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Preface

Fiber laser is an advanced field of modern science entering in all branches of science. This
field continues to vastly expend with state-of-the-art developments across the entire spec‐
trum of scientific, military, medical, industrial, and commercial applications ranging from
spectroscopy to material cutting, welding, and marking. Light plays an important role in
modern human’s life. We cannot think our human life environment without light. Nowa‐
days, fiber laser is an important light-based technology in the area of photonics. I am fully
satisfied with the outcome made through the collective efforts of the wonderful team of all
authors, who have gathered and shared their knowledge to make a complete shape of this
book. The authors are researchers, academics, PhD students, and professionals in the field of
fiber lasers and industries.

This book attempts to give various aspects of different fiber lasers as well as some of the
recent developments in this field.

The plan of the book is as follows:

The first chapter of the book describes the self-pulsing dynamics and its elimination in dif‐
ferent ytterbium (Yb)-doped continuous wave (CW) fiber laser configurations because of the
development of high-power Yb-doped CW and pulsed fiber lasers for various material proc‐
essing applications. The generation of truly high-power CW output from Yb-doped CW fi‐
ber lasers by pumping with high-power CW laser diodes is not so easy without amplitude
modulations due to self-pulsing phenomenon as these random self-pulses may have very
high peak power to cause catastrophic damage of fiber laser components and thereby inhibit
generation of high-power CW output.

The second chapterof the book discusses the Q-switched fiber lasers’ operating principle for
active technique in terms of operation characteristics and demonstrates the experimental
analysis of the pulsed fiber lasers by the active Q-switched technique using erbium (Er)/Yb-
doped fiber as a gain medium. Then, it discusses about the experimental analysis of princi‐
pal characteristics of single-wavelength operation of the fiber laser and cavity loss
adjustment method for dual-wavelength laser operation. Chapter 3 emphasizes on carbon-
based saturable absorbers, namely graphene and carbon nanotubes (CNT), and their unique
electronic band structures and optical characteristics. The methods of incorporating these
carbon-based saturable absorbers into fiber laser cavity for generating passive Q-switched
and mode-locked fiber lasers are demonstrated. Chapter 4 presents a detailed analysis of the
properties of double-scale pulses (also called noise-like pulses (NLPs) and femtosecond clus‐
ters) generated in fiber lasers and their promising applications. Chapter 5 describes the ex‐
perimental techniques and methods for passive stabilization of single-frequency fiber
Brillouin lasers by employing the self-injection locking phenomenon. Then, it demonstrates



that this locking phenomenon delivers a significant narrowing of the pump laser linewidth
and generates the Stokes wave with linewidth of about 0.5 kHz. Chapter 6 discusses the
dual-wavelength fiber lasers (DWFLs), which provide a simple and cost-effective approach
for the optical generation of microwave (MHz) and terahertz (THz) radiation using narrow-
band filters and comb filters for microwave radiation generation, as well as the use of
DWFLs with diethylaminosulfur tetrafluoride or LiNbO3 crystals for generating THz radia‐
tion. Chapter 7 is on tunable single-, dual-, and multiwavelength fiber laser based on twin
core fiber (TCF). Then, it demonstrates the importance of tunable fiber lasers because their
emission wavelength can be systematically tuned within a certain spectral range, which al‐
lows using a single-laser source instead of several sources. In this chapter, TCF-based filters,
which work as the wavelength selective element, are introduced into the ring cavity to im‐
plement tunable single-, dual-, and multiwavelength fiber lasers. The authors have empha‐
sized the tuning mechanism and the tuning characteristics of the tunable fiber lasers.
Chapter 8 demonstrates the reflective semiconductor optical amplifier (RSOA)-based fiber
laser architectures for multiwavelength and wavelength-tunable operations by introducing
an L-band multiwavelength laser, a C-band RSOA and a linear cavity formed by a fiber cou‐
pler, a polarization controller, and a reflected fiber mirror. In this chapter, the authors have
demonstrated a multiwavelength laser source using a C-band RSOA with dual-ring fiber
cavity and investigated a wavelength-tunable fiber ring laser architecture using the RSOA
and SOA. Chapter 9 discusses the interdisciplinary concept of dissipative soliton in fiber
lasers. In this chapter, the authors have surveyed briefly about different mode-locking tech‐
niques as well as experimental realizations of dissipative soliton fiber lasers with an empha‐
sis on their energy scalability. Chapter 10 covers the generation and amplification of
medium- and high-energy NLPs with Yb-doped optical fibers. In this chapter, the authors
have demonstrated supercontinuum (SC) generation techniques, where NLPs serve as the
pump source. Chapter 11 reviews the recent achievements of 45° tilted fiber grating (TFG) in
all fiber laser systems, including the theory, fabrication, and characterization of 45° TFGs
and 45° TFGs-based ultra fast fiber laser systems working in different operating regimes at
the wavelength of 1, 1.5, and 2 µm. Chapter 12 discusses the role of simulation methods as
tools for analysis of low and medium average power fiber laser operated in passively Q-
switched and/or mode-locking regimes into the design of various applications, such as ma‐
terials microprocessing of sensor applications. In this chapter, the authors have briefly
presented the two main mathematical methods that used to analyze solid laser oscillators in
passive optical Q-switching regime: the coupled rate equations approach and the iterative
approach. The presented numerical simulation methods are validated by comparing with
the experimental results. Chapter 13 discusses the amplifying parameters in rare earth–dop‐
ed optical fiber laser amplifiers under both CW and pulse conditions through a comprehen‐
sive analysis using the set of coupled propagation rate equations based on the atomic energy
structure of dopant, as well as the absorption and emission cross sections. Then, it described
the dependence of gain and saturation properties on the pump power, dopant concentra‐
tion, and fiber length mainly due to the dominant effect of the overlapping factor of dual-
clad fibers. Chapter 14 describes the heat generation and the removal of fiber lasers
particularly for high-power or high-energy operation. This chapter investigated the purpose
of figuring out heat dissipation necessities for different parts of the active gain media and
providing effective cooling procedures, thermal loading, as well as longitudinal and trans‐
verse temperature profiles of dual-clad fibers for both inside/outside of the doped fiber core
based on considerable numerical analysis. The authors have shown that chilling mecha‐
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nisms are very efficient ways to dissipate heat in high-power regimes. Chapter 15 discusses
the laser surface alloying (LSA) method for material processing, which uses the high-power
density available from defocused laser beam to melt reinforcement powders and a part of
the underlying substrate. This chapter described a three-dimensional (3D) mathematical
model to obtain insights on the behavior of laser-melted pools subjected to various process‐
ing parameters. Chapter 16 discusses laser surface modification techniques to improve the
mechanical and terminological properties of materials. The selection of appropriate surface
modification technique is required to prevent catastrophic failure of materials in the indus‐
try due to wear degradation phenomena where laser surface modification techniques have
been established by researchers to improve the mechanical and terminological properties of
titanium alloy material. This chapter demonstrates laser surface cladding and its processing
parameters coupled with the oxidation, wear, and corrosion performances of laser-modified
titanium material. Chapter 17 reviews laser engineering net shaping method in the area of
development of functionally graded materials for aero engine application. LENS™ offers a
great deal in rapid prototyping, repair, and fabrication of 3D dense structures with superior
properties in comparison with traditionally fabricated structures. The final chapter focuses
on application of fiber lasers in material processing and describes the maximum processing
speeds, maximum processing depths, and resulting cut edge quality governed by a number
of parameters related to the laser system, work piece specification, and the cutting process.
The effects of the processing parameters in the cutting of thick section stainless steel, mild
steel, and medium-section aluminum along with optimization of the processing parameters
for enhancement of the cut edge quality have been reported.

In summary, this ‘Fiber Laser’ book discusses some of the important topics that have made
tremendous impact in the growth of science and technology.

Dr. Mukul Chandra Paul
Principal Scientist

Fiber Optics and Photonics Division
Central Glass and Ceramic research Institute

India
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Chapter 1

Self-pulsing Dynamics in Yb-doped Fiber Lasers

B.N. Upadhyaya

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62087

Abstract

There is worldwide considerable interest in the study and development of high-power
Yb-doped continuous wave (CW) and pulsed fiber lasers for various material processing
applications. Although it appears to be trivial to generate high-power CW output from
Yb-doped CW fiber lasers by pumping with high-power CW laser diodes; however, it is
not so easy to generate truly CW output without amplitude modulations due to self-puls‐
ing phenomenon. The observation of random self-pulses overriding CW output has been
reported by several authors. These random self-pulses may have very high peak power to
cause catastrophic damage of fiber laser components and thereby inhibit generation of
high-power CW output. This chapter describes self-pulsing dynamics and its elimination
in different Yb-doped CW fiber laser configurations.

Keywords: Yb-doped fiber, self-pulsing, saturable absorption

1. Introduction

High-power Yb-doped double-clad fiber lasers have recently attracted considerable attention
due to its advantages such as single-mode operation, all-fiber integration, high efficiency,
compactness, no misalignment sensitivity, robustness, and efficient heat dissipation due to large
surface area to volume ratio.[1,2] Yb-doped fibers provide wide absorption band in the range
of ~800–1064 nm, and it can provide lasing in the range of ~974–980 and ~1010–1160 nm. Thus,
Yb-doped fiber lasers are unique laser sources for a wide range of applications. Hanna et al.
reported tuning range from 1010 to 1162 nm with a total span of 152 nm.[3] In view of this, there
has been a growing interest in high-power Yb-doped fiber lasers as a potential replacement for
bulk solid-state lasers in many applications. There are reports on the development of up to 2
kW of single-transverse-mode fiber laser and its commercial availability.[1] However,  its
efficiency and configuration is not reported in the literature. Record brightness from Yb-
doped fiber laser with output power of up to 10 kW at 1070 nm of output wavelength has also

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



been reported by IPG Photonics.[1] This laser is the most intense CW laser of any kind with
maintenance-free operation, a compact footprint, and ultra-long operational life. Such an intense
laser can perform a variety of material processing and defense applications. For the genera‐
tion of very high output power from fiber lasers, either only oscillator or master oscillator power
amplifier (MOPA) configurations are normally used. However, the output power from Yb-
doped fiber lasers is mainly limited by nonlinearities, thermal effects, fiber fuse effect, and
optical damage of fiber-optic components used in oscillator or MOPA configuration.[4]

At a first glance, it is normally felt that it is an easy task to generate CW output from Yb-doped
fiber lasers, but it is not so easy to achieve purely CW output having highly stable output
without modulations as achieved in conventional lamp-pumped or diode-pumped solid-state
lasers. It is normally expected to achieve a CW output from fiber lasers under CW pumping
conditions. However, in several CW pumped rare-earth-doped fiber lasers with different
resonator configurations and pumping geometries, modulations in the output and self-
pulsations over-riding CW level has been reported.[5–13] Two types of self-pulsations have
been reported in fiber lasers, they are as follows: (a) sustained self-pulsing (SSP) and (b) self-
mode locking (SML).[7] In case of SSP, emission of high-intensity pulses at irregular intervals
is observed, whereas in the case of SML, pulse spiking in the output or laser signal modulation
is observed at the round trip time of the resonator cavity. Several possible origins have been
suggested for self-pulsing in the literature. These include re-absorption of laser signal in the
weakly pumped or un-pumped section of the rare-earth-doped fiber,[11–14] ion-pairing acting
as a saturable absorber,[8–10] relaxation oscillations due to inversion in the gain medium and
population of photons in the cavity,[10] resonator steady-state conditions and Q-factor of the
cavity,[5,15] interaction between laser signal and population inversion,[16] pump noise as the
source of self-pulsing.[17,18] Further, cascaded stimulated Brillouin scattering (SBS), distrib‐
uted Rayleigh scattering, and the set of other nonlinear effects (SRS (stimulated Raman
scattering); SPM (self-phase modulation); XPM (cross-phase modulation); and FWM (four
wave mixing)) [19–22] have also been suggested as the sources of self-modulation and self-
pulsing in different rare-earth-doped fiber lasers. Control on self-pulsing to achieve narrow
pulses at regular interval and with enhanced Q-switching has also been reported.[23] Sub‐
stantial effort has been put up by several authors to reduce self-pulsing. Suppression of self-
pulsing has been carried out by using a low transmission output coupler giving a high Q-
cavity,[5] using unidirectional fiber ring cavity,[5,7,24] increasing round trip time in the cavity
by splicing a long section of matched passive fiber and thereby changing the relaxation
oscillation dynamics,[25] uniform bidirectional pumping,[26] suppressing relaxation oscilla‐
tion frequency component,[27] preventing rapid depletion of gain by resonant pumping near
the lasing wavelength and thereby minimizing relaxation oscillations,[28,29] electronic
feedback to the pump laser for shifting the gain and its phase.[30] In addition, the use of the
narrow passband of a λ/4-shifted fiber Bragg grating (FBG) structure in a ring cavity to limit
the number of longitudinal cavity modes [31] and the use of fast saturable gain of a semicon‐
ductor optical amplifier within the fiber laser resonator [32] have also been reported to
suppress self-pulsing.
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suppress self-pulsing.
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2. Effect of laser resonator on self-pulsing dynamics

The experimental setup to show the effect of laser resonator on self-pulsing dynamics consisted
of a Yb-doped double-clad fiber having a core diameter of 10 µm and an inner-clad diameter
of 400 µm with core and inner-clad numerical aperture (NA) of 0.075 and 0.46, respectively.
This Yb-doped fiber had clad-pump absorption of 0.8 dB/m at 975 nm, and it had an octagonal
inner-clad geometry to avoid excitation of skew modes. A fiber-coupled laser diode of 20 W
output power and center wavelength of 975 nm was used to pump 18 m length of the above-
mentioned Yb-doped fiber. The Yb-doped fiber was perpendicularly cleaved at both the ends
to sustain higher damage thresholds. Study of three different Fabry–Perot resonator configu‐
rations as shown in Figures 1(a), 1(b), and 1(c) was carried out.[15] Figure 1(a) shows the
forward-pumping configuration with high finesse in which a dichroic mirror with ~100%
reflectivity at signal wavelength and high transmission at pump wavelength is kept in between
the two lenses used for coupling pump light in to the Yb-doped fiber and the cleaved end with
~4% Fresnel reflection at the farther fiber end of the doped fiber acts as the output coupler.
Figure 1(b) shows the backward-pumping configuration with high finesse in which two
dichroic mirrors have been used, one for ~ 100% feedback of the signal and another at an angle
of 45° for taking laser output from pump input end of fiber. In this case, the perpendicularly
cleaved pump input end of the doped fiber with ~4% Fresnel reflection for laser signal acts as
the output coupler. Figure 1(c) shows the low-finesse fiber laser resonator configuration; in
this case, the cleaved ends with ~4% Fresnel reflection from both the fiber ends act as Fabry–
Perot cavity mirrors. The dichroic mirrors used in these configurations are highly transmitting
in the range of 960–980 nm and highly reflecting (≈98%) in the wavelength range of 1064–1140
nm. Output power was measured after filtering out the unabsorbed pump power using a
thermal power meter. Maximum output power of 10.75 W was achieved with a slope efficiency
of ~73% in the backward-pumping configuration at an input pump power of 17.2 W.

However, in the case of low-finesse cavity configuration of Figure 1(c), it was observed that
the output power from both the ends ceases to increase beyond 1.8 W and starts fluctuating
due to appearance of strong random self-pulsing over-riding CW output. With further increase
in the pump power, an increase in the fluctuation about the average output power was
observed and peak power of these random pulses were also found to increase. At an input
pump power of 8 W, Figure 2(a) shows the observed random self-pulsing, and Figure 2(b)
shows the expanded view of one of the random self-pulses with observed pulse duration of
less than 25 ns. As the pulses are random in time domain with variation in frequency duration,
and their peak powers are also not constant, the measured average power keeps fluctuating.

