse at the input of the fiber lead is 0.32,
indicating that the pulses are transform limited. By tilting the
diffraction grating or by shifting the lens focusing the light onto
absorber, we were able to continuously tune the mode-locked
laser from 894 to 909 nm, as shown in Fig. 4.

In conclusion, we have demonstrated a passively mode-
locked Nd-fiber laser tunable over the three-level transition
band from 894 to 909 nm. To our knowledge, this is the shortest
wavelength obtained from mode-locked fiber laser. Continuous
tuning of the pulses was accomplished by using an SESAM
that initiates and stabilizes the mode-locking process. The low
pump power ( 100 mW), supplied by a single-mode pump
diode, makes this laser a very attractive fiber counterpart to
the solid-state lasers now dominating in this wavelength range.
As a final remark, we would like to note that by utilizing fiber
cladding pumped technology for power amplification, it is
feasible to scale the average power up to several watts [12],
which will make such a tunable source of subpicosecond pulses
very attractive for numerous applications.
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We exploit the large anomalous dispersion in the waist of a fiber taper to offset the intracavity normal chro-
matic dispersion of an Yb-doped fiber laser. The fiber taper provides sufficient anomalous dispersion to en-
sure soliton operation of the mode-locked laser. With the taper removed from the cavity, the laser operates in
a net normal dispersion regime. © 2006 Optical Society of America

OCIS codes: 060.2340, 140.3510, 260.2030, 320.7090.

By combining the broad gain spectrum of Er- or Yb-
doped fibers with semiconductor saturable absorber
mirror (SESAM) structures, widely tunable sources
delivering excellent pulse quality have been
developed.1–5 Yb-doped fiber lasers operating at a
1 �m band gained recognition as useful tools for
medical science and material processing and as at-
tractive sources for visible and UV light generation
through frequency conversion6 and supercontinuum
broadening.7 Despite excellent performance reported
to date, Yb-doped fiber laser development remains
hindered by the issue of chromatic dispersion com-
pensation. Owing to both doped and standard single-
mode fibers exhibiting normal chromatic dispersion,
without proper dispersion management, mode-locked
fiber lasers emitting at 1 �m operate in a net normal
dispersion regime, associated with long pulse widths
and a difficult start-up of mode-locked operation.8 To
overcome these problems, normal dispersion of the
laser cavity should be compensated for by the anoma-
lous dispersion of an additional intracavity element,
generally referred to as the dispersion compensator.
Consequently, the laser operates in a soliton regime,
being more tolerant of cavity losses and reflections
and delivering shorter pulses. Regularly, dispersion
compensation is achieved with bulk optical compo-
nents such as prisms9 and waveguide and diffraction
gratings.10,11 These solutions suffer from disadvan-
tages that limit their applicability to fiber lasers:
prisms exhibit too low dispersion and require an im-
practically large separation, while diffraction grat-
ings are strongly polarization dependent and intro-
duce additional cavity losses. Moreover, the use of
intracavity bulk optical elements violates the “all-
fiber” character of fiber lasers. A more compact ap-
proach to dispersion compensation uses a Gires–
Tournois interferometer embedded in one of the laser
cavity mirrors.12 However, the device operation band-
width of such reflectors is small, while the magnitude
of third-order dispersion is typically high. Recently,
the emerging photonic crystal technology has been
used to produce all-fiber dispersion compensators13

as attractive alternatives to bulk elements.
In this Letter we report on the use of a tapered

single-mode fiber to compensate for the dispersion of
an Yb fiber laser. The laser could operate in both nor-

mal and anomalous dispersion regimes, whereas the
switch between the two dispersion regimes was per-
formed by simply inserting the taper in the laser cav-
ity. When properly designed and manufactured, a fi-
ber taper preserves the low-loss all-fiber character of
the laser cavity and constitutes a strong candidate to
practical dispersion compensators for fiber lasers.

The fiber taper was manufactured from a single-
mode fiber using a flame brush technique.14,15 A pre-
mixed hydrogen–oxygen burner was swept over a
short span of fiber, while the ends of the fiber were
pulled in opposite directions at low speed. To ensure
good taper waist uniformity and short taper transi-
tions, a double-stage pulling process was employed.
First, the fiber was heated in a narrow region and ta-
pered down to a diameter of 10 �m. Second, the torch
sweep range was varied linearly with taper
extension16 to achieve conical transitions as short as
possible. Tight control over the torch gas flow and
brush speed resulted in a uniform taper waist with a
length of 20 cm and a total conical transition length
of 7 cm. Figure 1 shows the taper profile, as inferred
from measurements with a 100� magnification opti-
cal microscope. After fabrication, the taper was
promptly packaged in a rugged aluminum tube and
sealed with silicon rubber at either end. Inside the
package the taper remained surrounded by air. The
chromatic dispersion of the taper waist was esti-

Fig. 1. Measured taper profile.
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mated by solving the propagation constant eigen-
value equation17,18 using a Newton–Raphson algo-
rithm implemented in MATLAB. Figure 2 shows the
calculated chromatic dispersion of the taper waist at
a wavelength of 1.048 �m for a range of waist diam-
eters, along with the measured taper insertion losses.
It can be seen that the largest amount of anomalous
dispersion could be obtained for a taper waist diam-
eter of 1.2 �m. However, a gradual increase in the op-
tical loss of the taper, ascribed to the nonoptimized
manufacturing process, was observed with the reduc-
tion in waist diameter. Therefore, in practice, the
choice of waist diameter value is a matter of a trade-
off between taper loss and dispersion. Since the taper
is to be used inside the laser cavity, low insertion loss
is an important prerequisite. The taper with a waist
diameter of 1.8 �m exhibiting a dispersion value of
0.19 ps/nm/m at 1.048 �m was found to be optimal
for our laser setup. With this taper, light was well
confined in the waist, and the insertion losses were
only 0.3 dB for the entire structure. Using a white-
light interferometer,19 we measured the total chro-
matic dispersion of the whole taper (waist plus pig-
tails) plotted in Fig. 3. A value of 50 fs/nm at
1.048 �m for a 20 cm long waist with two 15 cm stan-
dard fiber pigtails has been derived from the mea-
surement. It should be noted that the chromatic dis-
persion of the taper can be altered by changing the
refractive index of the medium surrounding the
taper, for instance, by filling the housing tube with
an optical material with selected refractive index.18

The transmission spectrum of the taper was mea-
sured by using a broadband fiber source and a
0.05 nm resolution spectrum analyzer, and the result
is presented in Fig. 3. As can be seen from the figure,
the transmission spectrum is smooth, without spec-
tral features. This confirms the single-mode light
propagation in the taper and the good uniformity of
the conical transitions.

The fiber laser used in the experiment is shown in
Fig. 4. The laser cavity is composed of 50 cm of Yb-
doped gain fiber with 434 dB/m absorption at
980 nm, a SESAM for initiating and sustaining
mode-locked operation, and a 70% reflectivity fiber

loop mirror, which also served as an output coupler. A
polarization-insensitive pigtailed isolator is spliced to
laser output to avoid back reflections. The laser was
pumped with a 140 mW single-mode laser operating
at 980 nm through an intracavity WDM coupler. In a
mode-locked regime, the laser operates with a repeti-
tion rate of 65 MHz. The average output power was
2 mW. The optical spectrum and autocorrelation
trace recorded at the output of the loop mirror are
shown in Fig. 5(a). As inferred from the square-
shaped spectrum, the laser operates in a net normal
dispersion regime owing to the normal dispersion of
the cavity. The corresponding pulse width is 8 ps.

The taper was fusion spliced to the cavity fiber just
next to the loop mirror, leaving the alignment of the
SESAM mirror undisturbed. Hence the normal dis-
persion of the fiber was offset by the dispersion of the
taper, resulting in a net anomalous dispersion of the
cavity. The optical spectrum of the laser operating in

Fig. 4. Cavity setup of the mode-locked fiber laser.

Fig. 5. Spectrum and autocorrelation trace of the laser op-
erating in (a) net normal dispersion regime and (b) soliton
regime.

Fig. 2. Calculated dispersion of the taper waist versus di-
ameter and measured taper losses. The chosen diameter is
shown by an arrow.

Fig. 3. Transmission spectrum and chromatic dispersion
of the taper used in experiments.
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the new configuration is presented in Fig. 5(b) show-
ing solitonic sidebands, a clear indication of soliton
pulse mode locking. The autocorrelation trace shows
pulse width reduction to a value of 3 ps. The output
of the laser is extracted through a loop mirror fol-
lowed by a fiber pigtailed isolator, both exhibiting sig-
nificant normal dispersion, which results in a large
amount of chirp on the output pulse. In the soliton re-
gime, the laser was operated continuously for hours
without any noticeable performance degradation. Us-
ing the soliton sidebands in the spectrum, the aver-
age cavity dispersion after taper insertion was
calculated.20 A value of 0.03 ps/nm was deduced at
1.048 �m. By subtracting the taper dispersion, the
initial laser cavity dispersion originating from single-
mode fibers was estimated to be −0.02 ps/nm.

In summary, we demonstrated all-fiber intracavity
chromatic dispersion compensation by using a ta-
pered single-mode fiber. A short linear cavity fiber la-
ser incorporating the taper exhibits evident soliton
pulse mode-locked operation. Without the taper, the
laser operates in a net normal dispersion regime ow-
ing to normal cavity dispersion. At the given intrac-
avity power, optical nonlinearity of the taper did not
perturb the laser operation. The tapers demonstrated
reasonable stability in laboratory conditions. The use
of these components in practical environments
would, however, require advanced packaging suitable
for long-term operation. With mature technology,
tapers may constitute an important step toward all-
fiber chromatic dispersion compensators suitable for
short cavity mode-locked fiber lasers.
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Abstract:  Using a master - slave configuration, a robust synchronization 
was achieved for two-color Erbium and Ytterbium mode-locked fiber lasers. 
Due to enhanced nonlinear interaction in the fiber, noise-free pulse-locking 
was achieved allowing for a cavity mismatch tolerance of 140 µm. This is 
the highest tolerable cavity-length difference ever been obtained for 
synchronized mode-locked oscillators. 
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1. Introduction 

The technology of Semiconductor Saturable Absorber Mirror (SESAM) has greatly pushed 
the development of mode-locked fiber laser. The main features of fiber-based devices – high 
efficiency, reliability and small footprint – make them promising for applications traditionally 
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occupied by ultrafast solid-state lasers. The broad fluorescence spectrum makes different fiber 
gain media attractive for tunable and ultrashort pulse sources. Recently pulse trains covering
the vast wavelength range from 895 to 1560 nm were reported using neodymium, ytterbium 
and erbium doped mode-locked fiber lasers [1-3]. Different fields of science and technology 
have a strong need to pursue research using ultrafast lasers in an arrangement called two-color 
experiment. The two-color source appears to be a valuable instrument for ultrafast research 
including difference-, harmonic- and sum-frequency generation, coherent anti-Stokes Raman 
scattering microscopy and two-color pump-probe investigations. For the majority of the 
applications, the relative jitter between the pulses is a crucial factor severely limiting the 
performance of the system. Compared to the active synchronization of two-color mode-locked 
lasers with an electrical feedback scheme [4-5], the passive technique using cross-phase 
modulation (XPM) should result in a very small timing jitter [6-9]. It should also be noted that 
a two-color source using a single gain medium suffers from limited bandwidths, gain 
competition, poor tunability and close optical frequencies. 

Using coupled-cavity lasers is shown to be a powerful technique for generation of a 
synchronized two-color mode-locked pulse train. In this approach, the two laser cavities share 
the same medium with Kerr-type nonlinearity that ensures synchronous mode-locking of the 
coupled oscillators. This technique is particularly attractive with fiber lasers because of long
interaction length that can be conveniently constructed for coupled-cavity fiber lasers [10]. 
However, integrated two-color coupled-cavities usually require complicated dichroic 
components and should be carefully designed to avoid excessive noise due to laser coupling. 