There is report on the occurrence of random self-pulsing in a V-groove pumping configuration
in the case of “bad cavity” (R1=100%, R2=4% or R1=4% and R2=4%) and no such random self-
pulsing in the case of “good cavity”(R1=100%, R2=80%) by Hideur et al.[5] They proposed that
random self-pulsing behavior in the case of bad cavity may arise due to re-absorption of the
laser signal in the un-pumped part of the fiber, and the occurrence of SRS and SBS, whereas
in the case of a good cavity, the device behaves as a laser with saturable absorber and Brillouin
and Raman effects do not occur.[11,12] However, it is clear that intracavity intensity in the case
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of a good-cavity will be much larger as compared to that in the case of a bad-cavity; therefore,
the nonlinear SRS and SBS processes should occur at a much earlier value in the case of a good-
cavity than in a bad-cavity, which contradicts their proposal. It has been shown by Fotiadi et
al.[21] that mechanism of self-pulsing involves distributed backscattering in the form of
Rayleigh scattering (RS) and SBS. At the beginning of the cycle, the pump provides a buildup
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Figure 1. (a) High-finesse forward-pumping configuration with output power taken from
the farther end of Yb-doped fiber, (b) high-finesse backward-pumping configuration 
with output power taken from the pumping end of the Yb-doped fiber using the 45
tilted dichroic mirror, and (c) low-finesse resonator configuration with laser output from
both the ends.[15]
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of the population inversion in the gain medium and the gain increases gradually. However,
CW lasing is completely inhibited due to the suppression of feedback by the imposed angle at
the fiber ends and feedback into the cavity is provided mainly by the distributed RS and SBS
that leads to generation of gigantic irregular random self-pulses. In cases of good-cavity or
high-finesse cavity and bad-cavity or low-finesse cavity, where feedback is not suppressed by
angle cleaving of fiber ends and dominant feedback is through fiber-end facets or feedback
mirrors, self-pulsing behavior is completely different.

We noted the threshold powers for occurrence of random self-pulsing in three different
configurations for the investigation of random self-pulsing behavior in low- and high-finesse
cavities. In cases of high-finesse resonator configurations R1=98%, R2=4% (forward pumping)
and R1=98%, R2=80% (good-cavity), the random self-pulsing thresholds were found to be 6.2
and 12.7 W, respectively, whereas in the case of low-finesse resonator configuration (R1=4%,
R2=4%), the self-pulsing threshold was found to be 2.8 W. Further, in the case of forward-
pumping configuration, the output power was found to vary linearly with input pump power
and the self-pulsing effect was very weak. Whereas in the case of low-finesse resonator
configuration, output started fluctuating beyond 1.8 W and self-pulsing was found to be very
strong. The higher threshold for occurrence of random self-pulsing in case of good-cavity and
lower thresholds for bad-cavity configurations show that mirror reflectivities also play an
important role in the onset of random self-pulsing behavior. Occurrence of a peak in the gain
vs length curve could cause any pump-induced noise or distributed backscattered noise in the
form of RS and SBS to build up and emit in the form of strong random pulses. Thus, in order
to avoid random self-pulsing in CW fiber lasers, gain peaking along the fiber length should be
avoided by uniform pumping along the fiber length with dual end pumping or multipoint
pumping or by choosing appropriate cavity mirror reflectivities.
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Figure 2. (a) Output of the fiber laser, showing random self-pulses in the case of low-finesse
cavity of Figure 1(c), for an input pump power of 8 W, and (b) an expanded oscilloscope
trace of one of the random self-pulses from Yb-doped fiber laser.[15]
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   Figure 3 shows average output spectrum in the case of low-finesse cavity configuration of 
Figure 1(c) before and after the onset of random self-pulsing behavior.   This spectrum shows the 
presence of nonlinear SRS effect in the presence of random self-pulsing with first-order Stokes peak 
at a wavelength separation of 50 nm from the laser line.   However, we could not confirm the 
occurrence of SBS due to smaller SBS shift and limited resolution of the optical spectrum analyzer.
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an input pump power of 8 W, and (b) an expanded oscilloscope trace of one of the random self-pulses from Yb-doped
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Figure 3 shows average output spectrum in the case of low-finesse cavity configuration of
Figure 1(c) before and after the onset of random self-pulsing behavior. This spectrum shows
the presence of nonlinear SRS effect in the presence of random self-pulsing with first-order
Stokes peak at a wavelength separation of 50 nm from the laser line. However, we could not
confirm the occurrence of SBS due to smaller SBS shift and limited resolution of the optical
spectrum analyzer.

Figure 3. Output spectrum in case of low-finesse cavity of Figure 1(c); the lower trace shows spectrum before onset of
random self-pulsing at 2.5 W of input pump power, and the upper trace shows output spectrum after onset of strong
random self-pulsing at 8 W of input pump power.[15]

3. Effect of fiber length and laser linewidth on self-pulsing dynamics

Length of the doped fiber used for the fiber laser setup and the laser linewidth also plays an
important role in self-pulsing dynamics. Root cause for the onset of self-pulsing is relaxation
oscillation at low pump powers and saturable absorption along the weakly pumped portion
of the fiber at the farther end, whereas nonlinear SRS and SBS effects are responsible for an
increase in the peak power of these relaxation oscillation pulses. In fiber lasers with single-end
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or double-end pumping with wide- or narrow laser linewidths, most of the pump power is
absorbed near the pump input end of the doped fiber; hence, there is always a weakly pumped
region at the farther end of the doped fiber in the case of single-end pumping configuration
and at the middle portion of the doped fiber in the case of double-end pumping configuration.
The presence of weakly pumped region is responsible for signal re-absorption along the fiber
length, and thereby causes self-pulsation due to “saturable absorption effect” as in the case of
conventional passively Q-switched lasers. However, due to the “distributed nature” of
saturable absorption of signal along the fiber length, self-pulsing is random in nature with
variations in the frequency and time duration of self-pulses. With increase in input pump
power, there is an increase in the frequency of these self-pulses, which is clear from the
observed sequence of self-pulses under different resonator and pump conditions, and is a
typical characteristic of passively Q-switched lasers. Gain uniformity increases with further
increase in pump power and there is a corresponding reduction in saturable absorption of the
signal along the fiber due to the absence of weakly pumped region, which eliminates self-
pulsation at higher pump inputs. Depending on the signal intensity and excited state absorp‐
tion of signal in the doped fiber, passively mode-locked pulses with a characteristic separation
equal to the round-trip time may also appear in the self-pulse envelope, as in conventional
bulk “passively Q-switched lasers having simultaneous mode locking”. If the doped fiber
length is long and laser linewidth is also narrow, it may happen that SBS threshold is reached,
which will further enhance self-pulses. If the fiber length is long but the linewidth is not
narrow, it may result in generation of SRS and thereby enhance self-pulses.[33–36]

4. Self-pulsing dynamics of high-power Yb-doped fiber laser with bulk
mirror resonator

The experimental setup of Yb-doped fiber laser with bulk mirror resonator consisted of a large
mode area Yb-doped double-clad fiber with a core diameter of 20 µm and an inner-clad
diameter of 400 µm. The outer clad is made of fluoroacrylate polymer and had a diameter of
550 µm. Core and inner cladding NA’s are 0.060 and 0.46, respectively. Inner-clad pump
absorption at 975 nm is 1.7 dB/m. Thus, a length of 15 m of Yb-doped fiber was selected to have
an efficient pump absorption of ~25 dB with minimum leakage of the input pump beam. An
octagonal shape inner cladding of this fiber avoids excitation of skew modes. Yb-doped fiber
ends were cleaved perpendicularly and coiling of the active fiber was done on a metallic
mandrel to remove heat load from it. Fourteen number of laser diodes at 975 nm with an output
power of 30 W and pigtail fiber core diameter of 200 µm and 0.22 NA were used to pump from
both the ends of the active fiber using 7:1 multimode fiber-optic pump combiners. All the
diodes were maintained at an operating temperature of 25 °C for the entire range of its output
power using water-cooled heat sinks for mounting. Fiber output of seven such diodes were
fusion-spliced individually with seven matched pump input ports of multimode fiber-optic
pump combiner using GPX-3400 fusion splicing workstation from M/s Vytran. All the splice
joints were optimized and a maximum transmission of ~86% was achieved. A cumulative loss
of 14% is due to mismatch between fibers of diode pigtail and pump combiner fiber input ports
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along with insertion loss from each input port of fiber-optic pump combiner. Pump combiner
output port had a core diameter of 400 µm and an NA of 0.46. Two such diode pump modules
were made as shown in Figure 4(a), and these were used to pump from both ends of the active
Yb-doped double-clad fiber using two 7:1 pump combiners. Pump beam at 975 nm from output
port of each pump combiner was initially collimated using a 20 mm focal length lens, and then,
it was imaged at the active fiber ends using another 20 mm focal length lens. Temperature-
controlled metallic V-grooves were used to hold the ends of the Yb-doped fiber to prevent any
possible thermal damage to the gain fiber coating by the heat generated in the gain fiber due
to nonradiative emission processes or by means of any over filled pump or signal power. In
order to have signal feedback in laser oscillator, a dichroic mirror with high reflectivity (HR)
of ~100% in broadband from 1040 to 1100 nm for normal incidence and high transmission (HT)
at 975 nm has been placed at one end of the Yb-doped double-clad fiber between the two lenses.
Resonator mirrors are formed by this mirror along with the other cleaved end of the Yb-doped
fiber providing 4% Fresnel reflection. Another dichroic mirror with HR in a broadband from
1040 to 1100 nm at 25° angle of incidence and HT at 975 nm has been placed between the two
lenses to have laser output from the resonator. Figure 4(a) shows a schematic of the experi‐
mental setup, and Figure 4(b) shows an image of Yb-doped double-clad fiber-end face having
octagonal inner cladding using a microscope.
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Figure 4. (a) A schematic view of 165 W of Yb-doped CW fiber laser,   and (b) an image of Yb-doped 
double-clad fiber-end   face with octagonal inner   cladding using microscope. 

From this experimental setup, an output power of 165 W was achieved at the combined maximum 
input pump power of 316 W from both the ends with a slope efficiency of 56.5% and an optical-to-
optical conversion efficiency of 52%.   Experimentally measured value of threshold pump power was 
20 W.   Theoretical estimate of threshold pump power was 9.5 W, which is much lower than the 
measured value. This is due to the fact that at lower pump powers, input pump wavelength was near 
to 968  nm, which is far away from the peak pump absorption wavelength of 976 nm.   Using a 
compatible passive fiber in the same setup, pump coupling efficiency from the output of pump 
combiner to the active fiber was measured to be 65%, which is very less and can be further improved 
to reduce pump power losses and achieve higher conversion efficiencies. Taking into account, the 
pump coupling losses, optical-to-optical conversion efficiency improves to a value of 80.5%, which is 
close to the maximum reported figure of 83% for high-power Yb-doped fiber lasers by Jeong et al.[2]
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From this experimental setup, an output power of 165 W was achieved at the combined
maximum input pump power of 316 W from both the ends with a slope efficiency of 56.5%
and an optical-to-optical conversion efficiency of 52%. Experimentally measured value of
threshold pump power was 20 W. Theoretical estimate of threshold pump power was 9.5 W,
which is much lower than the measured value. This is due to the fact that at lower pump
powers, input pump wavelength was near to 968 nm, which is far away from the peak pump
absorption wavelength of 976 nm. Using a compatible passive fiber in the same setup, pump
coupling efficiency from the output of pump combiner to the active fiber was measured to be
65%, which is very less and can be further improved to reduce pump power losses and achieve
higher conversion efficiencies. Taking into account, the pump coupling losses, optical-to-
optical conversion efficiency improves to a value of 80.5%, which is close to the maximum
reported figure of 83% for high-power Yb-doped fiber lasers by Jeong et al.[2] Variation of
output pump power as a function of input pump power is shown in Figure 5. It shows that
there is linear variation in output power with respect to an increase in input pump power, and
there is no saturation in the output laser power even at the maximum value of input pump
power. This shows that laser output power is limited only by the input pump power. Figure
6 shows recorded output spectrum at the maximum laser output power of 165 W. The laser
output spectrum is peaked at 1079.7 nm with spread from 1064.1 to 1100.1 nm and full width
half maximum linewidth of ~7 nm. There is another peak near 975 nm in the output spectrum,
which shows pump wavelength peak.[37]

Laser output from the Yb-doped fiber is emitted from the core of 20 µm diameter in a full-cone
angle of 120 mrad. V-number of the active fiber is 3.5, which suggests that it may provide
guidance of a total of six number of fiber modes. Thus, fiber laser output may be slightly
multimoded. But, the Yb-doped fiber was coiled on a mandrel of 150 mm diameter to increase
losses for higher order modes and thereby ensure single-mode operation. A laser beam profiler
from M/s Spiricon was used to measure laser output beam profile and measured value of M2

was found to be ~1.04, which shows a nearly diffraction-limited laser output beam. During
experiments, it was found that relaxation oscillations override the CW signal output near
threshold, and consequently, generate high peak power random self-pulses with pulse
duration of the order of a few nanoseconds, which damages fiber ends or any other fiber laser
component. This damage of fiber components is irreversible. Thus, it is of utmost importance
to remove random self-pulsing, before proceeding for the generation of high-power output
from Yb-doped fiber lasers. Fiber ends are also prone to damage by dust particles due to
emission of high power from very small core area and the presence of high-power density at
the fiber-end faces. Hence, it is also important to protect fiber ends by means of fiber end caps.
It was found that if the mirrors are not aligned properly, it introduces higher loss in the
resonator and results in the generation of self-pulses, which may even damage the mirror
coatings due to high peak power density of self-pulses. Figure 7 shows generation of high peak
power random self-pulses when the resonator mirrors are slightly misaligned. However, if the
mirrors are aligned properly to generate maximum output power, there are no self-pulses in
the output. Thus, intracavity loss has to be minimized to prevent generation of random self-
pulses.
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Figure 5. Variation of laser output power as a function of input pump power.

Figure 6. Output spectrum of Yb-doped CW fiber laser at the maximum output power of 165 W.
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5. Self-pulsing dynamics of all-fiber oscillator configuration using FBG
mirrors

Figure 8 shows a schematic view of 115 W of all-fiber Yb-doped CW fiber laser. In this all-fiber
laser configuration, a Yb-doped double-clad fiber has been used as the gain medium having
a core diameter of 20 µm and an inner-clad diameter of 400 µm. NAs of the core and inner clad
are 0.075 and 0.46, respectively. Inner clad has an octagonal shape to avoid excitation of skew
modes.

Figure 8. A schematic view of 115 W of all-fiber Yb-doped CW fiber laser.

Inner-clad pump absorption of the Yb-doped fiber at 975 nm is 1.7 dB/m. For efficient absorp‐
tion of the pump beam, 10 m length of the active fiber has been used, which provides total
pump absorption of ~17 dB. For pumping of Yb-doped fiber, a diode pump module of six fiber
coupled diodes has been made. Each fiber coupled diode provides an output power of 35 W
at 975 nm at 20 °C case temperature. Fiber coupled diode contains an optical fiber with a core
diameter of 200 µm and an NA of 0.22. This diode-pump module has been spliced to (6+1)×1
fiber-optic signal and pump combiner. The core diameter of the fiber-optic pump combiner at
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the output end is 400 µm with an NA of 0.46. Further, the output end of the fiber-optic pump
combiner has been spliced to a FBG of ~98% reflectivity. This FBG is written in a compatible
double-clad fiber, and it has a peak reflectivity at 1090 nm with a bandwidth of 0.2 nm. One
end of Yb-doped fiber has been spliced to the other end of this HR FBG. Another FBG of ~7%
reflectivity at 1090 nm has been spliced at the other end of Yb-doped fiber to make an all-fiber
fiber laser oscillator. This 7% reflectivity FBG has also been written in a compatible double-
clad fiber with a peak at 1090 nm and a bandwidth of 1.5 nm. The diode-pump module of six
fiber-coupled diodes, pump combiner package, and FBGs are being cooled by means of water-
cooled heat sinks and a closed loop water cooling unit at 20 °C of water temperature. A power
supply unit has been used to control and operate all the six fiber-coupled laser diodes in series.
The power supply unit provides voltage variations in the range of 0–15 V and current varia‐
tions in the range of 0–100 Amp. Optimization of splice joint-1 of diode pump module with
(6+1)×1 fiber-optic signal and pump combiner having 200 µm core diameter silica–silica fibers
resulted in a transmission efficiency of 97%. After splice joint-1, the transmitted pump power
from the pump combiner was 204 W at the maximum combined diode input pump power of
210 W. After splice joint-2 of the fiber-optic pump combiner with HR FBG mirror, transmission
efficiency of 94% was achieved and the transmitted pump power from FBG was 192 W. Figure
9 shows optimized splice joint of 400 µm inner-clad diameter double-clad fiber with compatible
FBG in double-clad fiber.[38]

Figure 10 shows variation of laser output power as a function of input pump power. It can be
seen that there is no rollover even at the maximum output power due to thermal effects in Yb-
doped double-clad fiber or any other fiber component. Threshold for lasing was about 17.0 W.
An optical-to-optical conversion efficiency of 55% and a slope efficiency of 57% have been
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achieved  in  this  all-fiber  Yb-doped  fiber  laser  oscillator  configuration.  Figure  11  shows
wavelength spectrum of output laser signal at the maximum output power of 115 W. It shows
signal peak at 1089.7 nm having a 3 dB linewidth of 0.64 nm. Major problems faced in this
development were self-pulsing, optimization of splice joints, and heat removal. Self-pulsing
was removed by minimization of intracavity losses and heat load from Yb-doped fiber was
removed by tightly winding it on a copper spool, so that heat from fiber is conducted through
copper spool. Intracavity loss is basically introduced by splice joints of FBGs with Yb-doped
fiber. The splice joint loss was minimized by varying splice parameters such as fusion power,
rate of fusion, argon flow rate, etc., using a commercial fusion splicing work station. This work
station shows an estimated loss using image of splice joints. Although, it does not show an
accurate data for splice loss, but a lower value of estimated loss indicates a better splice joint.
Using this data, several splices were carried out by varying splice parameters and these joints
were tested in resonator by measuring lasing threshold. A lower value of threshold was achieved
with minimized estimated splice joint loss. During the testing of splice joints, it was found that
laser output contained self-pulses and it became difficult to increase output power due to
damage of FBG and fiber-end facets. It was found that with minimum value of lasing thresh‐
old and estimated loss, the self-pulses were removed and a truly CW output was observed
without self-pulsing and no damage of fiber components took place. Figure 12(a) shows
oscilloscope trace of self-pulsing amplitude with higher splice loss, and Figure 12 (b) shows
oscilloscope trace with minimized splice loss. These traces were recorded using a 1 GHz
photoreceiver and 1 GHz oscilloscope. It shows that self-pulse amplitude is minimized with
reduction in intracavity splice losses. Laser output was emitted through the 20 µm core of doped
fiber with a full-angle divergence of 150 mrad. V-number of the fiber is 4.425, and it can support

Figure 10. Variation of output laser power vs input pump power.
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about eight transverse modes. However, it was made to operate in single-transverse mode by
winding it on a spool of 150 mm diameter, so that higher order modes are leaked out by bend
induced loss. A laser cutting nozzle was made, which contains a 20 mm focal length lens for
collimation and another 40 mm focal length lens for focusing to have a focused spot diameter
of 40 µm. Using this cutting nozzle and oxygen as assist gas, micro-cutting of up to 2.5 mm thick
stainless steel sheets and tubes was carried out with a kerf width of less than 200 µm.

Figure 11. Wavelength spectrum of output laser signal.

6. Generation of 215 W of CW output power using all-fiber MOPA
configuration and its self-pulsing dynamics

Figure 13 shows schematic of experimental setup of high-power 215 W of all-fiber Yb-doped
CW fiber laser using MOPA configuration. In this all-fiber laser configuration, all-fiber
oscillator as described in earlier in this chapter has been utilized. The output of oscillator was
amplified by using another (6+1)×1 fiber-optic pump and signal combiner. From the oscillator
stage, 115 W of output was achieved, which was further amplified to an output power of 215
W at the amplifier stage. As the laser is emitted from a very small (20 µm) core diameter of Yb-
doped fiber, it is prone to damage by dust particles. Thus, at the exit end of amplifier, an end

Fiber Laser14



about eight transverse modes. However, it was made to operate in single-transverse mode by
winding it on a spool of 150 mm diameter, so that higher order modes are leaked out by bend
induced loss. A laser cutting nozzle was made, which contains a 20 mm focal length lens for
collimation and another 40 mm focal length lens for focusing to have a focused spot diameter
of 40 µm. Using this cutting nozzle and oxygen as assist gas, micro-cutting of up to 2.5 mm thick
stainless steel sheets and tubes was carried out with a kerf width of less than 200 µm.

Figure 11. Wavelength spectrum of output laser signal.

6. Generation of 215 W of CW output power using all-fiber MOPA
configuration and its self-pulsing dynamics

Figure 13 shows schematic of experimental setup of high-power 215 W of all-fiber Yb-doped
CW fiber laser using MOPA configuration. In this all-fiber laser configuration, all-fiber
oscillator as described in earlier in this chapter has been utilized. The output of oscillator was
amplified by using another (6+1)×1 fiber-optic pump and signal combiner. From the oscillator
stage, 115 W of output was achieved, which was further amplified to an output power of 215
W at the amplifier stage. As the laser is emitted from a very small (20 µm) core diameter of Yb-
doped fiber, it is prone to damage by dust particles. Thus, at the exit end of amplifier, an end

Fiber Laser14

cap of 400 µm diameter was spliced to sustain higher damage thresholds. An optical-to-optical
conversion efficiency of 55% and a slope efficiency of 57% have been achieved in this all-fiber
Yb-doped fiber laser MOPA configuration. Output signal was peaked at 1089.7 nm having a
3 dB linewidth of 0.64 nm.[39]

As described in previous sections, major problems faced in this development were self-pulsing,
optimization of splice joints, and heat removal. Self-pulsing, which is generation of high peak
power ns-pulses even with CW pumping, results in catastrophic damage of fiber components
and diode laser. It was removed by minimization of intracavity losses by minimization of losses
through splice joints in the cavity. The splice joint loss was minimized by varying splice
parameters such as fusion power, hot push, rate of fusion, argon flow rate, etc., using a fusion
splicing work station. Heat load from Yb-doped fiber was efficiently removed by tightly
winding it on a copper spool, so that heat from fiber is conducted through copper spool.
Intracavity loss is basically introduced by splice joints of FBGs with Yb-doped fiber. Splice
joints were also re-coated using low-index and high-index polymers for its protection. Figure
14 (a) and (b) shows the 2D and 3D beam profiles at the output of amplifier stage recorded
using a Spiricon beam profiler, which shows that output is nearly diffraction limited with
smooth variation in intensity. In this case also, if the slice joint losses are not minimized, it may
result in higher intracavity losses, and consequently, result in high peak power self-pulses in
the laser output. If not checked, these self-pulses may contain sufficient peak power to damage
in-line fiber components and diode laser also.
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trace of laser output with minimized splice loss.
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Figure 12. (a) Oscilloscope trace of self-pulses with higher splice loss, and (b) oscilloscope trace of laser output with
minimized splice loss.
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Figure 13. Schematic of experimental set up for MOPA configuration.
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Figure 14. (a) 2D and (b) 3D beam profile recorded at the output of 215 W of Yb-doped CW fiber laser.

Thus, most of the fiber laser configurations suffer from self-pulsing. It is necessary to suppress
self-pulsing in the output by a careful choice of doped fiber length, resonator configuration,
and output spectrum with minimization of intracavity losses before proceeding towards high-
power CW output from Yb-doped fiber lasers.

7. Conclusion

In conclusion, study on high-power Yb-doped CW fiber laser shows that higher intracavity
losses lead to generation of unwanted high-peak power self-pulses in laser output which may
damage fiber components and inhibit high-power laser generation. Hence, in order to achieve
high-power CW fiber laser output, it is necessary to carefully select doped fiber length,
resonator configuration, and reduce intracavity losses by minimizing losses at splice joints in
the cavity and also to effectively manage heat load of active fiber and all-fiber components.
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Thus, most of the fiber laser configurations suffer from self-pulsing. It is necessary to suppress
self-pulsing in the output by a careful choice of doped fiber length, resonator configuration,
and output spectrum with minimization of intracavity losses before proceeding towards high-
power CW output from Yb-doped fiber lasers.

7. Conclusion

In conclusion, study on high-power Yb-doped CW fiber laser shows that higher intracavity
losses lead to generation of unwanted high-peak power self-pulses in laser output which may
damage fiber components and inhibit high-power laser generation. Hence, in order to achieve
high-power CW fiber laser output, it is necessary to carefully select doped fiber length,
resonator configuration, and reduce intracavity losses by minimizing losses at splice joints in
the cavity and also to effectively manage heat load of active fiber and all-fiber components.
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Abstract

A brief explanation on Q-switched fiber laser operating principle for active technique in
terms of operation characteristics is presented. Experimental analysis of proposed pulsed
fiber lasers by the active Q-switched technique is demonstrated. Experimental setups in‐
clude the use of Er/Yb doped fiber as a gain medium and an acousto-optic modulator as
cavity elements. Setup variations include the use of fiber Bragg gratings for wavelength
selection and tuning and Sagnac interferometer for wavelength selection in single wave‐
length operation and for cavity loss adjustment in dual wavelength operation. The exper‐
imental analysis of principal characteristics of single-wavelength operation of the fiber
laser and cavity loss adjustment method for dual-wavelength laser operation are dis‐
cussed.

Keywords: Q-switched lasers, Er/Yb double-clad fibers, fiber Bragg gratings, Sagnac in‐
terferometer

1. Introduction

Fiber lasers have been studied almost from the onset of laser demonstration. Research on the
development of innovative laser systems has been of constant interest in optics and photonics,
having fast growth and becoming a central research area in scientific and industrial imple‐
mentations. Fiber lasers have been widely studied because their unique characteristics of high
power confinement, high beam quality, low insertion loss, compactness, and ruggedness. In
general, they are attractive for different application areas such as medicine, telecommunica‐
tions, optical sensing, and industrial material processing.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Fiber lasers make use of stimulated emission to generate light by using an active medium for
gain supply. The use of fibers doped with rare-earth elements provides a gain medium with
great thermal and optical properties for fiber laser development, in contrast to solid state lasers.
Erbium-doped fibers (EDF) have been widely used for fiber laser implementations; however,
in the last decade, the constant search of efficiency improvement in terms of very high gain
with low pumping thresholds has significantly increased the use of Ytterbium doped fibers
because they offer an efficiency above 80% [1].

Moreover, high-power fiber lasers are also of high interest for different applications such as
spectroscopy, pump sources, and the study of nonlinear phenomena. In contrast with solid
state lasers, a fiber laser requires longer interaction lengths favoring the occurrence of nonlin‐
ear effects when high power is achieved, making them desirable for optical switching,
nonlinear frequency conversion, solitons, and supercontinuum generation, among other
applications.

As it is known, pump diodes provide pump power limited to a few watts. This restriction also
limits the fiber laser output power when conventional-doped (single-clad) fibers are used.
With the development of double-clad fibers (DCF), high-power fiber lasers experienced
significant advances since DCF makes an output power increase attainable. In conjunction
with clad-pumping techniques, the DCF feature of large surface area-to-gain volume ratio, in
addition to high doping concentration, offer high output power with an improved spatial beam
confinement, in contrast with the use of single-clad doped fibers [2].

However, achieving high power continuous-wave (CW) operation of a fiber laser without
output power fluctuations is not as straightforward. Taking into account this fact, the devel‐
opment of fiber lasers in pulsed regime provides a feasible alternative. In comparison with
CW fiber lasers, pulsed fiber lasers provide high peak power that can be used in the generated
wavelength or shifted to other wavelength range by nonlinear frequency conversion.

The most important pulsed regimes are Q-switching and mode-locking. In contrast with CW
operation, in pulsed regimes the output is time dependent. In pulsed lasers by the Q-switched
technique, stable and regular short pulses are obtained with pulse durations in the nanosec‐
onds range; in contrast to ultrashort pulses obtained by mode-locked techniques, in this case
the pulse duration corresponds to several cavity round trips. Q-switching can be developed
by passive and active techniques.

Passive Q-switching is performed by using a saturable absorber element placed inside the
cavity including graphene [3–5], carbon nanotubes (CNT) [6–8], transition metal-doped
crystals [9–11], and semiconductor saturable absorber mirrors (SESAM) [12, 13]. On the other
hand, the active Q-switching technique is based on the use of a modulator driven by an external
electrical generator. Cavity loss modulation is typically performed by electro-optic modulators
(EOM) [14, 15], and acousto-optic modulators (AOM) [16–18]. The EOM and the AOM are
based on completely different principles of operation. While the EOM is based on the Pockels
effect, the AOM modulates the refractive index of sound waves that generate a periodic grating
as it propagates through the medium. In terms of operation, the main difference is the
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modulation bandwidth. Typically, the modulation bandwidth of an EOM is 500 kHz to 1 MHz,
while for AOM is in the range of 50 to 100 MHz.

The use of the active Q-switching technique for pulsed laser operation allows higher energy
pulses and stability. These advantages are increased in lasers based on integrated optics (all-
optic) or all-fiber setups.

Otherwise, from the onset of the fiber Bragg gratings (FBG), the incorporation into the design
of optical fiber lasers has been almost immediate, contributing significantly to the progress in
this particular area. FBGs have been widely used as narrow band reflectors for generated laser
wavelength selection. FBGs have unique advantages as optical devices including easy
manufacture, fiber compatibility, low cost, and wavelength selection, among others. Moreover,
the FBG central wavelength can be displaced or modified by mechanical strain or temperature
application [19, 20]. This feature makes them capable devices for fiber lasers wavelength tuning
[21] and for all-fiber modulation techniques [22, 23].

Moreover, dual wavelength fiber lasers (DWFL) have been studied previously [24–26].
Obtaining two wavelengths by using a single laser cavity has been attractive for potential
application in areas such as optical sources, optical communications, optical instrumentation
and others. The phenomenon of obtaining two wavelengths simultaneously with equal powers
has been studied in terms of the competition between generated laser lines to improve the
stability and DWFL emission control methods.

The use of variable optical attenuators (VOA) and high birefringence fiber loop Sagnac
interferometer (high birefringence fiber optical loop mirror, Hi-Bi FOLM) have been demonstrated
as efficient methods for generating two laser lines simultaneously through the adjustment of
losses within the cavity.

Furthermore, wavelength tuning in pulsed DWFL development suggests its possible applica‐
tion in microwave and mainly terahertz generation. For DWFL improvement, different
techniques for tuning and setting the separation between generated laser lines have been
developed. The main goal in DWFL wavelength tuning is to obtain wide separation and
continuous wavelength tuning. A reliable approach for wavelength tuning in DWFLs is the
use of FBGs where the Bragg wavelength is shifted by temperature changes [27] or by
mechanical strain application [28, 29].

In this chapter, a brief explanation on Q-switched fiber laser operating principle for active
technique is presented. Also, a description of operation characteristics of Q-switched lasers,
mainly in active Q-switching technique, is presented. Additionally, the current state of the art
(to our knowledge) regarding DWFL in actively Q-switched pulsed regime is reviewed.

Furthermore, experimental setups for a dual wavelength actively Q-switched fiber laser and
an actively Q-switched fiber laser with single and dual wavelength operations are experimen‐
tally demonstrated and analyzed. The experimental results of the lasers are discussed and
compared in terms of operation characteristics, including repetition rate, pulse duration, pulse
energy, average power, and peak power.