In this Letter we demonstrate an alternative approach for synchronized two-color mode-
locked system based on master-slave configuration. In this set-up the highly stable master 
mode-locked erbium-fiber oscillator is isolated from the slave ytterbium-fiber laser and, 
therefore, it is free from any disturbing influences that may occur in the lasers sharing joint 
cavity. Synchronization is achieved by the cross-phase modulation (XPM) in the slave 
oscillator induced by the master laser. We demonstrate that the slave mode-locked laser can 
be tightly synchronized by the pulse train injected into its cavity from independent master 
source with a record cavity-length detuning exceeding 140 µm. We have found that the 
performance of the master-slave type technique is similar to the coupled-cavity set-up 
otherwise it is simpler, more robust and well suited for use in practical systems. 

2. Experiment 

The experimental setup is shown in Fig. 1. The output of the erbium-fiber master-laser 
operating at 1550 nm was injected into the 1060 nm slave laser cavity. The slave laser 
comprises a linear cavity terminated by the SESAM on one side and a fiber loop mirror on the 
other. The loop mirror acts as a dichroic output coupler providing ~90%-reflectivity at 1060 
nm and high transmission at 1550 nm. Optical gain medium is a 70 cm of Yb-doped fiber with 
NA=0.13 and cutoff wavelength ~910 nm pumped by a 150 mW single-mode 980 nm 
semiconductor laser via a 980/1060 WDM coupler. The gain fiber has pump absorption of 434  

980 nm 
pump in

980/1060 
coupler 

SESAM 

1060/1550 
coupler 

1.55 & 1.054 µm 
output 

Yb-fiber

1.55 µm master 
oscillator

Grating 
pair 

Fig. 1. Configuration of the master-slave ultrashort pulse lasers
synchronization setup. 
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dB/m at 980 nm, a core diameter of 6.2 µm and normal group velocity dispersion of -30 
ps/nm·km at 1060 nm. The large normal chromatic dispersion of the fiber in slave laser cavity 
is offset by a 1200 mm-1 grating pair placed in the free space section of the cavity that allows 
changing the overall cavity dispersion over a broad range, from normal to anomalous. The 
SESAM-lens assembly can be precisely translated axially providing us with a means of 
controlling the cavity length and thus the slave laser repetition rate.  

The master laser is a stable, linear cavity laser passively mode-locked by a SESAM [2, 
11]. Master laser is coupled to the slave laser cavity through a 1060/1550 dichroic fiber 
combiner. The fiber span between the combiner and the loop mirror acts as an interaction 
medium of the master and slave laser pulses. The segment of the slave laser cavity, where 
XPM occurs, has anomalous dispersion of the fiber at 1550 nm. The fiber dispersion was 
measured to be of 7.8 ps/nm·km. The low value of dispersion and short length of interaction 
fiber (~1.5 m) allowed concluding that the distortion of the 1.55-µm control pulse in a laser 
cavity was negligible. To ensure master laser protection against back reflections from the 
slave cavity, an optical isolator was placed at the input of the master/slave combiner to 
achieve one-way coupling from the master to the slave laser. The loop mirror supplies a two-
color output from the master-slave system. The pump WDM, master-slave beam combiner 
and the loop mirror were made from Corning HI1060 fiber (NA=0.14, cutoff wavelength 939 
nm) using computer-controlled fusing technology to achieve the required spectral 
characteristics.

The master laser repetition rate was measured to be around 40 MHz. By changing the 
fiber length and shifting the SESAM-lens holder, the cavity length of the slave laser was made 
to be essentially identical to cavity length of the master oscillator. The locking behavior was 
then investigated by only fine-tuning the slave cavity-length using the translation stage. 
Movement of the translation stage was monitored using an inductive transducer gauge with a 
reading precision of 1 µm. SESAM-enforced self starting mode-locking was obtained with 
both master and slave lasers. The pulse widths of 1 ps and 2 ps with the assumption of a sech2

shape were deduced from the autocorrelation measurements for the master and slave 
oscillators, respectively, as shown in Fig. 2(a) and Fig. 2(b).  

The combined output of the master and slave lasers was detected and fed to the input of 
an electrical spectrum analyzer with a resolution of 100 Hz. This allows for repetition rate 
monitoring of the master and slave lasers, simultaneously. By aligning the slave laser cavity-
length while recording the cavity elongation together with repetition rate for both lasers, the 
slave laser pulse train could be easily set to be locked to the master pulses. Figure 3 shows the 
repetition rate of the slave laser as a function of the SESAM assembly displacement. As 
shown in Fig. 3, a slave cavity-length mismatch over 140 µm is tolerable without losing 
locking mode with the repetition rate identical to the master oscillator. The stable 

-3 -2 -1 0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

, a
rb

. u
ni

ts

Time, ps

τpulse = 1 ps

1530 1560 1590

Po
w

er
, 1

0d
B/

di
v

Wavelength, nm

-6 -4 -2 0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

, a
rb

. u
ni

ts

Time, ps

τpulse = 2 ps

1048 1052 1056 1060

Po
w

er
, 1

0 
dB

/d
iv

Wavelentgh, nm

Fig. 2. (a) Autocorrelation trace of the 
master laser output pulse. Corresponding 
pulse spectrum is shown as an inset. 
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spectrum is shown as an inset. 
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synchronization was maintained within the locking range even under continuous changing the 
slave cavity-length. In these measurements, the average output power of the master laser was 
40 mW, whereas the slave laser average power was about 2 mW. The synchronized mode of 
the master-slave system was independently confirmed by monitoring pulse trains on an 
oscilloscope. Triggering the scope with the master pulse train allowed the slave laser train to 
be clearly visualized. Otherwise, the slave laser could not be displayed on the scope without 
synchronization. In the synchronized mode, when master and slave pulses coincide 
temporally, strong nonlinear effect causes the slave pulse spectrum to be affected by the 
control master train.  

Figure 4 shows the wavelength shift in the slave laser spectrum recorded simultaneously 
with repetition rate monitoring, shown in Fig. 3. This feature is due to the XPM induced by 
the Er-fiber master laser in the Yb-fiber cavity [8, 9]. The wavelength shift of the slave laser 
pulses generated through the XPM allows compensating for cavity-length variations owing to 
adequate change in the pulse group velocity [12]. The synchronized operation was also 
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possible with a spectral filter inserted in the slave laser cavity. However, with slave laser 
wavelength firmly set by the filter, the locking range vanished, as expected from the above 
discussions. 

The average dispersion in the slave laser cavity obviously plays a crucial role in the 
locking procedure. The repetition rate of the slave laser was initially higher than that of the 
master oscillator (Fig. 3). Since the slave laser had anomalous cavity dispersion, the pulses 
experience abrupt red-shift to reach the locking state with an increase in the cavity-length 
(Fig. 4). With subsequent increase in the slave cavity-length in the synchronized mode, 
gradual blue-shift was detected, as seen from Fig. 4. As the cavity-mismatch reaches the 
locking limit, the slave laser wavelength returns to the free-running value.

With a decrease in the cavity dispersion, the same locking range can in principle be 
expected provided that a larger spectral shift is imposed on the slave laser pulses to 
compensate for the master-slave velocity mismatch. However, we found that the locking 
range for arbitrarily low cavity dispersion was ultimately limited by the spectral broadening 
generated by the master laser pulses through cross-phase modulation. This conclusion was 
derived from the behavior of the cavity mismatch tolerance with increasing master pulse 
energy, shown Fig. 5. The higher the master pulse energy, the stronger the phase modulation 
seen by the slave pulse and, consequently, the larger the spectral shift they acquire. Therefore, 
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the locking range increases with increasing master pulse energy since larger mismatch 
tolerances can be compensated for a given dispersion of the cavity. From this observation, we 
conclude that the master pulse energy is a key parameter in our system limiting the locking 
range by setting a maximum value for wavelength variation. 

The average dispersion of the slave laser cavity could be changed by altering the gratings 
separation. Figure 6 shows the change in slave laser cavity tolerance for several dispersion 
values of cavity. The decrease in the locking range with the decrease in the cavity dispersion 
originates from the limit in the wavelength shift capability set by the amount of the spectral 
broadening generated through the XPM. Alternatively, higher value of the chromatic 
dispersion of the slave laser cavity allows for larger change in the pulse group velocity for a 
given spectral shift, and thus leads to increased cavity mismatch tolerance.  

Regardless the pulse energy limitation in our system, the strong mode overlap provided 
by the fiber as well as the long interaction length in the laser cavity make XPM-based 
synchronization very strong and, consequently, the locking range in a fiber system is shown to 
be approximately an order of magnitude larger than in bulk solid-state counterpart. With a 
large cavity tolerance, it was possible to maintain the synchronization state for long time 
without cavity stabilization. Figure 7 shows RF power variations in the slave laser output in 
the synchronized mode at the frequency corresponding to the repetition rate of the master 
oscillator. It should be noted that this enhancement in the locking mechanism is obtained with 
pulse energy of ~1 nJ that is at least by the 2-3 orders of magnitude lower than in typical 
solid-state lasers. 

3. Conclusion 

In conclusion, we demonstrated synchronized 1.55 and 1.06 µm mode-locked fiber lasers 
using master-slave configuration. Using optically isolated noise-free master oscillator, we 
have achieved a record value of the locking tolerance for the slave laser cavity mismatch of 
140 µm. This result has been achieved owing to fiber-cavity advantages and can be exploited 
in practical two-color synchronized ultrafast sources. Contrary to the solid-state lasers, where 
two laser beams need to be carefully adjusted to overlap spatially in the nonlinear gain 
medium, the waveguide properties of the single-mode fiber ensure automatically large overlap 
volume of the master-slave beams. Another benefit of the master-slave fiber system is that 
even with very large interaction volume no gain competition is expected owing to the passive 
nature of the nonlinear fiber. 
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1.05-µm mode-locked Ytterbium fiber 
laser stabilized with the pulse train  

from a 1.54-µm laser diode 
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Abstract: Using cross-phase modulation in an optical fiber, we synchronized 
the pulse train from a mode-locked ytterbium fiber laser operating at 1.05 µm 
to an external optical master signal. The optical master source based on a 1.54 
µm distributed feedback (DFB) diode laser was driven by the clock signal and 
was used as a seed source. The amplified seed pulses are launched into the 
fiber cavity and synchronize the mode-locked pulses through cross-phase 
modulation. The master clock signal is electronically generated, benefiting 
from inherent stability and repeatability. Due to its simplicity, this technique 
provides an attractive alternative to the traditional scheme that uses an 
independent mode-locked laser as source of seed signal. Since the approach is 
flexible and generally applicable, we expect this stabilization method to have 
a good potential for use in metrology and optical communications. 
© 2004 Optical Society of America 
OCIS codes: (320.7160) Ultrafast technology; (190.4380) Nonlinear optics; (140.3510) Lasers, 
fibers; (140.4050) Mode-locked lasers 
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1. Introduction 

Over the past years, mode-locked lasers have revolutionized frequency metrology and optical 
clocks [1]. Stabilized mode-locked lasers now allow scientists to perform synthesis of few-
cycle optical pulses [2]. Diode pumped solid-state lasers currently dominate the area of 
ultrashort pulsed light sources for frequency comb generation offering not only extremely 
short optical pulses comprising several optical cycles, but also broad tunability [2-4].  
       Fiber lasers are being developed in many laboratories around the world as alternatives to 
bulky and expensive solid-state lasers. Recent unprecedented growth of telecom industry had 
resulted in development of mature fiber technology, and reliable and cost effective 
components which make suitably designed fiber lasers real contenders to conventional solid 
state lasers. The fiber laser technology is to replace bulk-optic ultrafast systems with simpler 
and hands-off alternatives. The broad fluorescence spectrum makes different fiber gain media 
attractive for tunable and ultrashort pulse sources. Additionally, fiber lasers offer attractive, 
new means of controlling the frequency comb, particularly the offset frequency [5]. 
       The heart of any optical system used in frequency metrology is a stabilized mode-locked 
oscillator. Typical stabilization technique employs servo loop control feedback with 
piezoelectric actuator for active control of the cavity length and therefore of the repetition rate 
[3-5]. Using optical signal for controlling a passively mode-locked fiber laser has recently 
been demonstrated [7-11]. In this technique, repetition rate stabilization and timing jitter 
reduction were achieved with modulating the loss of the saturable absorber mirror by pumping 
it optically at the cavity fundamental frequency or its harmonic. Improved stability of the 
mode-locked pulse train owing to significant reduction of the unwanted harmonics has been 
demonstrated. 
       Here, we demonstrate a new and simple technique for mode-locked laser stabilization 
based on cross-phase modulation (XPM) in an optical fiber. Seed pulses are produced by a 
telecom DFB laser diode operating at 1540 nm. The stabilization technique we demonstrate 
here should be applicable to different types of mode-locked fiber lasers used in those systems
that require low jitter ultrashort pulse oscillators. 