Active Q-switched Fiber Lasers with Single and Dual-wavelength Operation
http://dx.doi.org/10.5772/61571
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2. Q-Switched fiber lasers: A review from operating principle to single and
dual-wavelength operation

Q-switching is a significantly employed technique in fiber lasers improvement. Q-switching
is a suitable technique to obtain powerful pulses at low repetition rates from a few kHz to 100
kHz, typically; it can obtain short pulses in nanoseconds range, corresponding to several cavity
round trips. This is in contrast with the mode-locking technique in which ultrashort pulses are
obtained.

In recent years, Q-switched fiber lasers have been attractive due to their applications in
medicine, optical time-domain reflectometry, terahertz generation, optical instrumentation,
remote sensing, and materials processing in the industry.

Q-switching is performed by cavity losses modulation. The intracavity losses are maintained
on a high level until the gain medium accumulates a considerable amount of energy supplied
by the pumping source. Then the losses are abruptly minimized to build up the laser radiation
within the cavity. As a result, a pulse with energy in a range of micro-Joules (even milli-Joules)
is generated. Thus, the variation of the intracavity losses corresponds to a laser resonator Q-
factor modulation. In general, Q-switched fiber lasers can be obtained with continuous or
pulsed pump power. In the case of continuous pump power application, an important
condition must be considered: a longer gain medium upper-state lifetime is required to avoid
energy loss by fluorescence emission to reach stored high energy as a consequence. Particu‐
larly, in fiber lasers the saturation energy has to be high to prevent excessive gain that can lead
to an early inception of laser generation. The pulse energy is commonly higher than the gain
medium saturation energy.

Although Q-switched lasers based on bulk optics are regularly preferred over fiber lasers
because of their larger mode areas to store more energy, the incorporation of bulk components
in fiber lasers leads to a detriment of simplicity, robustness, and alignment of the laser. Also,
the use of bulk elements in fiber lasers produces a beam quality degradation and the addition
of high cavity losses, resulting in a decrease of laser performance and efficiency. Thus, in bulk
fiber lasers approaches, the use of higher pump powers is required to increase the laser output
power [23].

The Q-switching technique can be performed by passive and active methods:

Passive Q-switching is performed by using a saturable absorber element placed inside the
cavity, which modulates automatically the losses within the laser cavity. As already men‐
tioned, the variety of saturable absorber elements in passively Q-switched fiber lasers usually
includes the use of graphene, CNT, metal-doped crystals, and SESAM [3–13]. The pulse
repetition rate is determined and varied by the applied pump power, while the pulse duration
and pulse energy are affected by the cavity and the Q-switching element parameters and
commonly remain fixed. Thus, the repetition frequency cannot be modified with independence
of other operation parameters [30]. To reach an efficient performance, the saturable absorber
recovery time, commonly, has to be higher than the pulse duration and lower than the gain
medium upper-state lifetime. Laser pulses generated with passive Q-switching typically
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present a low repetition rate range because of the applied pump power range. The main
advantages of passively Q-switched lasers are their simple designs and low cost due to the fact
that the use of external modulators and their electronics are not required.

On the other hand, active Q-switching is based on the Q-factor modulation using a modulator
included in the fiber laser design. The modulation element is driven by an external electrical
generator. In the active Q-switching technique, the stored energy, when cavity loss is high,
generates a pulse soon after an external electrical signal arrives on the modulator driving the
intracavity losses to a low level. In this case, the pulse duration and the pulse energy depends
on the energy stored by the gain medium. Hence, the pump power and the repetition rate
variations modify the achieved pulse duration and pulse energy. For the active technique, the
modulating switching time does not have to be similar to the pulse duration, the pulse duration
is in any case of the order of the laser resonator round-trip time. As has been mentioned
previously, active cavity losses modulation is typically performed by EOMs and AOMs [14–
18]. According to the technological progress, the used modulators have been experiencing
important changes. In early actively Q-switched lasers approaches, modulators were mainly
using bulk components. Then, they were designed by using integrated optics coupled to optical
fibers. Recently, all-fiber modulators have been included in fiber laser designs to increase the
overall performance of the laser. The acousto-optic Q-switching is performed by a radio
frequency (RF) power controlling a transducer. The generated acoustic wave provides a
sinusoidal optical modulation of the gain medium density resulting in an intracavity loss
modulation. AOMs can rapidly modulate the cavity losses that allows the Q-switched pulses
generation with pulse durations of a hundred of nanoseconds. The shortest pulse durations
and the highest pulse energies are obtained at the lowest allowed repetition rate, however, at
the cost of obtaining low output average power. The use of the active Q-switching technique
for pulsed laser operation allows higher energy pulses and stability. These advantages increase
with laser designs based on integrated optics or all-fiber laser designs.

Moreover, most of the Q-switched fiber laser approaches are focused on the use of single-clad
fibers as a gain medium. In comparison with single-clad Er or Yb doped fibers, Er/Yb double
clad co-doped fibers (EYDCF) can be used to suppress the self-pulsing of Er ion-pair [4]. This
effect, in addition to cladding pump techniques, can be used to increase the pump power
efficiency, minimizing the gain degradation by using EYDCF as a gain medium.

Regarding passively Q-switched fiber lasers, different approaches using EYDCF have been
reported [30–33]. Laroche et al. [30] in 2002 presented a pioneer experimental setup of pulsed
lasers for passive Q-switched technique using EYDCF as gain medium. They presented an
open cavity laser using Cr2+:ZnSe as a saturable absorber. V. Philippov et al. [33] reported a
similar configuration by using Cr2+:ZnSe and Co2+:MgAl2O4 as saturable absorbers. The
maximum average power of 1.4 W was achieved in pulses with durations from 370 to 700 ns
for a repetition rate between 20 kHz and 85 kHz.

In the case of actively Q-switched lasers using EYDCF, to our knowledge, a small number of
approaches have been reported [34, 35]. Recently, González-García et al. [34] reported a linear
cavity EYDCF laser Q-switched by an acousto-optic modulator. The pump power is introduced
to the EYDCF by a free space subsystem carefully optimized by using a lenses design.

Active Q-switched Fiber Lasers with Single and Dual-wavelength Operation
http://dx.doi.org/10.5772/61571
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Nowadays, the development of DWFL has been of interest because of their ability to obtain
two laser wavelengths simultaneously by the use of a single cavity. DWFL's advantages are
low cost, simple design, fiber compatibility, and low loss insertion devices, making feasible
more complex optical devices design. From its first approaches in CW fiber lasers, DWFL
research has increased because of their potential applications in different areas such as optical
communication systems, optical instrumentation, optical sources, and spectral analysis.

In recent years, the experience in the study of DWFL in CW regime has been incorporated into
the implementation of DWFLs in pulsed regime. With this advancement, it has opened the
possibility of new applications where high output power is required such as research of
nonlinear phenomenon study and remote sensing. The main issue in DWFL operation is
centered on the difficulty of obtaining two stable wavelengths simultaneously because doped
fibers behave as a homogeneous gain medium at room temperature, causing a competition
between the generated laser lines that leads to a generated laser line's instability.

Commonly used methods to balance the generated wavelengths include the use of polarization
controllers (PC) and variable optical attenuators (VOA), among others; however, most of them
are arbitrary methods in the absence of a measurable physical variable for wavelength
competition analysis and characterization, affecting the repeatability in the laser performance.
The methods are focused on adjusting laser intracavity losses to balance the simultaneously
generated wavelengths. In previously reported investigations, the Sagnac interferometer with
high birefringence (Hi-Bi) fiber loop capability has been theoretically and experimentally
demonstrated as a trustworthy alternative for the adjustment of losses within the cavity [21,
36–38], since the Hi-Bi FOLM periodical spectrum can be finely displaced in wavelength by
temperature variations applied on the Hi-Bi fiber loop [37].

Different experimental setups of DWFL by passive Q-switching technique have been reported
[39–41]. However, to our knowledge, there have not been reported approaches using EYDCF
as a gain medium. Concerning cavity losses adjustment for dual wavelength laser operation,
the most frequent method is the use of PC in ring cavity fiber lasers. H. Ahmad et al. [40]
reported a ring cavity passive Q-switched DWFL operating at 1557.8 nm and 1559 nm by using
PC for dual wavelength generation. A nonlinear optical loop mirror (NOLM) with a disper‐
sion-decreasing taper fiber (DDTF) in the fiber loop is used as a passive Q-switching element.

Regarding actively Q-switched fiber lasers, only few attempts have been reported in which
dual wavelength emission is obtained. In 2013, G. Shayeganrad [42] reported a compact linear
cavity actively Q-switched DWFL. The Q-switching is performed by an AOM. The gain
medium is a c-cut Nd:YVO4 crystal with a feature of dual-wavelength generation in Q-
switched regime without adjustment elements. An undoped YVO4 crystal is used for stimu‐
lated Raman scattering (SRS) effect enhancement. The SRS simultaneous wavelengths at 1066.7
and 1083 nm are shifted at 1178 and 1199.9 nm.

S.-T. Lin et al. [43] reported a selectable dual-wavelength actively Q-switched laser. By using
two electro-optic periodically poled Lithium niobate (PPLN) integrated crystals, the output
wavelengths between 1063 and 1342 nm are selected with voltage variations on PPLN Bragg
modulators (EPBM) sections. It is worth mentioning that both cited experimental setups are
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designed with bulk optic elements with high pump power application, around 20 W. As has
been said above, such designs require fine alignment, so typically, efficiency and instability
problems are presented.

The all-fiber or optical fiber coupled laser systems promise to be an option for solving
alignment issues minimizing losses within the laser cavity. Pump-to-signal efficiency can be
increased and, consequently, highly increased pump power is not required to obtain more
energetic pulses. However, for such designs, the output power is typically limited by the
maximum signal power handled by the employed components.

Therefore, the use of double-clad doped fibers provides a stable and straightforward method
to generate high energy nanosecond pulses in actively Q-switched dual-wavelength fiber
lasers. From reported investigations, EYDCF offers high conversion efficiency for high-energy
pulses generation [44, 45].

Regarding EYDCF use, in 2014, an actively Q-switched wavelength tunable DWFL using
EYDCF as a gain medium has been reported [44]. The linear cavity laser incorporates the use
of bulk components to introduce pump power in the EYDCF. The laser wavelengths are
generated and simultaneously tuned by using a polarization maintaining fiber Bragg grating
(PM-FBG). The maximal separation between generated wavelengths of 0.4 nm is adjusted by
polarization axis adjustment performed by a PC. The simultaneous wavelength tuning range
of ~11.8 nm is obtained by axial strain applied on the PM-FBG. The maximal average power
of 22 mW is obtained with a repetition rate of 120 kHz with a pump power of 1.5 W.

Recently, a self-Q-switched (SQS) EYDCF laser with tunable single operation and dual
wavelength operation using a Hi-Bi FOLM as a spectral filter was experimentally demonstrat‐
ed [45]. The wavelength tuning in single wavelength operation and the cavity loss adjustment
for dual wavelength operation is performed by temperature variations applied in the FOLM
Hi-Bi fiber loop, allowing Hi-Bi FOLM spectrum wavelength shifting. Stable SQS pulses with
duration of 4.1 µJ and repetition rate of 25 kHz are obtained with a pump power of 575 mW.
The single wavelength tuning range over 8.4 nm is obtained with FOLM Hi-Bi fiber loop
temperature variation in a range of ~7.2 °C. Separation between generated simultaneous dual
wavelengths is 10.3 nm.

Then, we propose the use EYDCF fiber as gain medium for the design of actively Q-switched
lasers with operation in single and dual wavelength. Also, we propose the use of FBGs and
Hi-Bi FOLM as cavity elements that allow modifying the characteristics of laser operation and
improve its performance by straightforward methods.

3. Actively Q-switched dual-wavelength fiber laser based on fiber Bragg
gratings

In this section, an experimental analysis of a ring cavity dual-wavelength actively Q-switched
fiber laser with an EYDCF as a gain medium is presented. A pair of FBGs is used for separately
generated laser lines tuning by mechanical compression/stretch applied on the FBGs. Simul‐
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taneously generated dual-wavelength laser lines tuning are presented with wavelengths
separation from 1 nm to the maximal separation of 4 nm (without the need of cavity loss
adjustment).

The experimental setup is presented in Figure 1. The fiber ring cavity laser is based on the use
of 3 m of EYDCF as a gain medium. The EYDCF is pumped with a laser source at 978 nm
through a beam combiner. The pump power of 5 W is limited by the maximal AOM signal
power of 1 W. An optical isolator with maximal output power of 5 W is used to ensure
unidirectional operation. An optical subsystem formed with a 50/50 optical coupler with
output ports connected to FBG1 and FBG2 with central wavelengths at 1543 and 1548 nm
respectively, allows dual wavelength emission at FBG reflected wavelengths; it is also used
for separate laser wavelength emission monitoring at outputs 1 and 2. The FBGs with approx‐
imately 99% of maximum reflectance are placed on mechanical devices for generated laser
wavelength tuning by applying axial strain on the gratings. The simultaneously generated
laser wavelengths are measured at 90/10 coupler output 3. A fiber-pigtailed AOM driven by
a RF signal is placed for active Q-switching pulsed laser operation. The output spectra
monitored at output ports (1, 2, and 3) are measured with an OSA and also the Q-switched
pulses are detected and observed with a photodetector and an oscilloscope, respectively.

Figure 1. Experimental setup for actively Q-switched dual wavelength ring cavity fiber laser.

Figure 2 shows the experimental results for the dual-wavelength fiber laser spectrum meas‐
urements with fixed pump power of 5 W. The measurements were obtained at output 3 with
an OSA with attenuation. Output power results are presented in linear scale to support the
achieving of two simultaneous laser wavelengths with equal powers. Two simultaneous
wavelengths are obtained without requiring cavity losses adjustment in the presented
wavelength separation tuning range, however, we noticed the requirement of cavity losses
adjustment for wavelength separations above 4 nm. Results for dual wavelength operation
with cavity losses adjustment (wavelengths separation above 4 nm) are not presented since it
was performed introducing curvature losses by fiber bending applied between 50/50 output
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ports and FBGs connections; an arbitrary method in which it is not possible to characterize the
competition between the generated laser lines.

Figure 2(a) shows the generated laser lines spectrum measurements for dual wavelength Q-
switched laser operation with different wavelength separations. The separation tuning from
1 to 4 nm is achieved by mechanical compression/stretch applied on the FBGs. The repetition
rate remained fixed at 70 kHz. As it is shown, dual wavelength laser operation is generated
simultaneously with approximately equal laser lines output powers without an adjustment of
losses within the cavity. As it can be seen, for the repetition rate and pump power settings, a
preference exists to generate the longer wavelength during the competition between the laser
lines.

Figure 2. Spectrum measurements for dual-wavelength actively Q-switched laser operation, (a) different generated
wavelengths separation tuning with fixed repetition rate, (b) generated laser lines with wavelength separation of 1 nm
and repetition rate variations.

Figure 2(b) shows the generated dual wavelength laser lines with fixed wavelength separation
of 1 nm (λ1 = 1545.2 nm and λ2 = 1546.2 nm) for repetition rate variations from 50 to 100 kHz.
As it can be observed, output powers for both simultaneous wavelengths increase when the
repetition rate is increased. The competition between generated laser lines presents a prefer‐
ence to generate the longer wavelength as the repetition rate is increased, however, dual
wavelength laser operation is presented over the repetition rate range without cavity losses
adjustment.
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Figure 3 shows the output power ratio for the two simultaneously generated laser lines
measured P(λ2)/P(λ1), where λ1 and λ2 are the shorter and the longer laser wavelengths,
respectively. The spectrum measurements were performed at output 3 with an OSA and
output powers were individually monitored at output 1 and 2 with a photodetector and a
power meter. The measurement of the power ratio between generated laser lines is a straight‐
forward method for numerically analyzing the competition between laser line behavior. With
output power ratio 0 < P(λ2)/P(λ1) < 1, the shorter wavelength is generated with power above
the longer wavelength. On the other hand, for P(λ2)/P(λ1) > 1, the longer wavelength presents
an output power above the shorter wavelength. As it has been previously shown for the
proposed experimental setup, there exists a preference to generate the longer wavelength.
Furthermore, it was shown that the Q-switched dual wavelength fiber laser output powers are
modified with repetition rate and tuned wavelength variations.

Figure 3. Dual wavelength operation generated laser wavelengths power ratio P(λ2)/P(λ1) for repetition rate variations
and different wavelengths separations.

In Figure 3, it can be clearly observed that with increasing repetition rate, the competition
between laser lines has an imbalance in which the longest wavelength has a preference to be
generated. Strong competition allowing dual wavelength laser operation with almost equal
output powers from 20 kHz to about 60 kHz of repetition rate can be observed. With repetition
rate variations from 60 kHz to 100 kHz, the longer wavelength output power increases
significantly, at the expense of the shorter wavelength output power. As it can be also observed,
the range of repetition values over which the longer wavelength starts growing significantly
is shortened when increasing the separation between the generated laser wavelengths. As it
is shown, for a wavelength separation of 1 nm, the maximum power ratio is about 2 times,
with a repetition rate of 100 kHz. However, for a wavelength separation of 4 nm and a
repetition rate of 70 kHz, an output powers ratio in which λ2 is 9.5 times greater than λ1 is
observed.
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Figure 4 is a group of experimental results for actively Q-switched dual wavelength laser
pulses. The results also show pulse profiles for different repetition rate variations, comparison
between pulses measured at different outputs, and experimental analysis of pulses time shift
by repetition rate variations.

Figure 4(a) shows the optical pulse measurements for actively Q-switched dual wavelength
laser operation. The wavelength separation remains fixed at 4 nm between simultaneously
generated laser lines. With the use of a photodetector and an oscilloscope, the pulse traces
together with the leading pulse of the signal applied to the AOM were obtained at output 3
where both generated wavelengths are simultaneously measured. The resulting pulses were
obtained for different repetition rate variations from 50 to 100 kHz. For actively Q-switched
operation, with the increase of repetition rate, the pulse duration typically increases as pulse
amplitude decreases. As it can be seen, with a repetition rate of 50 kHz, there is a time shift of
93.7 ns between the leading edge of the electrical pulse applied to the AOM and the generated
laser pulse. As we can observe, the time shift depends on the repetition rate.

The dependence of the temporal pulse shift on the repetition rate variations is shown in Figure
4(b). As it is shown, the pulse time shift increases as the repetition rate increases. Thus, it can
be observed that for a repetition of 100 kHz, the pulse temporal shift between the electrical
modulation signal leading edge and the generated pulse increase to ~2.3 µs.

Figure 4(c) shows the pulse traces that correspond to the same dual wavelength generation
with wavelength separation of 4 nm and repetition rate of 50 kHz. Since the FBGs have a
reflection close to 100% at the central wavelength, it is possible to obtain independently single
laser concerning each of the generated laser wavelengths at the outputs 1 and 2 as a result of
the signal transmitted by each FBG. Thereby, the pulses generated by the laser wavelength λ1

= 1543.5 nm (blue line) obtained at output 2 and the optical pulses for wavelength λ2 = 1547.5
nm (red line) acquired at output 1 are shown together with the optical pulse for both λ1 and
λ2 measured at output 3. As it is shown, a slight time shift and pulse widening is observed for
both wavelength pulse measurements (output 3) compared to the individual pulses observed
for λ1 and λ2.

Figure 5 shows the output power in dual wavelength operation for generated laser wavelength
separations ∆λ = 1 nm (λ1 = 1545.2 nm and λ2 = 1546.2 nm) and separation ∆λ = 4 nm (λ1 =
1543.5 nm and λ2 = 1547.5 nm) as a function of the repetition rate variations over the range
from 30 kHz to 100 kHz, with the used pump power of 5 W. The difference between measured
average power for both wavelength separations P(∆λ = 1 nm)-P(∆λ = 4 nm) at the same
repetition rate for both measurements is also shown. The average power was measured at
output 3 with a power meter. As what typically occurs in actively Q-switched fiber lasers, it
is observed that the average power increases with the repetition rate increase. As can be seen,
the maximal average power is obtained with repetition rate of 100 kHz. For the dual wave‐
length operation with laser lines separation of 1 nm the maximal average power (red line,
squared symbol) is 496 mW while it is 490 mW for a separation of 4 nm (blue line, circled
symbol). The difference between average power measured for both wavelength separations
tuned in a range from −10 mW to 10 mW is observed. As it can be also observed, the behavior
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of average power on repetition rate has no significant variations with respect to the tuned
wavelength separation between generated laser lines.

Figure 6 shows the measured pulse duration and the estimated pulse energy on repetition rate
variations and the estimated pulse peak power for dual-wavelength laser operation. Results
are obtained for wavelength separation between generated laser lines of 1 nm and 4 nm. Pulse
profiles for Q-switched dual wavelength operation with both generated wavelength separa‐
tions were performed with a photodetector and monitored by an oscilloscope. From pulse
shape measurements, pulse duration was obtained. The pulse energy for each wavelength
separations is estimated with the repetition rate and the average power results shown in Figure
5. Estimation of pulse peak power is obtained with the pulse energy and the pulse duration
achieved results.

Typically for actively Q-switched lasers, with the increase of repetition rate, the obtained
pulses widens increasing the pulse duration. Thus, although the pulses train average power

Figure 4. Optical pulses for Q-switched dual-wavelength operation with wavelength separation of 4 nm, (a)pulse pro‐
files with repetition rate variations, (b) pulse time shifts on repetition rate variations, (c) separatepulse profiles for λ1

and λ2, and both λ1 and λ2 pulses with repetition rate of 50 kHz.
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increases with the repetition rate increase (see Figure 5), the optical pulses are less energetic
by the widening and the pulse peak power reduction experienced (see Figure 4(a)).

Figure 6(a) shows the pulse duration and pulse energy on repetition rate variations for dual
wavelength laser operation. The pulse duration and pulse energy show a typical behavior of
actively Q-switched lasers. With the repetition rate increase, pulse duration increases and pulse
energy decreases are observed. For simultaneously generated laser wavelength separation of
1 nm, maximal pulse energy (blue line, circled symbol) of ~5.86 µJ and minimal pulse duration
(black line, circled symbol) of ~220 ns are obtained with the minimal repetition rate of 50 kHz.
Similarly, for a wavelength separation of 4 nm at the same repetition rate, the maximal pulse
energy (blue line, squared symbol) of 5.98 µJ and the minimal pulse duration of 295 ns is
obtained.

The estimated pulse peak power on repetition rate variations is shown in Figure 6(b). As it can
be observed, the pulse peak power (pulse amplitude) for the wavelength separation of 1 nm
is higher compared with what is observed for the wavelength separation of 4 nm. This result
is essentially attributed to a smaller increase in pulse duration for the measurements of ∆λ =
1 nm as the repetition rate is increased (shown in Figure 6(a)). For ∆λ = 1 nm and ∆λ = 4 nm,
the maximal pulse peak power of ~26.6 W and ~20.27 W, respectively, are obtained for the
minimal repetition rate of 50 kHz, when the pulse widening is minimal.

In this section, an experimental analysis of an actively Q-switched ring cavity fiber laser has
been presented. Through experimental and estimated results of laser spectra emission and
generated laser pulses, the behavior of the dual wavelength laser operation of competitions
between the simultaneously generated laser lines and the evolution of generated laser pulses
has been analyzed. Actively Q-switched pulsed laser parameters as repetition rate, pulse
duration, pulse energy, average power of the laser emission, and peak pulse power has been

Figure 5. Average power on repetition rate variations of Q-switched dual wavelength operation with wavelength sepa‐
rations of 1 nm and 4 nm.
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also experimentally studied in terms of different tuned separations for two simultaneously
generated wavelengths and variations on rate repetition of the electrical signal applied to the
AOM. Results have been shown that are generalized to any actively Q-switched laser and
particularly for lasers with dual wavelength operation. It is worth mentioning that for the
proposed experimental setup, it is not necessary to implement a cavity losses adjustment
method for the shown operation tuning range (wavelengths separations from 1 to 4 nm),
however, a cavity losses adjusting method is required when during the competition between
generated laser wavelengths there exists a wavelength preferred for the laser emission.

4. Actively Q-switched dual-wavelength fiber laser with a Sagnac
interferometer for cavity losses adjustment

In this section, a linear cavity actively Q-switched fiber laser is proposed for experimental
analysis. In contrast to the laser experimental setup demonstrated in the previous section (in
which explaining the parameters of active Q-switched fiber lasers was intended), the experi‐
mental laser setup is a linear cavity configuration in which a method to adjust the losses within
the cavity (when required) for simultaneous dual wavelength laser operation is presented. The
proposed configuration includes the use of a Sagnac interferometer with high birefringence
fiber in the loop (Hi-Bi FOLM) used as a spectral mirror and mainly for cavity loss adjustment
during the laser lines competition in two simultaneous laser lines generation. The use of Hi-
Bi FOLM as a reliable method of cavity losses adjustment for lasers operating in dual wave‐
length application has been extensively studied by our research group [21, 37, 38, 45]. The main
objective of this section is to illustrate through a proposed experimental setup that the Hi-Bi
FOLM can also be used to implement dual wavelength fiber lasers in pulsed regime for the
actively Q-switched technique as well as the experimental analysis of dual wavelength laser
operating parameters.

Figure 6. Q-switched dual wavelength operation with wavelength separations of 1 nm and 4 nm on repetition rate var‐
iations, (a) pulse duration and pulse energy, (b) pulses peak power.
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The proposed actively Q-switched fiber laser experimental setup is shown in Figure 7. The
linear cavity laser is bound by two FBGs at one end and a Hi-Bi FOLM at the other end. A 3-
m length of EYDCF used as a gain medium is pumped by a laser source at 978 nm through a
beam combiner. The pump power was fixed to 1.5 W. An AOM driven by an RF signal
generator is used for application of the active Q-switching technique. FBG1 and FBG2 with
reflections of 99% at central wavelength tuned to 1542.7 nm and 1552.7 nm, respectively, are
used as narrow band mirrors for generated laser wavelengths selection. With the selected FBGs
central wavelengths, the separation between generated laser lines is ~10 nm. The Hi-Bi FOLM
is formed by a 50/50 coupler with output ports interconnected through a Hi-Bi fiber segment
of ~56 cm. The Hi-Bi FOLM is acting as a wide band mirror with a periodical spectrum. With
the selected Hi-Bi fiber segment, the spectrum period is ~10.3 nm [35]. The Peltier device used
for Hi-Bi fiber temperature control is used to shift the Hi-Bi FOLM spectrum in wavelength.
This Hi-Bi FOLM spectrum displacement is the method for cavity losses adjustment for dual
wavelength laser operation [35]. The splices between Hi-Bi fiber ends and 50/50 output ports
are placed in mechanical rotation stages for Hi-Bi FOLM transmission spectrum amplitude
adjustment [35]. The Hi-Bi FOLM amplitude was adjusted near maximal contrast. The
unconnected 50/50 coupler port (output port) is used for Hi-Bi FOLM transmission spectrum
measurement (with pump power below the laser generation threshold) and for laser spectrum
measurement with an OSA. The output port is also used for pulses detection by a photodetector
and observed on an oscilloscope.

Figure 7. Experimental setup for actively Q-switched linear cavity dual wavelength fiber laser.

Figure 8 shows the cavity losses adjustment performance for single and dual wavelength laser
operations. The adjustment is performed by temperature changes in the Hi-Bi FOLM fiber
loop. The temperature meter and control has a resolution of 0.06 °C. The repetition rate was
set to 60 kHz.

Figure 8(a) shows the three Hi-Bi FOLM transmission spectrum for the Hi-Bi fiber loop
temperatures in which single wavelength operations for λ1 and λ2 and dual wavelength
operation is generated. The Hi-Bi FOLM spectrum measurements were performed with pump
power below the laser generation threshold at the output port with an OSA. As it can be seen,
dual wavelength laser operation is obtained with Hi-Bi fiber loop temperature of 25.9 °C in
which cavity losses are balanced. With the Hi-Bi loop temperature increase, the spectrum shifts
to shorter wavelengths performing an imbalance in the competition between the laser lines,
thus, the shorter wavelength (λ1 = 1547.2 nm) laser emission is favored. On the other hand, a
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decrease in Hi-Bi FOLM loop temperature favors the emission of the longer wavelength (λ2 =
1547.2 nm). In Figure 8(b), the laser spectrum emission for dual wavelength operation and
single wavelength operations for λ1 and λ2 are shown. The measurements were performed
with pump power of 1.5 W. As it is shown, single wavelength laser operation for λ1 and λ2 are
obtained with temperatures of 26.6 °C and 25.1 °C, respectively. Dual wavelength operation
with approximately equal powers is obtained with Hi-Bi fiber loop temperature of 25.9 °C. The
temperature operation range is ~1.5 °C.

Figure 8. Cavity losses adjustment for laser operation, (a) Hi-Bi FOLM transmission spectrum wavelength displace‐
ment for single and dual wavelength operation Hi-Bi fiber temperatures, (b) generated laser spectrums for single and
dual wavelength operations.

In Figure 9, pulsed regime measurements for actively Q-switched dual wavelength laser
operation are presented. Pulse train profile and average power on repetition rate variations
are shown.

Figure 9(a) shows the pulse train in time domain for dual wavelength laser operation with
repetition rate of 60 kHz measured at the output port.  The Hi-Bi fiber loop temperature
was set to 25.9 °C for dual wavelength operation with equal powers as it is shown in Figure
8(b). For repetition rates below 35 kHz and above 75 kHz, unstable pulses are generated
since the laser pulses displace outer the modulating AOM electrical signal time window.
The inset on Figure 9(a) shows a sample pulse from the pulses train. The estimated pulse
duration is ~448 ns.

In Figure 9(b), the average power on repetition rate variations for dual wavelength operation
is shown. Measurements obtained with pump power of 1.5 W and repetition rate from 35 to
75 kHz, were performed at the output port with a power meter. As it can be seen, the average
output power increases with the repetition rate from 58.3 to 84.9 mW.

Figure 10 shows the experimental results of pulse parameters for the actively Q-switched laser
on dual wavelength operation. Measured pulse duration and estimated pulse energy and pulse
peak power dependences on repetition rate variations are shown.

In Figure 10(a), results for pulse duration and pulse energy on repetition rate variations from
35 to 75 kHz are presented. As it can be observed, pulse duration and pulse energy present a
behavior typically obtained in actively Q-switched lasers. Pulse duration increases as pulse
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energy decreases with the repetition rate increase. The pulse duration shows a widening in a
range of 213 to 586 ns. The pulse energy decreases as the pulse widens from 1.67 to 1.13 µJ.

Figure 10(b) shows the pulse peak power dependence on repetition rate variations. As it is
shown, the pulses undergo a peak power decrease as repetition rate increases. With the lower
repetition rate, the pulses have less pulse duration, are more energetic, and with a higher peak
power.

5. Conclusions

In this chapter, actively Q-switched fiber lasers for single and dual wavelength operation have
been experimentally investigated. The investigation is based on single and dual wavelength

Figure 9. Actively Q-switched dual wavelength laser operation measurements, (a) pulse train with repetition rate of 60
kHz, (b) average power on repetition rate variations.

Figure 10. Actively Q-switched dual wavelength laser operation pulse parameters, (a) pulse duration and pulse energy
on repetition rate variations, (b) pulse peak power on repetition rate variations.
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operation of actively Q-switched fiber lasers. The documental investigation is focused on
reported approaches on Q-switched fiber lasers taking into account cavity elements, configu‐
rations, experimental results, and new fiber technologies incorporation.

A review from the operating principle of pulsed lasers in the Q-switched technique to single
and dual wavelength operation, mainly those lasers that use an active Q-switching method
was presented. The research was led to reach the point where double clad fibers (specifically
EYDCF) are used as the gain medium and the application of the active Q-switching technique
by using AOM.