2. Laser system 

The master-slave geometry used for synchronization of the passively mode-locked laser to the 
external clock is shown in Fig 1. 

Fig. 1. Schematic of 1050 nm-fiber laser synchronized to the pulse train produced by a 1.54 µm laser diode. 
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       The seed source, which comprises a distributed-feedback (DFB) laser diode and standard 
telecom components, emits optical pulses with tunable repetition rate. The repetition rate was 
determined by the frequency synthesizer that acts as a clock generator. After passing through
an Er-doped fiber amplifier, the pulses are launched into the slave laser cavity. The shortest 
pulse duration obtained here was limited by the bandwidth of the components and drive 
electronics available for these experiments. The state-of-the-art telecom devices, however, 
allow the generation of much shorter pulses and may result in an improved performance of the
technique described in this paper. 
       As a slave laser we used a passively mode-locked ytterbium fiber laser with an intra-
cavity 1540/1050 nm dichroic combiner for launching the seeding signal from the master 
source (Fig 1). The Yb-laser comprises a linear cavity terminated by the SESAM used as a 
cavity end mirror. Another cavity mirror was a dichroic fiber loop mirror providing ~90%-
reflectivity at 1050 nm and high transmission at 1540 nm. Optical gain is provided by a 70 cm 
Yb-doped fiber with NA=0.13 and cutoff wavelength of ~910 nm, pumped with a 150 mW, 
980 nm semiconductor laser through a 980/1060 WDM combiner. The gain fiber has pump 
absorption of 434 dB/m at 980 nm, a core diameter of 6.2 µm and normal group velocity 
dispersion of -30 ps/nm·km at 1050 nm. The large normal chromatic dispersion of the fiber in 
mode-locked laser is offset by a 1200 mm-1 grating pair placed in the free space section of the 
cavity that allows changing the overall cavity dispersion over a broad range, from normal to 
anomalous. The overall cavity dispersion of the Yb slave laser was 0.7 ps/nm, as inferred from 
the soliton side-bands in the optical spectrum of the mode-locked pulses, shown in Fig. 3 [12]. 
The SESAM-lens assembly can be precisely translated axially providing us with a means of 
controlling the cavity length and thus the laser repetition rate. SESAM-enforced self-starting 
mode-locking was obtained in the Yb fiber laser. The slave laser operated at a fundamental 
repetition rate of 24 MHz. 
       The locking signal from the seed source was coupled into the mode-locked slave laser 
cavity through the 1.05 µm/1.54 µm dichroic fiber combiner. The 2m span of Corning HI1060 
fiber between the combiner and the output coupler acts as a nonlinear interaction medium for 
seed master pulses and slave pulses. The interaction length also included the loop mirror, 
however because of its short length of 0.1 m, nonlinear interaction inside the loop can be 
ignored. The XPM interaction fiber has a MFD of 6.2 µm and normal dispersion of -29 
ps/nm·km at 1.05 µm [13]. To avoid any optical coupling between seed and slave oscillators, 
an optical isolator was placed at the input of the master/slave combiner which resulted in one-
way coupling from the seed to the mode-locked laser. The fiber loop-mirror acts as an output 
coupler which supplies the two-color pulse train from the system. All fiber components were 
made from Corning HI1060 fiber with NA=0.14 and cutoff wavelength of 939 nm using 
computer-controlled fusing technology that allows the required spectral characteristics to be 
achieved. The combined output of the system was detected and fed to the input of an electrical 
spectrum analyzer with 10 Hz resolution for simultaneous monitoring of the seed and mode-
locked lasers repetition rates.  

3. Results 

First, by changing the frequency of the 1.54 µm seed pulsed signal, its repetition rate was 
brought close to the fundamental repetition rate of the 1.05 µm mode-locked laser. Then, the 
length of the free-space section of the slave laser cavity was precisely adjusted by moving the 
SESAM-assembly. The repetition rate was detected with a fast photodiode and analyzed by 
monitoring its radio-frequency (RF) spectrum. The cavity length of the mode-locked slave 
laser was tuned until the two pulse trains became locked owing to XPM-interaction in the 
common optical fiber path [10]. Monitoring the slave laser pulse train with the aid of an 
oscilloscope triggered by the clock signal allows the mode-locked pulse train to be viewed 
(stopped) in the synchronized state. In free-running regime, the pulse train could not be clearly 
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displayed on the oscilloscope. It should be noted that mode-locked operation of the slave laser 
was sustained during adjustment of the cavity length and with variations in the seed signal. 
       The master laser pulse spectrum and temporal shape are shown in Fig 2, revealing an 
optical pulse FWHM of 100 ps. The master pulse appears inverted on the oscilloscope screen 
due to the electronic amplifier employed in the fast photo-detection scheme. 

       The pulse spectrum for the 1.05 µm mode-locked laser operating in the synchronized 
mode is shown in Fig. 3. The corresponding autocorrelation trace in the insert reveals a clean 
pulse with 2 ps FWHM. 

       Figure 4 shows the change in repetition rate of the slave laser in free-running and 
synchronized regimes. The free-running laser repetition rate exhibits large environmental 
variation of ±30 Hz. When synchronized, the repetition rate of the mode-locked slave laser
remained constant and equal to the repetition rate of the clock within the analyzer bandwidth, 
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for a measurement time of 30 minutes without any external cavity-length stabilization. In 
these measurements, the average power of the seed signal was 130 mW, whereas the 1.05 µm 
laser produced about 2 mW at the output. 
       By changing the cavity length of the slave laser until locking of the lasers was lost, we 
could estimate that the maximum tolerable cavity-length mismatch is about 15 µm, 
corresponding to a locking bandwidth of 60 Hz. 

       To further study the strength of the locking mechanism based on the DFB diode-induced 
XPM in optical fiber, we periodically turned off the seed signal and monitored the slave laser 
transition from locked to free-running state and back. Fig. 5 shows a fragment of these 
actions. As observed from the scope and RF analyzer, when the seed signal is turned on, the 
slave Yb-fiber laser returns to the locked state in nearly instantaneous manner; the actual 
transition time, however, could not be measured.  

4. Conclusion 

We demonstrated optical synchronization of the repetition rate of a passively mode-locked 
fiber laser to a pulse train generated by a DFB laser diode-based seed source. The locking 
scheme used here to synchronize mode-locked laser to the external clock differs from 
conventional approaches in that the seed pulsed signal with tunable repetition rate is produced 
by modulating a laser diode with an external clock signal. The cross-phase modulation in the 
fiber cavity of the slave mode-locked oscillator enables the generation of pulse trains with 
highly stable repetition rate locked to the external clock. We have found that the phase 
modulation produced by the seed master pulses from the laser diode creates a sufficiently 
strong locking mechanism for interpulse spacing stabilization. Although shorter pulses would
improve the strength of the locking mechanism, we demonstrate that tight control of the 
repetition rate can be achieved with seed pulse duration above 100 ps.  The seed source and 
electronics components used in the synchronization scheme employ only standard 
communication components. Using state-of the art high-frequency telecom devices that allow 
ps-duration pulses generation will greatly improve the locking bandwidth and make this 
method applicable to different mode-locked laser systems in the picosecond and femtosecond 
regimes.
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1.05-µm mode-locked Ytterbium fiber 
laser stabilized with the pulse train  
from a 1.54-µm laser diode: errata 

Matei Rusu, Robert Herda, and Oleg G. Okhotnikov 
Optoelectronics Research Centre, Tampere University of Technology,  
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Abstract: Figures 2 and 4 have been altered during publication. Their correct 
version is presented herein.  
© 2004 Optical Society of America 
OCIS codes: (320.7160) Ultrafast technology; (190.4380) Nonlinear optics; (140.3510) Lasers, 
fibers; (140.4050) Mode-locked lasers 
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During the publication process, some figures in [1] have been adversely modified. They are 
presented here in their original form for manuscript completeness and consistence.  
       The caption of Fig. 2 has been truncated during manuscript editing. Figure 2 is shown 
below with complete caption. 

Figure 4 is missing in [1]. It is referred to in the manuscript body and we deem it very 
important to the work, since it helps the reader assess the strength of passive locking 
mechanism. Figure 4 is presented below. 
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Erbium and ytterbium fiber lasers were firmly synchronized by nonlinear interaction in active media placed
in the same cavity. A two-color femtosecond–picosecond pulse train at largely separate wavelengths of 1.55
and 1.04 mm was generated. Optimizing the laser cavity to enhance the cross-phase modulation in the gain
materials has yielded a large mismatch of 20 mm between the two laser cavities. © 2004 Optical Society of
America

OCIS codes: 140.3500, 140.3510, 140.4050, 320.7090.

Semiconductor saturable-absorber mirror (SESAM)
technology has greatly advanced the development
of mode-locked fiber lasers. The main properties
of f iber-based devices—high eff iciency, reliability,
and small footprints—make these devices attractive
for applications traditionally attributed to ultrafast
solid-state lasers. The broad f luorescence spectrum
makes different fiber gain media attractive for tunable
and ultrashort pulse sources. Recently pulse trains
that covered the vast wavelength range from 895 to
1560 nm were achieved with neodymium-, ytterbium-,
and erbium-doped fiber lasers.1 – 3

Several fields of science and technology have strong
needs to pursue research with two independent
ultrafast lasers in an arrangement called a two-color
experiment. The two-color source appears to be a
promising instrument for ultrafast research including
difference-, harmonic-, and sum-frequency generation;
coherent anti-Stokes Raman scattering microscopy;
and two-color pump–probe investigations. For a
majority of applications, relative jitter between the
pulses is a crucial factor that severely limits the per-
formance of the system. Compared with the active
synchronization of two-color mode-locked lasers with
an electrical feedback scheme,4,5 the passive technique
that uses cross-phase modulation (XPM) results in a
small timing jitter.6 – 9 It should also be noted that
a two-color source that uses a single gain medium
suffers from limited bandwidths, gain competition,
poor tunability, and limitation to closely spaced optical
frequencies.

In this Letter we demonstrate a novel two-color
ultrafast fiber source based on two gain materials,
erbium and ytterbium fibers, that share the same
cavity. The long XPM interaction length of the fiber
enforces synchronous mode locking of both oscillators,
making this approach particularly attractive in a fiber
form. Owing to large overlap volume in the joint
cavity, strong nonlinear coupling between the Er and
the Yb lasers occurs, resulting in tight passive syn-
chronization of the pulse train at the two wavelengths
of 1040 and 1550 nm.