An analysis of the main parameters of actively Q-switched fiber lasers, including the repetition
rate, pulse duration, pulse energy, average power, and peak power characteristics of the
technique was experimentally discussed. This experimental study was presented in terms of
a couple of proposed actively Q-switched fiber laser experimental setups.

The actively Q-switched parameters' typical behavior was mainly discussed in the first
experimental setup proposed, a ring cavity dual wavelength actively Q-switched fiber laser
based on the use of fiber Bragg gratings for wavelengths selection. The second experimental
setup is a linear cavity actively Q-switched fiber laser with single and dual wavelength
operations with a Hi-Bi FOLM. The use of the Hi-Bi FOLM as a method to adjust the losses
within the cavity (when required) for simultaneous dual wavelength laser operation was
discussed.
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operation of actively Q-switched fiber lasers. The documental investigation is focused on
reported approaches on Q-switched fiber lasers taking into account cavity elements, configu‐
rations, experimental results, and new fiber technologies incorporation.

A review from the operating principle of pulsed lasers in the Q-switched technique to single
and dual wavelength operation, mainly those lasers that use an active Q-switching method
was presented. The research was led to reach the point where double clad fibers (specifically
EYDCF) are used as the gain medium and the application of the active Q-switching technique
by using AOM.

An analysis of the main parameters of actively Q-switched fiber lasers, including the repetition
rate, pulse duration, pulse energy, average power, and peak power characteristics of the
technique was experimentally discussed. This experimental study was presented in terms of
a couple of proposed actively Q-switched fiber laser experimental setups.

The actively Q-switched parameters' typical behavior was mainly discussed in the first
experimental setup proposed, a ring cavity dual wavelength actively Q-switched fiber laser
based on the use of fiber Bragg gratings for wavelengths selection. The second experimental
setup is a linear cavity actively Q-switched fiber laser with single and dual wavelength
operations with a Hi-Bi FOLM. The use of the Hi-Bi FOLM as a method to adjust the losses
within the cavity (when required) for simultaneous dual wavelength laser operation was
discussed.
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Abstract

This chapter aims to familiarize readers with general knowledge of passive Q-
switched and mode-locked fiber lasers. It emphasizes on carbon-based saturable ab‐
sorbers, namely graphene and carbon nanotubes (CNTs); their unique electronic
band structures and optical characteristics. The methods of incorporating these car‐
bon-based saturable absorbers into fiber laser cavity will also be discussed. Lastly,
several examples of experiments where carbon-based saturable absorbers were
used in generating passive Q-switched and mode-locked fiber lasers are demon‐
strated.

Keywords: Fiber laser, passive Q-switch, passive mode-lock, graphene, carbon nanotube

1. Introduction

Graphene and carbon nanotubes are carbon allotropes that have a lot of interesting optical
properties, which are useful for fiber laser applications. For instance, both allotropes have
broadband operating wavelength, fast recovery time, are easy to fabricate, and can be inte‐
grated into fiber laser cavity. As a result, they can function as saturable absorber for generating
Q-switching and mode-locking pulses. There are several techniques of incorporating these
carbon-based saturable absorbers into fiber laser cavity. This chapter will discuss the advan‐
tages and disadvantages of most of the techniques that have been used.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. Introduction to passive Q-switched and mode-locked fiber laser

2.1. Q-switched fiber lasers

A laser could emit short pulses if the loss of an optical resonator is rapidly switched from a
high to a low value. By controlling the Q-factor (quality factor) of a laser resonator, Q-switching
allows the generation of laser pulses of short duration (from nanosecond to picosecond range)
and high peak power. The Q-factor (dimensionless) is given by:

02 fQ
P
p e

= (1)

where fo is the resonant frequency, ε is the stored energy in the cavity, and P = − dE
dt  is the power

dissipated. If the Q-factor of a laser’s cavity is abruptly changed from a low value to a high
value, the laser will emit a pulse of light that is much more intense than the lasers’ continues
output. This technique is called Q-switching. There are two types of Q-switching; active and
passive.

Active Q-switching uses modulation devices that change the cavity losses in accordance with
an external control signal. They can be divided into three categories: mechanical, electro-
optical, and acousto-optics. They inhibit laser action during pump cycle.

In passive Q-switching, the laser consists of gain medium and saturable absorber. The
saturable absorber absorbs light at low intensity and transmits them at high intensity. As the
gain medium is pumped, it builds up stored energy and emits photons. After many round-
trips, the photon flux begins to see gain, fixed loss, and saturable loss in the absorber. If the
gain medium saturates before the saturable absorber, the photon flux may build, but the laser
will not emit a short and intense pulse. On the contrary, if the photon flux builds up to a level
that saturates the absorber before the gain medium saturates, the laser resonator will see a
rapid reduction in the intracavity loss and the laser Q-switches and therefore, will emit a short
and intense pulse of light [1].

2.2. Mode-locked fiber laser

Mode-locking is a technique of generating an ultra-short pulse laser with pulse duration ranges
from picoseconds (10-12 s) to femtoseconds (10-15 s). An ultra-short pulse can be generated when
all the longitudinal modes have a fixed phase relationship. The fixed phase superposition
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dt  is the power
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where c is the speed of light and L is the length of a linear cavity. The shortest pulse duration
that we can expect to obtain by a given gain line width is:

2 1
min M
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cM v

t t= = = (3)

From Eq. (3), we can conclude that the shortest pulse that can be obtained is a reciprocal of
gain line width (in Hz) [2]. Depending on fiber laser cavity type, the fundamental repetition
rate of a mode-lock fiber laser is determined by its cavity length, as shown in the equations
below:

( )      
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( )      cRepetition rate for ring cavity
Ln

= (5)

where -L, c and n denotes the length of the cavity, speed of light, and refractive index respec‐
tively. As the round-trip time, TR, is the inverse of repetition rate, therefore,
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Under certain conditions, the repetition rate can be some integer multiple of the fundamental
repetition rate. In this case, it is called harmonic mode-locking.

Mode-locking techniques can be divided into three categories; active, passive and hybrid.
Active mode-locking can be achieved by using active modulator, e.g., acousto-optic or electro-
optic, Mach-Zehnder integrated-optic modulator or semiconductor electro-absorption
modulator. Passive mode-locking incorporates saturable absorber (SA) into the laser cavity.
An artificial saturable absorber action can also be induced artificially by using Nonlinear
Polarization Rotation (NPR) technique or by using another technique called Nonlinear
Amplifying Loop Mirror (NALM). In comparison, the loss modulation of an active mode-
locking is significantly slower due to its sinusoidal loss modulation. As with active mode-
locking, a passive mode-locked pulse is much shorter than the cavity round- trip time. Hybrid
mode-locking combines active and passive mode-locking. Hybrid mode-locking uses active
modulator to start mode-locking while passive mode-locking is utilized for pulse shaping.

Many nonlinear systems exhibit an instability that result in modulation of the steady state.
This is due to the interplay between the nonlinear and dispersive effects. This phenomenon is
referred to as the modulation instability. In the context of fiber optics, modulation instability
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requires anomalous dispersion and reveals itself as breakup of the cw or quasi-cw radiation
into a train of ultrashort pulses [3-5]. The instability leads to a spontaneous temporal modu‐
lation of the cw beam and transforms it into pulse train [6].

There are many types of passive mode-locking pulses. However, for the sake of brevity, in this
section, we will only discuss the soliton mode-locking pulse. It refers to a special kind of wave
packets that can propagate undistorted over long distances. Soliton phenomena is formed by
the interplay between the dispersive and nonlinear effects in a fiber laser cavity. Soliton mode-
locking implies that the pulse shaping is solely done by soliton formation; the balance of group
velocity dispersion (GVD) and self-phase modulation (SPM) at steady state. The mode-locking
mechanism is not critically dependent on cavity design and no critical cavity stability regime
is required. Soliton mode-locking basically works over the full cavity stability range.

In soliton mode-locking, an additional loss mechanism such as saturable absorber is essential
to start the mode-locking process as well as stabilize the soliton pulse-forming process. In
soliton mode-locking, the net gain window can remain open for more than 10 times longer
than the ultrashort pulse, depending on the specific laser parameter [7, 8]. A stable soliton
pulse is formed for all Group Delay Dispersion (GDD) values as long as the continuum loss
(energy loss) is larger than the soliton loss [8] or the pulses break up into two or more pulses [9].

Soliton mode-locking can be expressed by using the following Haus master equation formal‐
ism [8, 10, 11]:
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Here, A(T, t) is the slowly varying field envelope, D is the intra-cavity GDD, Dg = g / Ωg
2  is the

gain dispersion and Ωg is the Half-Width of Half-Maximum (HWHM) of gain bandwidth. The
SPM coefficient δ is given by δ =(2π /λ0AL )n2ℓL , where n2 is the intensity dependent refractive
index of the gain medium, λ0 is the center wavelength of the pulse, and AL and ℓL  is the
effective mode area in the gain medium and length of light path through the gain medium
within one round-trip, respectively. g is the saturated gain and l is the round-trip losses. q(T,
t) is the response of the saturable absorber due to an ultrashort pulse.

This soliton pulse propagates without distortion through a medium with negative GVD and
positive SPM. The positive effect of SPM cancels the negative effect of dispersion. Kelly
sidebands can usually be found in the optical spectrum of a soliton mode-locked fiber laser.
A pronounced Kelly sidebands is an indicator that the mode-locked fiber laser is operating in
its optimal pulse duration [12, 13].

3. Carbon-based saturable absorbers

Graphene and CNT have been used in Q-switching and mode-locking fiber lasers since 2003
[14-16] and 2009 [17], respectively. Compared to SESAM (Semiconductor Saturable Absorber
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Mirror), CNT and graphene holds several advantages, e.g., broadband operating bandwidth,
simple and low-cost fabrication process, and moderate damage threshold [18]. In this section,
both electronic and optical characteristics of graphene and CNT are discussed in detail.

3.1. Graphene

3.1.1. Electronic and band structure of graphene

Graphene is the name we gave to a one-atom thick sp2 hybridized carbon. It has a honeycomb-
like structure. The sp2 hybridization between s, px and py atomic orbitals create a strong
covalent sp2 bonds. The pz orbital overlaps with other carbons to create a band of filled π
orbitals. These bands have a filled shell and, therefore, form a deep valence band. On the other
hand, the empty π* orbitals are called the conduction band [19, 20].

Further observation of the band structure of graphene reveals three electronics properties that
sparked such interest; the vanishing carrier density at Dirac point, the existence of pseudo-
spin, and the relativistic nature of its carriers. The valance and conduction bands meet at high
symmetry K points. Because the conduction and valence band meet at a symmetry K point,
graphene is considered as zero-gap semiconductors (or zero-overlap semimetals) [21]. In
intrinsic graphene, each carbon atom contributes one electron completely filling the valance
band and leaving the conduction band empty. Therefore, the Fermi level, EF, is situated
precisely where the conduction and valence bands meet. These are known as the Dirac or
charge neutrality points.

As mentioned before, due to this unique band structure of graphene, the following are three
important features which to a large extent define the nature of electron transport of this
material, namely, the zero-gap semiconductor, the existence of pseudo-spin, and the linear
dispersion relation.

3.1.2. Optical properties of graphene

Graphene has three types of optical properties. They are linear optical absorption, saturable
absorption, and luminescence. For generating passive Q-switch and mode-locked fiber lasers
using graphene saturable absorber, our main interest is in the optical absorption and saturable
absorption properties that graphene has.

Graphene saturable absorber has an ultrawide band operating wavelength as a result of its
linear dispersion relation. Graphene only reflects <0.1% of the incident light in the visible
region, increasing to ~2% for ten layers. Therefore, we can assume that the optical absorption
of graphene layers is relative to the number of layers, for each layer absorbing ≈2.3% over the
visible spectrum [22].

The saturable absorption property of graphene is the result of Pauli blocking. Inter-band
excitation by ultrafast optical pulses produces a nonequilibrium carrier population in the
valence and conduction bands. In time-resolved measurements [23], two relaxation timescales
are observed; a faster one of ~100 fs and a slower one, on picosecond timescale. The faster
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relaxation time is related to the carrier—carrier intra-band collisions and phonon emission.
The slower relation time corresponds to electron inter-band relaxation and cooling of hot
phonons [24, 25]. For generating mode-lock laser, a saturable absorber with relaxation time in
the timescale of ~ps is necessary. In principle, single-layer graphene can provide the highest
saturable absorption [26-28].

Graphene can be made luminescent by inducing a bandgap through two techniques to modify
the electronic structure of graphene. One technique is by cutting it into ribbons and quantum
dots [29] and the other is by chemical or physical treatments [30, 31], to reduce the connectivity
of the π-electron network. A mild oxygen plasma treatment can make individual graphene
flakes luminescent. The combination of photo-luminescent and conductive layers could be
used in sandwich light-emitting diodes. Luminescent graphene-based material has been made
to cover the infrared, visible, and blue spectral ranges [32-35].

3.2. Carbon nanotube

3.2.1. Electronic and band structure of carbon nanotube

The band structure of CNT can be assumed under a simple tight-binding model of [36]. In the
model, CNT is considered as a roll of graphene layers. A very small change in diameter of the
curvature of the fiber can affect the hybridization of sp3 orbitals in which the electronic structure
will also be affected. Therefore, the electronic structure depends on the geometry of the fiber
and the fiber diameter.

The chiral vector, Ch
→

≡ (n, m), determines whether the CNT is metallic or semiconducting with
bandgap. If n −m  =3k  (k is integer), the CNT is metallic, while when n −m  ≠3k ,   it shows that
the CNT is semiconducting. At first, it was thought that the electrical and optical bandgaps of
semiconducting CNTs were identical based on single particle model; however, the optical
bandgap is actually smaller [37].

3.2.2. Optical properties of carbon nanotube

Just like graphene, CNT has several interesting optical properties. They are: optical absorption,
saturable absorption, and electroluminescence and photoluminescence. The semiconducting
CNTs have peak absorption wavelength depending on the optical bandgaps. Typical CNT
with diameter d, of 7-15 nm has a bandgap energy of 1.2-0.6 eV, corresponds to the optical
wavelength of 1—2 µm. Thus, the peak absorption can be tuned by choosing the appropriate
diameter. However, since CNTs are a mixture of several or many kinds of semiconducting and
metallic CNT as well as different diameter distribution, the absorption peak is determined by
the mean tube diameter and the absorption bandwidth depends on the tube diameter distri‐
bution. Although CNT is essentially a rolled-up graphene, the absorption of CNT is nonlinear.
The optical absorption in CNT is anisotropic because CNT only absorbs the light whose
polarization is parallel to the axial direction of the tube; therefore, an aligned CNT sample is
polarization-dependent [38]. In spite of this, since we use a randomly oriented CNT samples,
the CNT is polarization-independent [39].
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Single-walled carbon nanotubes (SWCNTs) have been utilized as saturable absorber (SA) for
mode-locking fiber laser long before graphene. The first publication of SWCNT SA can be
traced as early as 2003 [15]. CNT can saturate with high-intensity light when the states of
conduction band become full and the states at valence band become empty. Furthermore, the
recovery time τ is observed to be very fast. In semiconducting CNT, the recovery time of E11

transition is an order of 1 ps, and the transition of E22 is in the order of 100 fs. Slower recovery
in an order of several ps is also seen in the E11 transition. Several mechanisms believed to be
responsible for the fast relaxation have been proposed. These mechanisms multi-phonon
emission [40], tube—tube interaction [41], and exciton—exciton annihilation [42, 43].