The experimental setup for a two-color mode-locked
source is illustrated in Fig. 1. The laser configu-
ration used Yb- and Er-doped fibers as gain media
placed in a shared cavity. The fiber cavity com-
prised 50 cm of Er-doped fiber (N.A., 0.13; cutoff

wavelength, �920 nm) and 70-cm-long Yb-doped
silica fiber (N.A., 0.13; cutoff wavelength, �910 nm)
pumped with a single-mode grating-stabilized laser
diode, which provided a power of 150 mW at 980 nm.
The unsaturated Yb fiber absorption at 980 nm was
�434 dB�m, and the f iber core diameter was 6.3 mm.
The Er-doped fiber had an unpumped loss of 32 dB�m
at 1.535 mm, a core diameter of 6.2 mm, and normal
group-velocity dispersion of 10.01 ps2�m at 1.56 mm.

The 980�1050 pump�signal, the output, and 1.04-
and 1.55-mm wavelength-selective couplers were made
from fiber with a cutoff wavelength of 910 nm. Ten
percent of the signal was coupled out at both signal
wavelengths. A 1.04 1.55-mm coupler separated sig-
nal wavelengths and directed them to the long- and
short-wavelength SESAMs.

The large normal group-velocity dispersion of the
Yb laser cavity at 1 mm was partially balanced by the
anomalous dispersion of a gold-coated 1200-line�mm
diffraction grating pair placed in the open-air section
of the cavity (not shown in Fig. 1). The cavity dis-
persion for the Er fiber laser was balanced by use of
fiber segments with normal and anomalous dispersion
that had appropriate lengths. It is, however, obvious
that, when the round-trip frequencies are equalized,
the local cavity dispersion and the group velocity are
still different at different wavelengths. Therefore
interaction through XPM is strongly determined by
the pulse walk-off time. Thus the role of dispersion
compensation was to enhance XPM by minimizing the
pulse duration of the master oscillator and to optimize
the walk-off length for 1.04- and 1.55-mm pulses in
the two-color section of the cavity containing the Er-
and Yb-doped fibers. The passive synchronization
mechanism is attributed to XPM. When master and
slave pulses overlap temporally, the spectrum of the

Fig. 1. Cavity configuration of the two-color Er f iber and
Yb fiber self-synchronized mode-locked source.
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latter is shifted owing to strong phase modulation
provided by the master pulse. As a result, the slave
pulse’s group velocity changes accordingly, driving
the slave pulse train’s repetition rate to match the
repetition rate of the master source.

The cavity terminated in a Au mirror at one end
and in SESAM structures at the other. Throughout
this study, two types of quantum-well absorber ma-
terial were used. The resonant 1-mm SESAM used
in this study was fabricated by use of solid-source
molecular-beam epitaxy upon an n-type GaAs (100)
substrate. The samples include a bottom mirror
that comprised 30 pairs of AlAs�GaAs quarter-wave
layers forming a distributed Bragg ref lector. The
distributed Bragg ref lector’s stop band had a center
wavelength of 1050 nm and a bandwidth of �120 nm
(990–1110 nm).

A 1.55-mm SESAM was grown by use of the same
technique on a silicon-doped n-type InP (100) sub-
strate. A highly ref lective Burstein–Moss-shifted
Bragg mirror composed of 19.5 pairs of quarter-wave
n1-Ga0.47In0.53As�InP layers is described in Ref. 8.
The saturable absorber consisted of an InP spacer
layer, four 7-nm-thick GaInAsP quantum wells sepa-
rated by an 8-nm InP barrier, and an 80-nm-thick InP
cap. For the SESAM we used a Fabry–Perot design
that included a bottom semiconductor distributed
Bragg ref lector and a top dielectric Bragg ref lector
with a ref lectivity of �75%. Antiref lection-coated
aspheric lenses with focal lengths of 2.0 mm were used
to focus the beam on the absorbers.

Self-starting passive mode locking was indepen-
dently obtained for both lasers. Owing to the use of
individual saturable absorbers and gain media for each
color, the lasers interact solely through XPM. The
passive mode-locking mechanism remains insensitive
to the XPM interaction between the lasers. The
synchronization scheme is based on the spectroscopic
property of Er f iber that it is highly transparent at
1040 nm, whereas Yb fiber is transparent at 1550 nm.
To start the synchronization between the lasers,
first we measured the repetition rates of both lasers,
using an electrical spectrum analyzer. By axially
translating the SESAM mounts, we could tune the
cavity length of one (or both) laser(s), which enabled
us to set the repetition rates of the lasers with an
accuracy of better than 10 Hz. The repetition rates
of both lasers were measured to be �29 MHz. With
an additional (optional) dichroic splitter at the out-
put, we could also analyze the trains independently,
using two fast detectors. An analog scope without
averaging was used for real-time monitoring of the
two output pulse trains. The time scale was set to
be 100 ns�division, corresponding to a full sweep time
of 1 ms. The monitoring of the pulse train on the
oscilloscope triggered by use of one pulse train allowed
the other pulse train to be viewed (stopped), as shown
in Fig. 2(a). Before equalization of the repetition rate,
the second pulse train could not be clearly displayed
on the oscilloscope [Fig. 2(b)]. Intensity autocorre-
lations for the two-color source in the synchronized
regime are displayed in Fig. 3. To increase the
synchronization range, we need to optimize the pulse

walk-off length and thus the interaction length of the
two-color pulse train. One can do this by lengthening
the pulse width of one laser. High peak power and
short pulse duration, however, are needed to enhance
XPM nonlinearity. To cope with these conf licting
requirements, we broadened the pulse of the slave
laser, using the stretched-pulse technique,10 while the
pulse duration of the master source remained 65 times
shorter. In this experiment, an Er fiber laser acted
as a master oscillator because of its high power and
shorter pulse duration. The pulse duration of the Er
master laser was 200 fs, and the duration of the Yb
slave laser was 13 ps. The pulse spectra are depicted
as insets in Fig. 3. The estimated walk-off length
was �1.5 m, which is comparable with the total length
of the cavity.

Figure 4 shows the repetition rates of the lasers
versus the measured cavity detuning of the master
laser. The length of the master laser cavity was
measured with an inductive gauge that had a reading
precision of 1 mm. Initially, both lasers oscillated
independently with different round-trip frequencies.
When the repetition rate of the Er fiber laser was
close to the round-trip frequency of the Yb fiber
laser, the Yb fiber laser became captured by the Er
fiber laser; then its frequency remained equal to
the repetition rate of the master laser and followed
the changes induced by the variations in the master
cavity length. For a cavity length mismatch that
exceeded the locking (synchronization) limit, the Yb
fiber slave laser returned to its initial (free-running)
repetition rate. With increasing master cavity length,
as shown in Fig. 4(a), the synchronized regime was

Fig. 2. Oscilloscope pulse traces of Er and Yb fiber lasers
in (a) the synchronized and (b) the free-running regimes.
The oscilloscope is triggered by the master Er f iber laser.
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Fig. 3. Intensity autocorrelations and optical pulse spec-
tra, displayed as insets, of (a) a 1.54-mm master Er fiber
laser and (b) a 1.04-mm slave Yb f iber laser.

achieved for a difference in repetition rates of �80 Hz
between free-running and captured operation of the
slave 1-mm laser. The corresponding tolerance in the
cavity-length mismatch of the 1.54-mm master laser
was �9 mm. Synchronization for a change in the
cavity in the opposite direction (length decreasing)
showed nearly the same frequency locking range of
�90 Hz, resulting in a total cavity-length tolerance
of �20 mm, as shown in Fig. 4(b). The total output
power of the source was �3 mW, and no notable power
changes were measured in either a synchronized or
a free-running regime. The passive synchronization
mechanism depicted in Fig. 4 implies that the master
laser locks the repetition frequency of the slave laser
and exhibits a large synchronization band, shown in
the figure as overlapping dots. When they are syn-
chronized, the two lasers maintain the same repetition
frequency (within 10-Hz resolution of the analyzer)
and the slave laser precisely tracks any variations in
the master laser’s frequency by changing its effective
cavity length through shifting of the wavelength (as
much as 3 nm at 1060 nm) and, consequently, the
group velocity.

In conclusion, we have presented, for the first time to
our knowledge, reliable synchronization between two

Fig. 4. Round-trip frequencies of the Er and Yb fiber
lasers obtained by (a) lengthening and (b) shortening the
cavity length of the Er f iber laser, plotted against the
measured master laser cavity length. Arrows indicate
the directions of the master cavity changes.

mode-locked fiber lasers that jointly share a cavity.
Strong coupling, achieved by cross-phase modulation
in a fiber, results in a large cavity mismatch toler-
ance of �20 mm. This result, achieved because of the
fiber cavity’s advantages, can be exploited in practical
two-color synchronized ultrafast sources.
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We present simultaneous efficient second- �SHG� and third-harmonic generation �THG� in a single
periodically-poled KTP waveguided crystal pumped by a compact femtosecond Yb-based laser in a
condition of exactly phase-matched frequency doubling and nonphase-matched sum-frequency
mixing processes. Internal conversion efficiency as high as 33% for SHG �532 nm� and �2% for
the cascaded THG �355 nm� is reported. We believe this to be a clear experimental demonstration
that strong third-harmonic can be generated in frequency doubling crystals through a
nonphase-matched sum-frequency mixing process. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2187396�

Sources of ultrashort pulses in the visible and UV spec-
tral regions are important for a wide range of applications in
ultrafast science and technology. Recent progress in biopho-
tonics research such as microscopy, optical micromanipula-
tion, and biomedical imaging continues to strengthen the
need for compact, low-cost, visible, and UV sources that
offer portability and practicality. Such laser-based sources
have clear advantages over near-infrared lasers in allowing
for stronger beam focusing, enhanced resolution in multidi-
mensional imaging techniques1 and high-resolution
spectroscopy.2 By using ultrashort-pulse lasers in preference
to continuous-wave sources, it is possible to investigate ul-
trafast biological processes,3 increase the resolution in
microscopy,4,5 and amplify weak signals in nonlinear and
multiphoton techniques.6–8 Imaging and display technology
also draw useful benefits from ultrashort visible pulses, in
breakthrough applications such as red/green/blue laser
displays.9 To date, frequency multiplication in nonlinear op-
tical crystals has been the most efficient way to generate
coherent visible and UV light. By employing small, robust
crystals with periodically-poled structures to improve wave-
length conversion efficiency10,11 it has been possible to make
frequency conversion the preferred candidate for out-of-the-
lab visible and UV pulsed sources. The advent of fiber lasers
provided a reliable and small footprint laser source12 for use

in a large selection of applications, including frequency con-
version. When combined in a single configuration, a fiber
laser and a suitable periodically poled crystal represent a
practical and efficient source option for industrial use. In this
paper, we report a periodically-poled KTP �PPKTP� crystal
having a predesigned waveguide structure to implement a
compact pulsed source for simultaneous generation of visible
and UV light. A brief theoretical analysis is included to con-
firm that efficient frequency doublers can simultaneously
yield efficient third harmonic. Several ways to improve the
current performance are also suggested.

The PPKTP frequency-doubling crystal used in our work
was fabricated by an ion-exchange and chemical poling
technique.13 This 12 mm long crystal was designed to pro-
vide optimized second-harmonic generation of 1065 nm in-
cident radiation, at a temperature of 60 °C. The crystal is
placed on a thermoelectric cooler/heater within a control
loop that enabled the crystal temperature to be maintained to
an accuracy of better than 0.1 °C. The pump light was fo-
cused in the crystal waveguide �cross-sectional area of
4 �m�7 �m� without any special requirement concerning
the Rayleigh range of the beam. To ensure maximum flex-
ibility in operational wavelength, each of the embedded
waveguides has been poled with a slightly different period
ranging from 8.22 �m–8.72 �m. The duty factor D was 0.6.
Therefore, tuning for the optimal conversion wavelength
could be achieved either by tuning the temperature of the
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crystal or by changing the waveguide employed in second-
harmonic generation �SHG�.

The experimental setup for frequency doubling is shown
in Fig. 1. The pump laser was built around a master
oscillator-power amplifier �MOPA� architecture. The master
source was a compact fiber laser mode-locked by a semicon-
ductor saturable absorber mirror and its output signal power
was boosted in a large mode area double-clad fiber amplifier
pumped by a stack of 920 nm diode lasers. Driven at full
power, the MOPA system could produce up to 1 W of aver-
age power with linearly polarized 3 ps pulses, at a repetition
rate of 100 MHz. Figure 2�a� shows the optical spectrum of
the laser operating at full power. A typical intensity autocor-
relation trace is also provided as an inset. Self-phase modu-
lation features are obvious in the spectrum, and any further
increase in the average power was restricted by the onset of
Raman effects.

When the laser beam was focused into the waveguide of
the nonlinear crystal, intense nonlinear interactions give rise
to a strong second-harmonic �SH� output that was collected
by a microscope objective �Newport 40X� placed at the out-
put of the crystal. To accurately measure its characteristics,
the SH radiation was separated from the residual fundamen-
tal light by means of a dichroic mirror exhibiting 99% reflec-
tivity at 532 nm, 98% transmission at 1060 nm, and �95%
transmission at 355 nm. Subsequent separation of the third-
harmonic light from the fundamental was accomplished us-
ing a BK7—glass prism placed in the beam path.

The maximum measured second harmonic power was
about 50 mW. Following collimation and separation from
residual fundamental pump light and higher order harmonics,
the SH signal was fed to a spectrometer and optical power
meter. Figure 2�b� is a reproduction of the SHG optical spec-
trum. The conversion efficiency curve is plotted in Fig. 3.
The saturation effects arising from strong two-photon ab-
sorption �TPA� �Ref. 14� and THG are evident in this plot.
We measured a maximum SHG efficiency of 33%, where the
main limiting factors in conversion efficiency are attributed
to the limited spectral acceptance bandwidth of the nonlinear
crystal and TPA.

The residual light transmitted through the dichroic mir-
ror was directed through a BK7 glass prism that provides
spectral dispersion. It was thus possible to separate the third
harmonic beam component from the fundamental and to di-
rect it to the input port of an optical spectrum analyzer. This
produced the spectrum shown in Fig. 2�c�, which exhibits a
profile close to that of the second-harmonic signal. The band-
width of the third-harmonic radiation is 1 nm which matches
the input acceptance bandwidth of the nonlinear crystal. It is
worth noting that, for the particular wavelength of the gen-
erated third-harmonic radiation, the transparency of the BK7
glass prism in Fig. 1 varies strongly with wavelength. How-
ever, owing to the narrow spectrum of the third-harmonic
radiation, we do not expect this unwanted feature to cause
any significant distortion in the measured spectral shape in
Fig. 2�c�.

Notably, the second- and third-harmonic radiations are
generated simultaneously by nonlinear interactions that arise
in the crystal. The power of the third-harmonic radiation was
3 mW, implying a conversion efficiency of 2%. Generation
of third-harmonic radiation is attributed to a series of
��2� :��2� nonlinear cascaded processes �Ref. 15�—in our case
the process of phase-matched SH generation followed by
nonphase-matched sum frequency mixing �SFM� between
the depleted fundamental and the strong SH light generated
in the same waveguide.

FIG. 1. Simplified layout of the experimental setup.

FIG. 2. �a� Optical spectrum of the fundamental radiation, inset shows the
corresponding intensity autocorrelation trace ��FWHM�3 ps�; �b� Optical
spectrum of the SH radiation. �c� Optical spectrum of the TH radiation.

FIG. 3. �Color online� Generated SH average power and the internal effi-
ciency of the PPKTP waveguide crystal as functions of the average power of
the fundamental radiation.
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To understand the mechanism of the generated TH sig-
nal, we introduce the quantity Mcoh,m=� /�k2,m ��k2,m=k3

−k2−k1−2�m /�� that we call quasi phase-matched �QPM�
coherence length in analogy to the well known coherence
length in volume nonlinear crystals. Using the Sellmeier
equation formulation reported in literature,16 we calculated
the QPM coherence length for the processes of SFM in the
PPKTP crystal for the relevant period of 8.8 �m that corre-
sponds to first order QPM matching for the SHG process.
We found that for �fund=1.065 �m the SFM processes have
QPM coherence lengths that correspond to different
QPM orders of the SFM process equal to:
Mcoh,m= �1.5;2.3;4.7;71.0;4.2� �m for m=1–5. For other
m the QPM coherence length is even smaller. Thus one can
expect rather efficient SFM processes and efficient genera-
tion of the TH signal with fourth-order QPM matching
�Mcoh,4=71 �m�. The system of equations that describes the
cascaded THG in single quadratic media with the plane wave
and slow varying envelope approximations was taken from
previous publications.15 With the assumptions of exact phase
matching for the SHG process, nondepletion of the funda-
mental wave due to SHG and THG, and nondepletion of SH
wave due to THG, the system is simplified to:

dA2

dz
= − i	1A1

2;
dA3

dz
= − iA1A2 	

m�m�0�
	3,m exp�i�k2,mz� ,

�1�

where 	1=2�deff,1 /�1n1g1; 	3,m=2�deff,3m /�3n3g3; with
deff,1=dzzz2/� sin��D�, deff,3m=dzzz2/m� sin�m�D�, and
gj—are the overlapping integrals. The duty factor D of the
QPM structure used in our experiment is D=0.6, and there-
fore even order QPM matching is possible. The simplified
solution of Eq. �1� for the squared third-harmonic amplitude
when the small oscillating terms are neglected �except the
term with m=4� gives


A3
2 � � 1

�
	1	3
A1
3LMcoh,42

. �2�

From Eq. �2�, it is evident that despite the fact that the sec-
ond step �SFM� is nonphase matched, the total cascaded pro-
cess of THG behaves in the manner of a phase-matched
third-order process. This means we do not expect periodic
modulation of the efficiency of THG on the length of the
media. TH intensity grows quadratically with nonlinear me-
dia length and has cubic dependence on the input intensity
I3
 I1

3. The longer the QPM coherence length Mcoh,m of
the SFM process, the more efficient the THG becomes. Es-
timates derived from Eq. �2�, assuming g1=g2=0.5, show
that with similar conditions experienced in this work, one
can expect a THG efficiency of around 2.7% at an input
power of 150 mW. It should be noted that the calculated
efficiency does not take into account the absorption at
�3�=0.355 �m.16 The exact value of the overlap integrals
g1 ,g2 is unknown and the effect of group velocities mis-
match has also been neglected in our analysis. We consider
the measured experimental efficiency to be consistent with
this estimation. We thus demonstrated that efficient TH sig-
nal can be obtained under the condition of an initial phase-
matched SHG process with a subsequent nonphase-matched
SFM process. This is in contrast to some previously pub-
lished conclusions17,18 that efficient THG with phase
matched SH process in single quadratic crystal is not pos-

sible. However, in several other publications, theoretical
models have been derived that are in agreement with our
work �citations in Ref. 15�, but they do not include experi-
mental demonstrations of efficient THG as reported here.
Previously reported THG efficiencies in experiments of this
type in bulk KTP and KDP were less than 10−7 and thus
impractical.17,19

In conclusion, we demonstrated simultaneous second-
and third-harmonic generation in a PPKTP waveguided crys-
tal in a condition of exactly phase matched frequency dou-
bling and nonphase-matched sum-frequency mixing pro-
cesses. The pump laser source was a compact, all fiber, high
power mode-locked system, that provided a good quality
beam and hence efficient light coupling into the crystal. The
waveguide structure of the crystal allowed us to use simple,
low focal length collimating optics. This system is a possible
candidate for providing the portable visible and UV light
sources of the near future. It is worth noting that current
system performance could be improved by employing a nar-
row spectrum laser source achievable, for instance, by using
a large mode area fiber amplifier to defeat nonlinear pro-
cesses in the current fiber amplifier. Moreover, the crystal
acceptance bandwidth can be improved by using an aperiodi-
cally poled crystal with synthesized grating profile optimized
for the available laser source.
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All-fiber picosecond laser source based on nonlinear spectral compression
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33101 Tampere, Finland
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The authors report the realization of an all-fiber system emitting high-quality ultrashort powerful
light pulses at 1060 nm. The oscillator-amplifier system is intended for compact visible light
generation via frequency conversion. Optical nonlinearity in a fiber amplifier is employed to
compress the spectrum of pulses negatively prechirped in a hollow core photonic bandgap fiber.
Second-harmonic generation in a periodically poled crystal is demonstrated. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2339954�

Recent progress in biophotonics research such as mi-
croscopy, optical micromanipulation, and biomedical imag-
ing strengthens the need for compact, low-cost, ultrashort
pulse sources of visible light with enhanced portability and
practicality. Visible wavelengths, which are difficult to gen-
erate directly from diode-pumped lasers, are routinely pro-
duced by pairing a short pulse infrared oscillator with a
nonlinear optical system via frequency conversion. By em-
ploying nonlinear crystals with periodically poled structure
to improve the conversion efficiency,1 it has been possible to
make this technique a strong candidate for out-of-the-
laboratory visible pulsed sources. Remarkable conversion ef-
ficiencies of up to 40% with 225-fs-long visible light pulses
have been reported by groups employing bulk solid state
mode-locked lasers as sources of ultrashort infrared pulses2

and periodically poled LiTaO3 crystals. Owing to their small
footprint, maintenance-free operation, and relaxed thermal
requirements, fiber lasers and amplifiers are regarded as a
very promising solution for compact sources of ultrashort
pulses.3,4 With the advent of semiconductor saturable ab-
sorber mirrors �SESAMs�, ultrashort pulse fiber lasers in
both low-5 and high-power6 versions started challenging
fields of science traditionally occupied by bulk laser systems.
Combining the mature, well-established fiber laser technol-
ogy with periodically poled crystals, efficient and compact
sources of ultrashort visible pulses became possible.

Periodically poled crystal engineering is subject to con-
flicting requirements. Long crystals are generally needed to
ensure sufficient interaction length between the laser light
and nonlinear medium. At the same time, long periodically
poled crystals exhibit low operation bandwidth which seri-
ously limits the amount of pump power usable in the conver-
sion process. The main limitation in nonlinear conversion
efficiency when using a fiber laser as pump source is the
spectral broadening experienced by high power ultrashort
pulses propagating in a fiber, owing to optical nonlinearity
such as self-phase modulation and Raman effects. A trade-off
between the nonlinear crystal length and its bandwidth must
thus be enforced. Employing aperiodically poled crystals
would alleviate these requirements due to increased accep-
tance bandwidth for a given interaction length,7 as well as
reduced temperature sensitivity.8 However, there is a large
amount of interest in employing conventional periodically

poled crystals in frequency conversion schemes, owing to
their ease of design and widespread commercial availability.
It is then obvious that nearly transform-limited pulses having
minimal bandwidth for a given pulse width are preferred for
frequency conversion. Chirped pulse amplification �CPA�
architecture,9 where pulses are stretched, amplified, and then
temporally compressed, is widely used to produce high-
energy ultrashort pulses. Despite notable performance, CPA
technique fails to control the pulse spectrum. The reported
high peak powers are typically achieved at the expense of
large spectral width, making CPA incompatible with long
periodically poled crystals. A promising solution can be
achieved by employing nonlinear effects to directly control
the spectral width of the laser source.10 The method exploits
self-phase modulation in fiber amplifiers to effectively com-
press the spectrum of a negatively chirped input pulse. After
generation, the pulse undergoes negative chirping in a me-
dium with anomalous dispersion, followed by optical ampli-
fication. The positive chirp imposed on the pulse by self-
phase modulation �SPM� in the amplifying fiber can
compensate the original negative chirp of the pulse, leading
to a redistribution of the spectral components of the pulse
towards the central wavelength of the spectrum. Spectral
compression ratio up to factor of 21 has been previously
reported for high power systems.11,12 The systems employed
in prior work rely upon massive bulk diffraction gratings to
provide negative dispersion. Power amplification is per-
formed by double clad systems with heavy pumping
techniques.