The direct bandgap that exists in CNTs suggests that they can be efficient light absorbers and
emitters. Studies regarding electroluminescence properties of SWCNT—polymer composites
have been performed [44, 45]. Electron and hole carriers in semiconductors can recombine by
different sorts of mechanisms. In most of the cases, the energy will be released as heat.
Nevertheless, a fraction of the recombination events may involve the emission of a photon.
The process is called electroluminescence and is responsible for producing solid-state light
sources such as light-emitting diodes (LED). The direct bandgap of a semiconducting CNT is
responsible for the photoluminescence phenomena in CNT. An electron in a CNT absorbs
excitation light via transition from v2 to c2 and creates another excitation [46]. Electron and hole
rapidly relax from c2 to c1 and from v2 to v1 states, respectively. Luminescence can only be
observed in isolated semiconducting CNTs because the bundled CNTs have rapid transfer
process from semiconducting to metallic CNTs [47]. Additionally, a semiconducting CNT can
function as a nanoscale photodetector that converts light into current or voltage [48].

4. Preparation and fabrication of carbon-based saturable absorber

4.1. Optical deposition technique

In optical deposition technique, an intense light is injected into a CNT/ graphene-dispersed
solution from a fiber-optic end to attract the CNT/graphene particle onto the ferrule tip [49-54].
There are generally two types of effects that lead to self-channeling of light in fluid suspension;
the optical gradient force and thermal effects relying on (weak) absorption. When the particle
size is smaller than the optical wavelength, the optical gradient force is weak; therefore, a
higher particle density is required to cause significant change in the refractive index to trap
narrow beams. With higher particle density, multiple scattering dominates; in-turn the
direction of scattered light becomes random. This effect pushes the particles toward the beam
center. Self-trap through very narrow beam is difficult because it requires high particle
densities and this, in turn, involves multiple scattering, which acts as effective loss. Thermal
effect can lead to a significant refractive index change, but in liquid, the refractive index
typically decreases with increasing temperature [55].

Thermophoresis is a thermal mechanism that is often observed in colloidal suspension, which
uses a strong reaction of the suspended particles to temperature gradients. Also known as the
Soret effect, thermophoresis describes the ability of a macromolecule or particle to drift along
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a temperature gradient [55]. Although various mechanisms are capable of depositing carbon-
based saturable absorber to the fiber core, [52] has considered thermophoresis as the most
likely process that is responsible for creating carbon-based saturable absorber via optical
deposition. When the laser is turned on with the fiber in the solution, a strong convection
current centered at the tips is observed. The induced current moves the carbon-based particles
upward toward the fiber tip.

When fabricating a carbon-based saturable absorber using optical deposition, one must start
by dispersing the carbon-nanotube/graphene bundles through ultrasonification process.
Centrifugation follows to separate the macroscopic flakes and the agglomerated carbon
nanotube/graphene. Only the homogeneous part of the solution is used for optical deposition
process [49]. For depositing the carbon-based particles to the fiber core, precise optical power
is essential. Lower optical power will not make the carbon-based particles adhere to the fiber
core, while higher optical power will concentrate the deposition to the area around the fiber
core. The difference between optimal and higher optical power is 1 dB [53]. The optimum
optical power is influenced by other factors such as the size of particles, solution temperature,
concentration levels of the solution, and the optical wavelength used in the deposition process
[49, 53, 54]. For monitoring the optical deposition process, [50] has devised a setup that involves
optical circulator and power meters. For controlling the insertion loss, the duration of the
deposition has to be observed. Long deposition duration would create higher insertion loss.

Optical deposition technique is highly efficient as it only uses a small/required amount of
carbon nanotube/graphene as saturable absorber. However, the disadvantages of this techni‐
que are large scattering loss [39], and the process itself is quite tedious as many factors can
influence the required optical power in-order to make the carbon nanotube/graphene particles
adhere to the fiber core. Furthermore, the success margin is small as only 1 dB can differentiate
between optimal and high optical power.

4.2. Drop cast technique

Drop cast technique is simple and straightforward. Drip a graphene/SWCNT solution onto a
fiber ferrule and let it dry to make an SA. This technique has been utilized in [56-58]. The SA
insertion loss can be controlled depending on the concentration of the solution and the number
of times this process is repeated. The process can also be repeated until the desired insertion
loss is achieved.

Although the insertion loss is high, this can be overcome by increasing the pulse energy. As
the pulse energy depends on the power and frequency, it can be altered by increasing pump
power and/or lengthen the fiber laser cavity. The drawback of this technique is that in the
course of increasing the pulse energy, we inevitably change the repetition rate and pulse width
of the mode-locked fiber laser. Scattering loss is also an issue for this technique.

4.3. Mechanical exfoliation technique

Mechanical exfoliation uses scotch tape to repeatedly peel the graphene layers from a Highly
Ordered Pyrolitic Graphite (HOPG) or graphitic flakes and transferring the layers to the
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surface of the fiber ferrule. A fiberscope is normally used to examine that the graphene is
transferred directly onto the core of the fiber ferrule. Mechanically exfoliated graphene SA has
been demonstrated by [59-62] and [63]. The advantage of this technique is that it yields the
best quality graphene SA. However, the drawback of this technique is that it is time-consum‐
ing. In addition, it could be difficult to control the desired graphene layer(s) that need to be
transferred onto the core of the fiber ferrule.

4.4. Thin film and polymer composite

SWCNT and graphene thin films have been reported in many literatures [15, 17, 64]. For
instance, [65] sprayed a liquid with dispersed CNTs onto a fiber end surface that acts as a
substrate, while [15] sandwiched a thin layer of purified SWCNTs between two quartz
substrates. CNTs and graphene polymer composite have also been demonstrated in numerous
publications [26, 66-69]. Many kinds of polymer materials can be used as a host to graphene
and CNTs, e.g., polymethylmethacrylate (PMMA), polymide, and polycarbonate. The main
advantages of using polymer composite as a host are that it reduces scattering and facilitates
homogeneous dispersion of CNTs and graphene. It is thin enough to be sandwiched between
fiber ferrules and has higher damage threshold compared to pure CNT/graphene layer. In spite
of this, in terms of the amount used, it is less efficient than optical deposition technique and
involves extra processing.

Other types of SA are also available, including tapered fiber [51, 70], D-shaped fiber [71], as
well as CNT/graphene solutions embedded in photonic crystal fiber [72, 73].

5. Passive Q-switch and mode-lock experiments using carbon-based
saturable absorbers

In this subsection, three pulsed Erbium-doped fiber lasers (EDFLs) are demonstrated using a
comparatively simple and cost-effective carbon-based saturable absorber.

5.1. Passive Q-switch and mode-lock generation using Single-Walled Carbon Nanotubes
(SWCNTs) saturable absorber via drop cast technique

Figure 1(a) shows the experimental setup for the proposed Q-switched EDFL, using a com‐
paratively simple and cost-effective alternative technique based on SWCNTs SA. It consists of
a 4 m long Erbium-doped fiber (EDF), two 1480/1550nm wavelength division multiplexers
(WDM), an SWCNTs-based SA, an optical isolator, and a 20 dB output coupler in a ring
configuration. The EDF is a commercial fiber with Erbium ion concentration of 2000 ppm, cut
off wavelength of 920 nm, and numerical aperture of 0.24. It is backward pumped by a 1480
nm laser diode (LD) with the maximum output power of 129 mW via the WDM. Another
1480/1550 WDM is used after the gain medium to dispose excess power from the LD. An
isolator is used to ensure unidirectional propagation of light inside the cavity. The homemade
SWCNT SA is placed between the isolator and the WDM to act as a Q-switcher. The SWCNT
SA was fabricated using the drop cast method.
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The output of the laser is extracted from the cavity using the 1% output port of the optical
coupler. An optical spectrum analyzer (OSA, AQ6317B) is utilized for the spectral analysis of
the Q-switched EDFL, which has the spectral resolution set to 0.02 nm, whereas an oscilloscope
(OSC, Tektronix, TDS 3052C) is used to monitor the pulse train of the Q-switched operation
via coupling the oscilloscope with a 6 GHz bandwidth photo-detector. Total cavity length is
23 m. Except for the gain medium, the rest of the cavity uses a standard SMF-28 fiber. The total
cavity length of the ring resonator is measured to be around 23 m. Furthermore, all optical
components are polarization-independent.

Figure 1. (a) Experimental setup for the proposed SWCNTs-based Q-switched EDFL. (b) Output spectra of the Q-
switched EDFL at three different pump powers: 30 mw, 80 mW, and 129 mW. (c) Repetition rate and pulse duration
relationship with pump power. (d) Pulse energy relationships with pump power.

Stable and self-starting Q-switching operation is obtained just by increasing the pump power
over 30 mW. Figure 1(b) compares the output spectra of the EDFL at three different pump
powers; 30 mW, 80 mW, and 129 mW. As shown in the figure, the laser operates at center
wavelength of around 1571.6 nm. Spectral broadening is observed in the spectrum especially
at a pump power of 80 mW, which corresponds to the minimum pulse width region. This is
attributed to the Self-Phase Modulation (SPM) effect in the laser cavity [74]. The maximum
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Full-Width at Half-Maximum (FWHM) of 0.6 nm is obtained when the pump power was
increased to maximum (129 mW).

Figure 1(c) shows the relationship between repetition rates and pulse durations with pump
power. As pump power increases from 30 mW to 129 mW, the repetition rate increases linearly
from 10.25 kHz to 41.87 kHz. As pump power increases, more gain is provided to saturate the
SA and thus increases repetition rate. In contrast, pulse duration decreases from 17.6 µs to
10.92 µs as the pump power increases. However, the lowest pulse duration of 10.42 µs is
achieved at 80 mW pump power. After the pump power increases from 80 mW to 129 mW,
the pulse durations increase slightly before decreasing back at 129 mW. Hence, the minimum
attainable pulse duration is 10.24 µs, which is related to modulation depth of the saturable
absorber [75, 76]. Based on the minimum attainable pulse duration, the modulation depth of
the SWCNT SA is calculated to be around 3.7%. Figure 1(d) shows the relationship between
pulse energy and pump power in the proposed Q-switched EDFL. As the pump power
increases, the average output power also increases, which gives rise to pulse energy. It is
obtained that the pulse energy can be increased from 2.23 nJ to 4.94 nJ by tuning the pump
power from 30 to 80 mW, and from 4.94 nJ to 5.19 nJ when the pump power increases from 80
mW to 129 mW. The calculated average slope efficiency is 12% when the pump power increases
from 30 mW to 80 mW. From 80 mW to 129 mW pump power, the calculated average slope
efficiency is 16%. The pulse energy is saturated as the pump power is further increased above
80 mW.

5.2. Mode-locked erbium-doped fiber laser using Single-Walled Carbon Nanotubes
(SWCNTs) saturable absorber via drop cast technique

In order to saturate the SA in a single-pass, the laser cavity is slightly changed compared to
the previous subsection. The experimental setup for proposed SWCNTs-based mode-locked
EDFL is shown in Figure 2(a). Compared to the previous setup, a 200 m long SMF is added in
the mode-locked setup to reduce the repetition rate of the output pulse and thus increase the
pulse energy in the cavity. This gives total cavity length of ~223 meter and a total Group
Velocity Dispersion (GVD) of 3.6364 ps nm-1. Therefore, the fiber laser is operating in the
anomalous dispersion regime. For pulse duration measurement, an autocorrelator with 25 fs
resolution was used. The SNR is measured using Anritsu MS2667C Radio Frequency Spectrum
Analyzer (RFSA).

Soliton mode-locking operation self-starts at 56.75 mW without Q-switching instabilities. It is
observed that the pulse state diminishes into continuous-wave (CW) when the pump power
is below 30 mW. The resultant repetition rate is 907 kHz, which corresponds to 1.1 µs round-
trip time. Figure 2(b) shows output spectrum of the proposed mode-locked EDFL. As shown
in the figure, the laser operates at a central wavelength, λC, of 1570.5 nm with 3-dB bandwidth
of 1.080 nm. Compared to the Q-switched laser, the mode-locked laser operates at a shorter
wavelength due to the incorporation of 200 m long SMF in the cavity, which increases the
cavity loss. The operating wavelength shifts to shorter wavelength to acquire more gain to
compensate the loss.
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Figure 2(c) shows the typical pulse train of the mode-locked EDFL at pump power of 129 mW.
Figure 2(d) shows the corresponding autocorrelation trace of the mode-locked pulse showing
the pulse duration, TFWHM, of 2.52 ps. The RF spectrum of the mode-locked laser is also
investigated using a RF spectrum analyzer. Figure 2(e) shows the result, which indicates a

Figure 2. (a) Experimental setup for soliton mode-lock operation. (b) Output spectrum of the proposed soliton mode-
locked EDFL when the pump power is fixed at 129 mW. (c) OSC trace of mode-locked fiber laser (d) Autocorrelation
trace of mode-locked fiber laser at 129 mW. (e) RFSA trace of soliton mode-locked fiber laser at 129 mW.
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strong mode-locked pulse at frequency of 907 kHz. Figure 2(e), SNR is obtained at 53.42 dB,
which is limited by the available pump power. The average output power of the soliton mode-
locked fiber laser is measured to be -6.54 dBm. Based on the 3 dB bandwidth of the output
spectrum, a Time Bandwidth Product (TBP) of laser is calculated to be around 0.331, which
shows that the soliton pulse is slightly chirped.

Referring to Figure 2(d), the autocorrelation trace does not follow exactly the sech2 fitting.
When mode-locked pulse self-starts at 56.75 mW, the pulse shape does follow exactly the shape
of the sech2 fitting. However, in the RFSA, the SNR value is below the threshold value required
to be qualified as mode-locked pulse. This is due to the 20 dB output coupler used in the
experimental setup. Only 1% of the total energy that is circulating inside the cavity is extracted
for measurement purpose.

Therefore, the pump power is increased to 129 mW to achieve a satisfactory SNR value.
However, this, in turn, increases the pulse intensity in the autocorrelator. As a result, the pulse
shape in the autocorrelator does not follow the sech2 fitting.

5.3. Passive Q-switched fiber laser generation using graphene saturable absorber

Graphene was first produced by a mechanical exfoliation method in 2004 [77]. In this work, a
fresh surface of a layered crystal was rubbed against another surface, which left a variety of
flakes attached to it. Among the resulting flakes, a single layer flake can be found. Despite
there being other methods to produce graphene, mechanical exfoliation still gives the best
samples in terms of purity, defects, electron mobility, and optoelectronic properties. A single-
layer graphene saturable absorber has an ultrafast relaxation time, lower scattering loss, and
it performs better than multilayer graphene saturable absorber in terms of pulse-shaping
ability, pulse stability, and output energy [28]. However, this method has disadvantages in
terms of yield and throughput, and thus it is impractical for large-scale production. Graphene
can be optically distinguished, regardless of being one-atom thick and its transmittance (T)
can be expressed in terms of the fine-structure constant. Due to some properties of graphene
such as linear dispersion of the Dirac electrons and Pauli blocking, it makes broadband
applications and saturable absorption possible [35]. In this section, the preparation of a single-
layer graphene SA (GSA) based on mechanical exfoliation technique, also known as the “scotch
tape” method, is demonstrated. The position of graphene SA on the fiber core can easily be
recognized by using a fiber probe.

The material is a commercially available, highly ordered pyrolytic graphite (HOPG). An HOPG
flake was inserted on a strip of scotch tape and then were pressed and peeled off repeatedly
in order to reduce the graphene layers to a single layer. The resultant graphene layers were
then pressed against the end facet of an optical fiber ferrule in order to transfer it. The scotch
tape was slowly peeled off and subsequently, a few graphene layers stick on the optical fiber
ferrule. Graphical presentation of this technique is explained in detail by [60]. The result is
inspected using EXFO’s FIP-400 fiber inspection probe to ensure that the graphene sheets lie
on top of the fiber core. The microscope image of the end surface of the ferrule after coating
the graphene is illustrated in Figure 3.
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The setup of the proposed Q-switched EDFL with the newly developed GSA is similar to the
previous section, except for the gain medium, SA, and 200 m long fiber. It is based on unidir‐
ectional ring cavity configuration consisting of two wavelength division multiplexer (WDM)
coupler, 49 cm long bismuth-based Erbium-doped fiber (Bi-EDF) as gain medium. Since there
is no polarizer in the laser cavity, the graphene is the sole responsible mechanism for creating
saturable absorption.