In this letter we demonstrate an all-fiber system employ-
ing nonlinear spectral compression resulting in nearly
transform-limited pulses suitable for efficient frequency con-
version. The system uses core-pumped amplifier technology,
being suitable for compact integration. A frequency doubling
experiment is performed to illustrate the performance of the
pulsed source.

The optical setup of the system is given in Fig. 1. A
linear cavity Yb-doped fiber laser mode locked by a SESAM
and operating at 1040 nm is used as the master pulse source.
The repetition rate of the fiber laser is 55 MHz. An optical
isolator is spliced at the output of the laser to prevent back
reflections from the stretcher-amplifier chain. Operated at
full pump power, the master laser produces 7 mW of average
optical power. The optical spectrum and autocorrelation trace
of the laser pulses are given in Fig. 2�a�. Owing to the iso-
lator pigtails the pulses exhibit certain positive chirp, as in-a�Electronic mail: matei.rusu@tut.fi
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dicated by the large time-bandwidth product. The master os-
cillator pulses are launched into a 5-m-long span of hollow-
core photonic band gap �HC-PBG� fiber �HC 1060, Blaze
Photonics� with anomalous dispersion of 100 ps/nm/km at
1040 nm. The light is launched into and collected from the
HC-PBG fiber by butt coupling with standard single-mode
fiber. Careful alignment and fixing of the standard and
HC-PBG fibers resulted in an environmentally stable, low-
loss mechanical splice. The Fresnel back reflection from the
solid-core/air-core interface in the splice is blocked by the
optical isolator at the output of the laser. The autocorrelation
trace and optical spectrum of the pulse at the output of the
HC-PBG fiber are shown in Fig. 2�b�. Owing to low nonlin-
earity of the air-core fiber, the spectrum of the pulses is
nearly unchanged. The negatively chirped pulses are then
launched into a core-pumped ytterbium fiber amplifier. A

450 mW grating stabilized single-mode laser diode pumps
the amplifier through a fused dichroic coupler. The total
length of the optical amplifier is 4 m including the fiber cou-
pler, active fiber, and input and output pigtails. The angle-
cleaved output end of the amplifier delivers the spectrum-
compressed pulses. An optical spectrum analyzer, optical
power meter, and intensity autocorrelator were used to char-
acterize the system.

The pump power of the amplifier seeded with negatively
chirped pulses was gradually increased up to the maximum
available value while monitoring the spectrum of the output
pulses. For each setting of the amplifier power, the optical
spectrum, autocorrelation trace, and average power were
measured. Figure 3�a� shows the evolution of the spectrum
and pulse width with amplifier power. As the amplifier power
increases, the spectrum bandwidth of the output pulses de-
creases from the initial value of 10.3 nm down to a minimum
value of 1.6 nm. At full pump power, the amplifier delivers
90 mW of average power in 1.3 ps pulses, yielding a peak
power of 1.25 kW. This value can be regarded as good
achievement for a simple core-pumped system using just two
single-mode pump diodes. The time-bandwidth product of
the output pulses decreases accordingly from 3.16 at low
amplifier power to 0.58 at full power. The nearly transform-
limited pulses stand proof to the high quality of spectral
compression in the single-mode, core-pumped amplifier. Fig-
ure 3�b� presents spectra collected at the output of the am-
plifier for different power settings. The input pulse spectrum
is shown with dashed line. The inset reveals the autocorrela-

FIG. 1. Optical layout of the ultrashort visible pulse source. PPLN: periodi-
cally poled lithium niobate crystal. HC-PBG fiber: hollow-core photonic
band gap fiber.

FIG. 2. Optical spectrum and autocorrelation trace of the pulses before �a�
and after �b� HC-PBG fiber.

FIG. 3. �Color online� Pulse duration and spectral width evolution with
amplifier output power. �a� Optical spectrum of output pulses for different
amplifier powers, with autocorrelation trace of the pulse with the smallest
spectral bandwidth shown as inset �b�.
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tion trace of the pulse with the smallest bandwidth. The red-
shift of the spectrum, seen at low output power, is due to
mismatch between the amplifier gain peak and input pulse
spectrum.11 At higher output powers, the spectra are centered
near the peak wavelength of the input spectrum of 1040 nm.
The special features of the compressed spectra �slight asym-
metry and oscillations� are attributed to the relatively large
third-order dispersion of the HC-PBG fiber stretcher.10 The
output pulse width increases with amplifier power, as shown
in Fig. 3�a�, since narrow spectral bandwidth eventually
starts to limit pulse compression in the amplifying fiber. It is
worth noting, however, that the duration of the pulse with the
highest spectral compression is shorter than the pulse width
of the master oscillator, shown in Fig. 2�a�. In order to obtain
high spectral compression at full amplifier power, the amount
of negative prechirping in HC-PBG fiber should be exactly
balanced by SPM developed in the amplifier. For instance,
too long amplifying fiber may cause the spectrum to broaden
again, after going through a minimum width value. This is
obviously a nonoptimal behavior, as the pulse with the small-
est optical bandwidth would not correspond to the highest
output power from the amplifier. For the system depicted in
Fig. 1, the amplifier fiber length and doping level were cho-
sen properly to precisely balance the initial prechirping.

The amplifier output was coupled to a 10-mm-long pe-
riodically poled lithium niobate �PPLN� crystal optimized for
operation at 1040 nm. The acceptance bandwidth of the crys-
tal was 0.5 nm. The crystal was placed inside an electrical
oven with a temperature control accuracy of 0.1 °C, heated
at an optimal operation temperature of the crystal of 120 °C.
Collimated light from the fiber amplifier was focused onto
the PPLN crystal by means of a 35 mm biconvex lens. A
half-wave plate was used for polarization control. Due to
reflections from the uncoated optical facets, a maximum of
80 mW of infrared light could be launched into the PPLN
crystal. The visible light at the crystal output was separated
from unconverted fundamental infrared radiation by a di-
chroic mirror exhibiting 95% reflectivity for the second-
harmonic light and 98% transmission at fundamental wave-
length. At full amplifier power, we measured 12 mW of light
at 520 nm, corresponding to an overall conversion efficiency
of 15%. The spectrum of the second-harmonic radiation is
given in Fig. 4. Its full width at half maximum of 0.5 nm
matches the acceptance bandwidth of the crystal. Performing
spectral integration in Fig. 3�b�, we inferred the amount of
power contained in the crystal acceptance bandwidth to be
about 18 mW, yielding an effective second-harmonic effi-
ciency of 66%. We deem the result reasonable for a core-
pumped system employing only two single-mode pigtailed
pump lasers.

In conclusion, we demonstrated an all-fiber laser source
which exploits prechirping in anomalous dispersion photonic
band gap fiber and subsequent nonlinear spectral compres-
sion in an optical amplifier to provide nearly transform-

limited picosecond pulses. The source is suitable for efficient
second-harmonic generation. This concept using photonic
band gap fiber for negative chirping allows for low-loss all-
fiber setups that may use low-noise and economic core-
pumped amplifier solutions, resulting in remarkable fre-
quency conversion efficiency at moderate power levels,
comparable with the efficiency obtained from high power
systems. With further technical improvements, the device
could constitute a practical portable source delivering ul-
trashort visible pulses.
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1. Introduction 

Supercontinuum radiation in photonic crystal fibers (PCF) has recently found exciting 
applications in metrology, fundamental research and medical sciences. Intensive efforts have 
been put into optimizing supercontinuum (SC) radiation parameters, such as spectral width, 
flatness and brightness, as well as developing compact all-fiber sources of ultra broadband 
radiation with low power consumption. Recent progress in passively mode-locked fiber lasers 
producing picosecond and femtosecond optical pulses stimulated the research on generation 
techniques and underlying mechanisms of spectral broadening in PCF. The semiconductor 
saturable absorber mirror (SESAM) technology has contributed greatly to the abovementioned 
achievements in mode-locked fiber laser. The main features of fiber-based devices – high 
efficiency, reliability and small footprint – make them strong competitors to the ultrafast 
solid-state lasers. The broad fluorescence spectrum of fiber gain media has been successfully 
used in tunable and ultrashort pulse sources. Recently, pulse sources operating in a 
wavelength range from 895 to 1560 nm were reported with neodymium, ytterbium and erbium 
doped fibers [1-3]. Moreover, SESAM-based mode-locked fiber lasers have reached 
unprecedented levels of output power and stability [4], which renders them almost ideal 
candidates for compact sources of supercontinuum radiation. Combined with advanced 
nonlinear media such as photonic crystal fibers, mode-locked fiber lasers led to significant 
achievements in SC generation [5]. The underlying phenomena of such a large spectral 
broadening are still amongst the most interesting areas in supercontinuum research. Previous 
studies show that self-phase modulation (SPM) alone can not produce the large spectral 
broadening observed at low powers in highly nonlinear photonic crystal fibers [6-8]. 
Moreover, detailed characterization of the supercontinuum shows that the formation of ultra-
broadband spectra cannot arise solely from an interplay between SPM and four-wave mixing 
(FWM). Recent theories describe supercontinuum radiation as an effect of a much more 
complex process of soliton fission [9], assisted by SPM and FWM [10]. Further theoretical 
and experimental work provided evidence of soliton fission during supercontinuum generation 
[11-13]. It should be emphasized, however, that self-phase modulation and four-wave mixing 
play a substantial role in the formation and evolution of supercontinuum radiation [10], as the 
two phenomena act cooperatively with soliton fission to provide significant broadening of the 
initial pump laser spectrum [14]. Particularly, the final shape of the supercontinuum radiation 
spectrum is determined by a set of cascaded phenomena (SPM, FWM, soliton fission), whose 
contribution to the supercontinuum generation process is weighed by several system 
parameters, like input pulse power and duration, fiber group velocity dispersion (GVD), and 
fiber nonlinearity. 

Temporal evolution of optical pulses within the supercontinuum spectrum gives an 
essential knowledge for understanding the supercontinuum formation from a relatively 
narrow-bandwidth pump radiation and constitutes a valuable starting point for optimizing the 
parameters of nonlinear media used in practical supercontinuum generators. Prior research on 
spectro-temporal shape of supercontinuum pulses was carried out using complex 
interferometric systems [15-16] and provided useful information concerning supercontinuum 
radiation coherence and temporal evolution. An experimental investigation of temporal shape 
of supercontinuum pulses in normal and anomalous dispersion regimes of the nonlinear 
medium is meaningful, as it clearly identifies the nature of light pulses within the 
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supercontinuum radiation, confirming that soliton fission assisted by SPM and FWM is the 
basis of supercontinuum broadening in PCF. In this paper, we demonstrate a simple scheme to 
characterize the temporal evolution of supercontinuum light pulses. The experimental setup 
employs a broadband optical filter to slice various spectral regions of a supercontinuum and a 
SHG autocorrelator to perform subsequent temporal shape analysis. Evidence of soliton 
fission-driven supercontinuum is found, along with traces of the phenomena that initiate 
spectral broadening.   

2. Experimental setup 

The setup used in the experiment is shown in Fig. 1.  

The laser source is an ytterbium (Yb) fiber-laser, mode-locked by a semiconductor saturable 
absorber mirror (SESAM) followed by a large mode-area (LMA) Yb-double clad fiber 
amplifier to boost the power. The master oscillator – power amplifier (MOPA) system 
produced up to 6 W of average power with 3 ps pulses at a repetition rate of 100 MHz. Figure 
2 reveals the spectral characteristic of the laser output at full power and the corresponding 
autocorrelation trace. For optimal supercontinuum generation, the wavelength of the pump 
laser was set to 1066 nm, close to the zero-dispersion wavelength of the nonlinear fiber.  

Fig. 1. Supercontinuum slicing setup with fiber MOPA pump source. MOPA: master oscillator 
and power amplifier 
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Owing to nonlinearities in the amplifier fiber, the output pulses were up-chirped, which 
allowed for subsequent pulse compression in a diffractive grating pair exhibiting negative 
dispersion. The pulses emerging from the laser source are passed through a set of quarter- and 
half-wave plates which provide polarization corrections to the beam. A free-space optical 
isolator was employed to avoid back-reflections to the high-power amplifier which may 
adversely influence the system output power and spectrum. An additional half-wave plate 
aligns the polarization state of the light emerging from the isolator to ensure low-loss 
transmission through the grating pair pulse compressor. The grating pair removes the spectral 
chirp, resulting in the temporal compression of the pulse. Optimized group velocity dispersion 
of the grating pair yields a pulse width of 430 fs. This arrangement is known as chirped-pulse 
amplification (CPA) technique. The de-chirped pulse width and spectrum are shown in Fig. 3. 
Owing to very low nonlinearity, the grating pair compressor introduces only a minor
distortion to the pulse spectrum. 

Fig. 3. Compressed pulse autocorrelation and spectrum. 
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Fig. 2. Intensity autocorrelation and spectrum of the fiber source taken at full power. 
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The average power after the grating compressor was 2.4 W. When driven close to maximum 
power, the laser output beam becomes randomly polarized, which creates additional losses in 
the grating compressor and optical isolator.  

3. Experimental results 

Firstly, the compressed pulses in Fig. 3 are coupled into a 15 m span of highly nonlinear fiber 
(Crystal Fibre NL-5.0-1065) with the zero dispersion wavelength around 1065 nm, and 
dispersion characteristic shown as inset in Fig. 4. The fiber transmission efficiency was 50% 
(accounting for lens coupling and fiber transmission losses), resulting in an average power of 
1.2 W at the output of the fiber. Strong nonlinear interactions in the fiber led to the formation 
of broad supercontinuum radiation, presented in Fig. 4.  

The supercontinuum generation was then investigated using pulses taken directly from the 
output of the power amplifier without subsequent compression in the grating pair compressor. 
The SC and pump spectra are illustrated in Fig. 5. Comparison of the supercontinuum spectra 
obtained with and without pulse compression reveals that the use of compressed pulses 
yielded only a minor improvement in the spectral bandwidth.  

In the current system configuration, the uncompressed pulses energy was 40 nJ and their 
peak power was 13 kW. Following compression in the grating pair, laser pulses energy 
dropped to 24 nJ (as a result of losses in the compressor), whereas the peak power increased 
to 60 kW. Despite notable difference in the pulse characteristics, the compressed and 
uncompressed pulse trains produced nearly identical supercontinuum spectra. One reason 
behind this feature is the behavior of the pulse during the initial steps of supercontinuum 
generation. As shown further in the paper, upon entering the supercontinuum fiber, the pump 
pulse undergoes significant temporal compression attributed to an interplay between GVD and 
SPM [17].   
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Fig. 4. Supercontinuum spectrum obtained with the setup shown in Fig. 1. Input laser spectrum 
at 1.06 µm is plotted with a red line. The inset shows the PCF dispersion map. 
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The broad pulses with high energy are efficiently compressed inside the nonlinear fiber and 
reach peak power level comparable to the power of the pulses pre-compressed in the grating 
pair, thus leading to a comparable supercontinuum spectrum. Furthermore, assuming that the 
peak power is high enough, a long pulse would be converted inside the nonlinear fiber to a 
high order soliton, which in turn splits into a large number of fundamental solitons, resulting 
in a large amount of blue-shifted non-solitonic radiation emitted upon fission [9]. Owing to 
their relatively large peak power, the long uncompressed pulses generate large number of
fundamental solitons and, consequently, a broad supercontinuum spectrum. These 
observations lead to a generic design guideline for supercontinuum generator sources: one 
should employ a source producing relatively broad pulses with high peak power. This will
lead to high order solitons available for fission, and simultaneously stimulate peak power
driven processes (SPM, Raman shifting, self-steepening, etc.). Therefore, practical designs 
should attempt a trade-off between pulse width and peak power to achieve optimal spectrum 
width. 

To analyze temporal shape of supercontinuum pulses at different wavelengths, we 
performed spectrum slicing by means of a prism, as shown in Fig. 1. The prism was mounted 
on a motorized stage which can be precisely rotated, thus directing various wavelength 
components into the filtering aperture. By rotating the prism, the entire supercontinuum 
spectrum can be scanned. The selected spectral component is monitored with an optical 
spectrum analyzer, while an intensity autocorrelation trace is simultaneously taken for each 
selected part of the spectrum. The bandwidth of the spectral filter varied between 20 and 70 
nm. To inspect the effects involved in the formation of supercontinuum, several sub-bands 
within the supercontinuum spectrum have been investigated. The central wavelengths of the 
explored sub-bands are marked in Fig. 4. The measurements of the spectrally-sliced pulses in 
normal and anomalous dispersion regimes confirm the soliton character of the pulses in 
anomalous dispersion regime and the stretched pulse character of the pulses sliced from the 
blue-shifted part of the spectrum, as predicted by the soliton fission theory [9]. Figure 6 shows 
the autocorrelations and spectra of the pulses sliced from the short-wavelength part of the 
supercontinuum spectrum with normal dispersion regime of propagation (indicated as I and II 
on Fig. 4). The peculiar shape of the autocorrelation trace is due to the non-solitonic 

Fig. 5. Supercontinuum spectrum when uncompressed pulses are coupled into PCF (15 m of 
NL-5.0-1065 fiber). Input average power is 4 W, and output power is 1W. Input laser spectrum 
is plotted with red line. 
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properties of these pulses. Since the pulses propagate in normal dispersion regime, they 
undergo significant broadening and overlapping leading to autocorrelation features seen in 
Fig. 6. The autocorrelations and optical spectra in Fig. 6(b) and 6(d) are obtained directly after 
the output aperture shown in Fig. 1. The spectral width of the filter was set to avoid the pulse 
duration being influenced by excessive spectral filtering.  

Optical spectra and autocorrelation traces of the pulses sliced from the supercontinuum 
spectrum near the zero-dispersion wavelength of the nonlinear fiber are presented in Fig. 7. 
The spectral feature at 1065 nm originating from the residual pump is evident in the spectrum 
as a sharp peak (Fig. 7(b)). 

Fig. 6. Autocorrelations and spectra of the SC pulses in normal dispersion region, at 770 nm (a 
and b) and 880 nm (c and d).  
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The autocorrelation of the pump pulse shows apparent pulse breakup, which is in agreement 
with the theory [17]. It is worth noting that the pulse presented in Fig. 7 can be primarily 
regarded as a residual pump pulse left unconverted into supercontinuum radiation after 
propagation through the nonlinear fiber. The spike seen in the autocorrelation reveals the
pulse width of 140 fs indicating that before Raman shifting, the input pulse undergoes 
significant compression, as described in [18]. This peak feature is ~3 times shorter than the 
initial input pulse shown in Fig. 3.  

Fig. 7. Autocorrelation and spectrum of pulse sliced near zero dispersion wavelength (1065 
nm) 
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The characteristics of the pulses in anomalous dispersion regime are shown in Figs. 8(a)-(f). 
The smooth, clean autocorrelations of the pulses in this regime indicate that they are steady-
state solitons in agreement with the theoretical conclusions made in [9]. The soliton pulses are 
much shorter than the blue-shifted pulses, as inferred from Fig. 6. The sharp rise at the right 
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Fig. 8. Autocorrelation and spectra of pulses in anomalous dispersion regime: 1200 nm (a, b), 
1400 nm (c, d), and 1500 nm (e, f). 
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end of the spectra in Fig. 8 is a spectrum analyzer artifact. All pulse widths have been derived 
assuming a sech2 pulse shape. Despite the smooth, symmetric shape of the autocorrelation 
traces in Fig. 8, the calculated time-bandwidth product of the measured pulses exceeds the 
transform-limited value for fundamental solitons. This feature is likely due to the filtering 
procedure that provided spectra exceeding the bandwidth of the fundamental soliton. Another
interesting feature derived from Fig. 8 is that the soliton pulses in the spectral range between 
1200 and 1500 nm have practically the same width despite a 3-fold change of the nonlinear 
fiber dispersion in the mentioned wavelength range. This could be explained by the fact that 
spectral shift towards longer wavelengths requires pulses with higher energy. Therefore, it is
expected that long-wavelength solitons have higher energies and, consequently, shorter 
durations. This phenomenon is balanced by the dispersion profile of the PCF and results in 
similar durations of the fundamental solitons observed at different wavelengths. 

The temporal stability of the pulses sliced from the supercontinuum spectrum was studied 
for different dispersion regimes of the photonic crystal fiber. The situation shown in Fig. 9 has 
been observed for any scheme of supercontinuum generation discussed above. 

The pulses sliced from the supercontinuum in the soliton regime can be clearly displayed on 
an analog scope (top trace in Fig. 9). On the contrary, the pulse train sliced at normal 
dispersion regime, i.e. nonsolitonic radiation, exhibits significant noise visible on the output 
pulses. The noise appears as large pulse-to-pulse amplitude variation. 

4. Conclusions 

We have investigated the temporal shape of different frequency components inside 
supercontinuum radiation. The measurements confirm the higher-order soliton fission theory. 
Upon launching into the fiber, the pump pulse first experiences significant compression 
followed by pulse breakup. The breakup of higher-order solitons results in the formation of 
red-shifted fundamental solitons and blue-shifted nonsolitonic radiation. The fundamental 
solitons with different colors propagate down the fiber at different group velocities without 
observable shape distortion. Due to the presence of several solitons with various frequencies, 
multiple blue-shifted peaks are generated leading to the formation of blue-shifted continuum. 
The blue-shifted pulses are longer than the soliton pulses by almost an order of magnitude and 
experience further severe broadening during propagation. The results provide an insight into 

Fig. 9. Oscilloscope traces showing pulse train for soliton propagation regime (top) and normal 
dispersion regime (bottom). 
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the fundamental mechanisms of supercontinuum generation and would be useful in designing 
supercontinuum sources.  
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1. Introduction 

Supercontinuum radiation (SC) has received remarkable attention since its early 
demonstration [1]. Despite complex interplay of nonlinear effects involved in the spectral 
broadening, supercontinuum radiation has been soon recognized as a useful tool for metrology 
[2], life sciences [3], the generation of ultrashort pulses [4], optical telecommunications [5]. 
Owing to their impressive spectral brightness, the SC sources represent an attractive 
alternative to traditional broadband (incandescent or fluorescent) light sources. Since the first 
demonstration of broadband light generation in guided media [6], SC sources based on 
improved nonlinear converters have become much more than just a subject for academic 
research. With the advent of powerful laser sources, ultra-broadband supercontinua exploiting 
different nonlinear media including photonic crystal fibers (PCF) [7] and fiber tapers [8] have 
been demonstrated.  

Many applications require high-brightness RGB light sources with little energy outside the 
visible range. Traditional broadband sources fail to comply with these requirements, since 
typical “white-light” spectrum extends either in ultra-violet (e.g. with fluorescent emitters) or 
infrared (e.g. with incandescent sources) range. A supercontinuum source producing only 
visible light is a challenging task, since most supercontinuum sources nowadays use mode-
locked infrared solid-state or fiber lasers. Using infrared lasers as a pump source to generate a 
visible continuum tends to be inefficient because significant fraction of the pump power is 
transferred to the far infrared, as expected from the SC formation mechanism [9]. A large 
amount of the pump energy is lost thus decreasing an overall efficiency of the RGB white-
light source.  

The visible light sources based on nonlinear frequency conversion with the spectrum 
broadening limited to RGB range would efficiently convert the pump power into visible light, 
providing better spectral brightness and wall-plug efficiency than the sources based on 
infrared-pump supercontinua. Since SC radiation is generated nearly symmetrically around 
the pump wavelength, the rational solution for visible light generation is to employ a pump 
laser whose wavelength is situated in the middle of the visible range around 530 nm.  

Continuous improvement in nonlinear crystals has made a frequency conversion in 
periodically-polled crystals a practical technique to produce visible light from infrared lasers. 
Particularly, ytterbium fiber mode-locked lasers operating around 1060 nm and used together 
with nonlinear crystals optimized for frequency-doubling are a very promising source of 
visible pump pulses at 530 nm [10].  

Another crucial issue in supercontinuum generation is the dispersion characteristic of the 
nonlinear medium. To achieve an efficient pump conversion to SC, the pump wavelength 
should match the zero dispersion wavelength (ZDW) of the nonlinear medium. The visible SC 
generators would thus require nonlinear media with zero-dispersion at visible wavelengths. 
PCF and fiber tapers can be engineered to have a ZDW around 530 nm. Notable results in 
broadband supercontinuum generation within both PCF and fiber tapers pumped with green 
light have been reported [11-12]. However, the spectral brightness of visible radiation and 
conversion efficiency are still to be improved by further optimization of the SC generator. 

Fiber lasers have strong potential for the systems, where long term stability and 
maintenance-free operation are required. Semiconductor saturable absorber mirror (SESAM) 
based mode-locked fiber lasers are well known for their excellent pulse quality, small 
footprint and unprecedented reliability [13]. Mode-locked fiber lasers can produce ultrashort 
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pulses with high peak power representing nearly ideal pump source for supercontinuum 
generation.  

In this paper, we report on a high brightness, all-visible supercontinuum source using 
pump signal from mode-locked ytterbium fiber laser frequency-doubled in a periodically-
poled lithium niobate (PPLN) crystal. White light radiation is then generated in a purposely-
designed tapered fiber. An attractive feature of the tapered fiber important for practical SC 
sources is that ZDW could be easily adjusted by controlling the pulling conditions. We 
investigate the effect of taper ZDW and input power on a spectral bandwidth and shape of
visible continuum. The results of this study show the tolerances of taper parameters that allow 
for efficient spectral broadening. 

2. Experimental setup 

The experimental setup used for supercontinuum generation is shown in Fig. 1.  

The pump source is an Yb-doped fiber laser mode-locked by a SESAM. A double-clad Yb-
fiber amplifier is used to boost the average power up to 2 W. The laser spectrum taken at full 
power with the center emission wavelength of 1064 nm is shown in Fig. 2(a). The pulse 
autocorrelation trace revealing a pump pulse width of 3 ps is shown as an inset. The pump 
laser beam passes through polarization correction waveplates and an optical isolator which 
eliminates back reflections preventing the changes in the power and spectrum of the system. 
Owing to random polarization of the pump beam, the polarization-dependent optical isolator 
limits the usable pump power to ∼1 W. 

Fiber laser 
source

λ/4

f=25 mmf=35mm
PPLN

532-1060
dichroic

λ/2

TEC

98%@1060nm

1065 nm
532 nm
White light

Optical 
isolator

Residual pump

Fiber taper

Supercontinuum   
output

99%@532nm

Fig. 1. Experimental setup for white light generation in tapered fibers: PPLN – periodically-
poled lithium niobate; TEC – thermo-electric cooler. 
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The nonlinear crystal used for frequency conversion was a 500 µm-long PPLN made by 
Stratophase Ltd. The PPLN grating structure was formed using standard photolithography. 
The domain inversion was performed in the z-axis at room temperature with a single high-
voltage pulse of ~11 kV applied through liquid electrodes. A set of gratings with periods of 
6.50, 6.54 and 6.58 µm was fabricated. In these experiments, best results have been obtained 
with 6.58-µm period grating operated at 160°C [14] which ensures optimum phase matching 
with our pump source with the wavelength centered at 1064 nm. The crystal was placed inside 
an electrical oven controlled by a digital feedback loop that allows to control the crystal 
temperature with a precision of 0.1°C. Additionally, high operating temperature eliminates 
any potential problems caused by the photorefractive effect. The pump light was focused onto 
the crystal using the lens with a focal length of 25 mm. At the highest pump power, we 
obtained ∼120 mW of SH power, corresponding to a conversion efficiency of about 14%. The 
pump and SH radiation emerging from the crystal were combined using a lens with 35-mm 
focal distance and broadband antireflection coating. The SH light was then separated from 
residual pump radiation by a dichroic mirror exhibiting 99% reflectivity for the SH light and 
98% transmission for the residual pump. The SH light was subsequently launched by a 
microscope objective into the pigtail of the fiber with a tapered segment. The maximum SH 
power coupled to the 8-µm core fiber pigtail was 80 mW. The spectrum of the SH light 
measured at full power is presented in Fig. 2(b). The spectral bandwidth of the SH radiation is 
0.4 nm and it approximately matches the bandwidth of the PPLN crystal. 

3. Fiber tapers 

The fiber tapers studied in this experiment were fabricated using a home-made fiber tapering 
workstation. We use commercial SMF-28 fiber as primary material, because of its excellent
diameter uniformity. During tapering, the fiber was heated by two hydrogen-oxygen burners 
equipped with separate gas flow controllers. The fiber through-put during tapering was 
monitored by launching a low power 532-nm signal into the input pigtail and reading the 
transmitted power continuously. The tapering rig is fully computer controlled, which enables 
us to build tapers with accurately adjusted length and diameter of the waist. To ensure low 
loss adiabatic tapers, we used a double-stage tapering strategy. First, the fiber is pulled under 
a fixed heated zone until the waist diameter reaches ~10 µm. Then the heated zone size 
increases linearly with progressive pulling of the fiber [15] until the target waist diameter is 
reached. To obtain consistent results, the computer program keeps the waist length constant 
for all tapers studied despite their waist diameter by controlling the amount of molten glass at 
the initial tapering stage. After pulling, the tapers are packaged in a plastic case and 
characterized. The taper waist diameter has been accurately measured using images taken by a 
high resolution CCD camera through a large magnification optical system (150X). Image 
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Fig. 2. Pump spectrum and autocorrelation shown as an inset (a) and corresponding spectrum of 
the second-harmonic (SH) radiation.  
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analysis software was employed to determine the waist diameter with 0.05-µm accuracy. A 
typical bi-conical profile is presented in Fig. 3 showing a uniform waist with length of 19 cm 
for the taper with total length of 26 cm. 

4. Experimental results 

The potential of the tapered structures with different waist diameters to supercontinuum 
generation has been first examined by studying their chromatic dispersion at pump 
wavelength. It has been shown that the optical field during the propagation along the down-
taper transition in a fiber detaches from the fiber core and penetrates into the cladding, 
becoming eventually guided by the glass-air interface [16]. The taper waist has been modeled 
with a circular strand of glass surrounded by air. This approximation is valid for structures 
used in SC experiments since tapering ratio exceeds 102 and therefore the fiber core becomes 
insignificantly small and cannot support the guided modes. Because our tapered transitions 
(conical sections of the structure) are short compared to the length of the waist, as seen from 
Fig. 3, we neglect the influence of the conical sections of the taper. The chromatic dispersion 
was evaluated by solving the propagation constant eigenvalue equation for a given waist 
diameter [17]. The chromatic dispersion at 531 nm for various diameters of the waist is given 
in Fig. 4.  

Figure 4 indicates that the optimum supercontinuum efficiency can be achieved with a 0.9-µm 
waist taper, whose zero dispersion wavelength matches the pump wavelength of 531 nm. The 

Fig. 4. Chromatic dispersion versus taper waist diameters for λ=531 nm. Waist diameters of 
tested tapers are indicated with arrows.  
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influence of taper parameters on SC efficiency was studied by varying the waist diameter. 
Particularly, it was confirmed that minor change in waist diameter (0.1 µm) affects drastically 
the SC efficiency. The dispersion characteristics of studied tapers are shown in Fig. 5. 

With a fiber pulling workstation available for these experiments, the ZDWs of the tapers 
could be accurately adjusted during taper fabrication to match desired pump wavelength. All 
tapers used in this study have losses below 0.09 dB/cm at the pump wavelength. 
 After taper characterization, the output from PPLN crystal was coupled to the taper
using objective lens. Strong nonlinear conversion to SC within the taper with the diameter of 
the waist of 0.9 µm providing optimal dispersion characteristics results in a radiation covering 
the entire visible wavelength range. The optical spectra of the visible continuum measured for 
different pump powers are shown in Fig. 6(a). Figure 6(b) illustrates the SC radiation after 
reflection from diffraction grating.  

From Fig. 6 it can be seen that the supercontinuum energy is limited to the visible 
wavelength range, without significant UV or IR components. At maximum pump power, the 
average power of supercontinuum radiation reaches ~55 mW corresponding to a spectral 
brightness of 0.17 mW/nm.  

The effect of the ZDW on SC efficiency was then studied using tapers with different waist 
diameters. The SC spectra from the tapers measured at different input powers are presented in 
Fig. 7(a-c).  

Fig. 5. Chromatic dispersion of tapered fibers with different parameters. The legend shows the 
taper waist diameters; the dashed line indicates the pump wavelength (531 nm). 
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It can be seen that small variations in waist diameter result in a large change of the SC 
spectrum revealing an important role played by chromatic dispersion. The supercontinuum
spectrum with improved bandwidth and flatness has been obtained from the taper with a zero 
dispersion wavelength closest to the pump wavelength. Increasing the taper waist diameter 
over the optimal value of 0.9 µm causes the pump pulse to propagate in normal dispersion 
regime which, combined with decreased nonlinearity due to larger waist cross-section, leads 
to lower supercontinuum generation efficiency, as seen from Fig. 7(a). Ultimately, a taper 
with a 1.55-µm diameter waist has too large normal dispersion and too low nonlinearity to 
generate significant spectral broadening, as seen in Fig. 7(b).  

Using a taper with diameter only slightly smaller (∼0.1 µm) than the optimal value leads to 
poor SC efficiency, as seen in Fig. 7(c). This effect can be understood from soliton fission 
theory of supercontinuum generation [9, 18]. As the taper waist diameter decreases, the pump 
pulse experiences higher anomalous dispersion. Consequently, the pump pulse is converted 
into a lower order soliton [9], despite a higher light density in the taper with decreased 
diameter of the waist. As a result, upon the breakup, the pump pulse generates lower number 
of fundamental solitons and hence the non-soliton blue-shifted radiation is also strongly 
reduced, as clearly seen from Fig. 7(c). In a contrary, the amount of red-shifted radiation 
increases as a result of enhanced Raman shifting and self-phase modulation owing to higher 
optical field intensity within the taper with the reduced waist diameter.  

The results in Fig. 7 indicate that the tolerances for the taper waist required for efficient 
SC generation are very tight. A deviation of only 0.2 µm from the optimal waist diameter, that 
ensures the zero dispersion at the pump wavelength, can dramatically change the 
supercontinuum spectral shape. This conclusion is supported by the data shown in Fig. 4, 

Fig. 7. Visible continua obtained in tapers with waist diameter of 1.1 µm (a), 1.55 µm (b), and 
0.8 µm (c) with pump power as a parameter. 
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which indicates that the large change in chromatic dispersion is expected even for small 
variations in the taper waist diameter.  

5. Conclusion 

We have demonstrated visible white-light generation using tapered fiber with engineered 
dispersion profile. Pump light was provided by a mode-locked ytterbium fiber laser 
frequency-doubled in a PPLN nonlinear crystal. An optimal taper diameter for 
supercontinuum generation was identified based on numerical simulations and measurements.
The brightness of the source with the bandwidth covering entire visible spectral range is 
enhanced by limiting the spectral broadening in a tapered fiber to the visible wavelengths. The 
influence of taper parameters on the white light generation has been studied. 
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