In the experiment, the continuous wave (CW) lasing threshold was about 30 mW. When the
pump power was increased to about 80 mW, the Q-switched pulses were observed by
introducing physical disturbance to the cavity. Then, the pump power is further increased to
the maximum pump power of 130 mW and observed the Q-switched operation. Figure 4(a)
shows the output spectrum of the Q-switched EDFL at 130 mW pump power. A slight spectral
broadening is also observed in the optical spectrum, which is caused by Self-phase Modulation
effect (SPM). Correspondingly, the typical Q-switched pulse train is presented in Figure 4(b).
As shown in the figure, the peak-to-peak pulse interval is measured to be around 43.3 µs, which
can be translated into repetition rate of 26 kHz. At 130 mW pump power, the Q-switched laser
has an average output power of 0.5656 mW, which corresponds to pulse energy of 24.399 nJ.

Figure 4(c) represents the pulse repetition rate and the pulse energy of the Q-switched fiber
laser as a function of the pump power. The repetition rate can be tuned from 16.7 kHz to 23.1
kHz by increasing the pump power. The attainable energy is lower than the previous Q-
switched laser with optical deposition technique based GSA. This is attributed to the large
modulation depth of the single-layer graphene SA. A large modulation depth implies a large
change in absorption for the incident light. Therefore, a lower repetition rate and pulsewidth
are achieved with higher modulation depth [78].

Figure 3. Raman Spectrum of the GSA. Fiberscope image of fiber ferrule with graphene (inset).
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5.4. Passive mode-locked fiber laser using graphene saturable absorber

Figure 5(a) shows the modified configuration where a longer EDF is used in conjunction with
an additional 200 m long SMF-28 to reduce the repetition rate and increase the pulse energy.
The length of total cavity is about 207 m, including 1.6 m EDF, 205.4 m SMF-28 fiber from the
WDM, isolator, coupler, and additional spool of SMF. The net GVD in the cavity was calculated
to be 3.457 ps/nm, confirming that the laser was operating at an anomalous dispersion regime.

The mode-locking operation is not self-started in the proposed setup. Stable mode-locked
pulses were observed as shown in Figure 5(b) by introducing physical disturbance to the SA
after increasing the 1480 nm pump power to the maximum (130 mW). The mode-locking pulse
then disappears when pump power falls below 84.5 mW. As shown in Figure 5(b), the cavity
round-trip time is measured to be 1.034 µs, which corresponds to repetition rate of 967 kHz.

Figure 5(c) shows the measured optical spectrum of the soliton pulses at the launched pump
power of 130 mW. Although the resultant pulse fiber laser is a soliton mode-locked fiber laser,
Kelly sidebands are less prominent due to excessive nonlinearity caused by high pump power
and cavity length [12]. Figure 5(d) shows the measured interference autocorrelation trace of

Figure 4. (a) Optical spectrum of the Q-switched laser at pump power of 130 mW. (b) Pulse train of the Q-switched
laser at 130 mW pump power. (c) Repetition rate and pulse energy as a function of pump power. (d) Output power
and pulse width as a function of pump power.
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the mode-locked pulses at a scanning range of 40 ps. As shown in Figure 5(d), the pulse was
very well fitted by a sech2 pulse profile, and the pulse duration was measured to be 3.41 ps.
Consequently, the TBP was calculated to be 0.38, which is almost 1.2 times larger than the ideal
TBP value (0.315). This is most probably due to the large GVD in the laser cavity and high
pump power. Figure 5(e) shows the RF spectrum of the output at the launched pump power
of 130 mW. The SNR of 62.45 dB indicated that the oscillator operated at stable mode-locking
regime.

Figure 5. (a) Configuration of the mode-locked EDFL with GSA. (b) Typical mode-locking pulse train on oscilloscope.
(c) OSA trace of the mode-locked EDFL. (d) Autocorrelation trace of the mode-locking pulse at launched pump power
of 130 mW. (e) RF spectrum of the mode-locked pulse train.
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5.5. Passive mode-locked fiber laser using nonconductive graphene oxide paper

Figure 6 shows the result of Raman spectroscopy on graphene oxide paper. The spectroscopy
was performed using a 532 nm laser with only 10% power and exposure time was set to 20 s.
From the result, there are two distinctive peaks that can be observed; at 1349 cm-1 and 1588
cm-1. These two peaks are D-band and G-band, respectively [79]. The excitation at D-band is
caused by the hybridized vibrational mode related to graphene edges, and it also shows a
disorder in the graphene structure. The graphite or tangential band (G-band) exists due to the
energy in the sp2 bonded carbon in planar sheets. The in-plane optical vibration of the bond
resulted in Raman spectrum at the mentioned frequency [80]. A small peak at 2700 cm-1, which
is also known as G’ or 2D band, is barely observable because the laser power is low. The
graphene layers can be indicated by the ratio of G’ and G bands. Because the intensity of G’
band is lower than the G band, it also shows that the GO paper is more than one layer.

Figure 6. Raman spectroscopy result of graphene oxide paper.

The schematic of the proposed mode-locked EDFL is shown in Figure 7(a). It was constructed
using a simple ring cavity, in which a 1.6 m long EDF with an Erbium ion concentration of
2000 ppm was used for the active medium and the GO paper SA was used as a mode-locker.

The SA was fabricated by cutting a small piece (2×2 mm2) of a commercially nonconductive
graphene oxide paper [81] and sandwiching it between two FC/PC fiber connectors, after
depositing index-matching gel onto the fiber ends. The thickness of the GO paper is 10 µm,
while the measured insertion loss of the SA to be 1.0 dB at 1550 nm. The total length of the
laser cavity was measured to be approximately 12.6 meter. The resultant total GVD for this
mode-locked fiber laser was calculated to be 0.1513 ps/nm. This indicated that the proposed
mode-locked fiber laser operated in the anomalous dispersion regime and thus it could be
classified as a soliton fiber laser.
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The mode-locked fiber laser had a low self-starting threshold; approximately at 17.5 mW.
Before all the modes were locked, multiple pulsing could be seen to occur at pump power as
low as 10 mW. Figure 7(b) shows the spectral profile where the presence of soliton is confirmed.
The presence of Kelly sidebands confirms that this mode-lock fiber laser is operating in
anomalous dispersion regime. Figure 7(c) shows the pulse train of the passive mode-locked
fiber. It has a cavity round-trip time of 64 ns, corresponding to a pulse repetition rate 15.6 MHz.

Figure 7(d) shows the autocorrelation trace with measured pulsewidth of 680 fs at its FWHM.
The sech² fitting, which indicates the generation of the soliton pulse, is also included in the
figure. The autocorrelation trace reveals that the experimental result follows the sech² fitting
closely. A TBP of 0.315 is calculated from the 3-dB bandwidth of the optical spectrum and the
acquired pulsewidth. This shows that the pulse is a transform-limited pulse. Since the pulsing
threshold is low, the output power for this fiber laser is 0.134 mW. Consequently, the resultant
pulse energy and peak power are 0.0085 nJ and 11.85 W, respectively.

As the data measurements are performed, it is observed that the pulse increasingly expanded
and the spectral profile gradually changed from soliton to laser. Therefore, it is suspected that
the pulse gradually is destroying the SA. Moreover, at approximately 24.4 mW, the output
power was attenuated. Thus, it is concluded that a 1-layer GO paper SA is only effective in a

Figure 7. (a) Experimental setup. (b) Spectral characteristic of mode-locked fiber laser using GO paper. (c) Mode-
locked pulse train with cavity round-trip time. (d) Autocorrelation trace.
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short period of time and has low damage threshold. For the same reason, a satisfactory SNR
data using RFSA is unable to be acquired. Together with low pulsing and damage thresholds,
combined with the 5% of the intracavity energy taken out for performing measurements, it
seems that the SNR is unable to extend more than 30 dB.

It is found that CNT and graphene saturable absorber may have inconsistent properties when
prepared by different groups of researchers; despite repeating the same process. Currently,
scientists are moving forward toward finding new materials that can be utilized as saturable
absorber. The discovery of 2D material such as graphene has sparked interest in the potential
of other 2D material. In recent developments, other 2D materials have been incorporated into
fiber laser cavity to generate Q-switched and mode-locked fiber lasers. Topological insulator
[19-22], transition metal dichalcogenides [23-25], and black phosphorus [26, 27] are among the
recent materials being developed as saturable absorber.

6. Conclusion

We have discussed graphene and CNT saturable absorbers and their applications in generating
passive Q-switched and mode-locked fiber lasers. We have demonstrated several examples of
experiments where carbon-based saturable absorbers were used in generating Q-switched and
mode-locked pulse in EDFL cavity. Currently, scientists are also moving forward toward new
saturable absorber materials such as topological insulator and black phosphorus.
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Abstract

This chapter presents a detailed analysis of properties of double-scale pulses (also called
noise-like pulses and femtosecond clusters) generated in fibre lasers and gives an in-
depth discussion of promising applications of such pulses.

Keywords: Fibre laser, passive mode locking, ultrashort pulse, non-linear polarisation
evolution, double-scale pulse, noise-like pulse, laser radiation, mode correlations

1. Introduction

Mode-locked fibre lasers possess an intriguing capability of emitting, in certain generation
regimes, a regular train of pico- or nanosecond wave packets stochastically filled with
femtosecond sub-pulses. In the available literature on the subject, these wave packets are
referred to as noise-like pulses [1–3], noise bursts [4], double-scale lumps [5], femtosecond
clusters [6] or double-scale pulses [7]. In the scope of this chapter, we use the latter of these
terms while discussing properties and applications of such pulses.

Until recently, double-scale pulse generation was only achieved in mode-locked fibre lasers,
and there is still no understanding of physical mechanisms leading to formation of double-
scale pulses, i.e., to the co-existence of a virtually stable envelope of wave packets with power
and phase fluctuations inside the wave packets. Parameters of these ultrashort pulses (such as
peak power, duration, energy or instantaneous frequency) may experience significant
fluctuations both during a single double-scale pulse and from one such pulse to another.
Coherence time of double-scale pulses is determined by the duration of sub-pulses, which
latter may be substantially shorter than that of the wave packet as a whole. As a result, such
pulses have two different typical duration scales. The shape of the intensity autocorrelation

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



function (ACF) is a characteristic ‘fingerprint’ of double-scale pulses with its very distinct
narrow central peak sitting on top of a broad pedestal. The width of this narrow peak corre‐
sponds to the typical sub-pulse duration and usually amounts to several hundred femtosec‐
onds.

Double-scale pulses were mentioned for the first time at the close of the 1990s [1], when pulses
with broad spectrum and noise-like behaviour of their intensity and phase were generated in
a mode-locked erbium laser. For a long time, double-scale pulses were disregarded as ‘not
sufficiently coherent’, and thus did not draw substantial attention to the respective laser
generation regimes. Nevertheless, over recent years, this topic has been rapidly gaining
popularity after the observation of double-scale pulses with relatively high energy in ultralong
fibre lasers. Active research prompted by this discovery has shown that double-scale pulses
may even be preferable in a number of applications, including non-linear frequency conver‐
sion, such as harmonic generation [8], Raman conversion [9] or super-continuum generation
[10–13], as well as applications in imaging and sensing systems with high temporal and/or
spatial resolution. It was furthermore demonstrated that generation of double-scale pulses in
long lasers represents a remarkably multiform phenomenon encompassing many non-linear
optical mechanisms, whose interaction may result in the emergence of diverse spatio-temporal
coherent structures in laser radiation [14].

Here, we present a detailed analysis of double-scale pulse properties and provide an in-depth
discussion of the above-mentioned and other important and promising applications of double-
scale pulses generated in mode-locked fibre lasers.

2. Generation of double-scale pulses

The most common way to generate double-scale pulses is via fibre lasers passively locked due
to the effect of non-linear polarisation evolution (NPE). It should also be noted that to date
double-scale pulses have been demonstrated in other types of passively mode-locked lasers,
including those using saturable absorbers made of single-walled carbon nanotubes [15], as
well as topological insulators [16] and non-linear loop mirrors or amplifiers (NOLM/NALM)
[11, 17, 18]. Nonetheless, NPE lasers possess the largest number of degrees of freedom in
adjustment of the generation regime. This greatly facilitates realisation of various generation
regimes in them, including double-scale generation ones [5, 7, 14].

A typical configuration of a fibre laser passively mode-locked due to NPE is presented in Fig.
1. In most reported research, laser-diode-pumped (LD) erbium- or ytterbium-doped optical
fibres are used as the active medium. Since their generation spectrum is rather wide, NPE-
mode-locked lasers are most often implemented in ring-cavity configuration, thus avoiding
the need for broadband reflectors. Optical isolators are normally used to ensure unidirectional
generation. Adjustment and switching of generation regimes are done with intra-cavity
polarisation controllers PC1 and PC2. The generated laser radiation can be extracted from the
cavity either through fibre couplers or through one of the ports of the fibre-optical polarisation
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may even be preferable in a number of applications, including non-linear frequency conver‐
sion, such as harmonic generation [8], Raman conversion [9] or super-continuum generation
[10–13], as well as applications in imaging and sensing systems with high temporal and/or
spatial resolution. It was furthermore demonstrated that generation of double-scale pulses in
long lasers represents a remarkably multiform phenomenon encompassing many non-linear
optical mechanisms, whose interaction may result in the emergence of diverse spatio-temporal
coherent structures in laser radiation [14].

Here, we present a detailed analysis of double-scale pulse properties and provide an in-depth
discussion of the above-mentioned and other important and promising applications of double-
scale pulses generated in mode-locked fibre lasers.

2. Generation of double-scale pulses

The most common way to generate double-scale pulses is via fibre lasers passively locked due
to the effect of non-linear polarisation evolution (NPE). It should also be noted that to date
double-scale pulses have been demonstrated in other types of passively mode-locked lasers,
including those using saturable absorbers made of single-walled carbon nanotubes [15], as
well as topological insulators [16] and non-linear loop mirrors or amplifiers (NOLM/NALM)
[11, 17, 18]. Nonetheless, NPE lasers possess the largest number of degrees of freedom in
adjustment of the generation regime. This greatly facilitates realisation of various generation
regimes in them, including double-scale generation ones [5, 7, 14].

A typical configuration of a fibre laser passively mode-locked due to NPE is presented in Fig.
1. In most reported research, laser-diode-pumped (LD) erbium- or ytterbium-doped optical
fibres are used as the active medium. Since their generation spectrum is rather wide, NPE-
mode-locked lasers are most often implemented in ring-cavity configuration, thus avoiding
the need for broadband reflectors. Optical isolators are normally used to ensure unidirectional
generation. Adjustment and switching of generation regimes are done with intra-cavity
polarisation controllers PC1 and PC2. The generated laser radiation can be extracted from the
cavity either through fibre couplers or through one of the ports of the fibre-optical polarisation
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beam splitter, which also carries the function of introducing polarisation-dependent optical
losses, thus ensuring passive NPE mode locking.

Figure 1. Typical layout of a fibre laser passively mode-locked due to the NPE effect.

In relatively short lasers (with few-meter-long cavities), both double-scale and ‘usual’ pulses
(as well as some transitional or intermediate regimes between these two) may be generated at
different settings of the intra-cavity polarisation controllers or the pump power level (see Fig.
2). In contrast, elongation of the fibre laser cavity to several hundred metres or several
kilometres leads to predominant generation of double-scale pulses [19, 20]. Cavity elongation
is one of the most effective ways to raise the output pulse energy in passively mode-locked
lasers [21]; therefore, double-scale pulses became the focal point of research conducted by
many groups around the world. Various publications studied spectral and temporal properties
of double-scale pulses produced in different generation regimes [22–25].

3. Direct numerical simulation of double-scale pulses

Numerical modelling of double-scale pulse generation in fibre lasers is usually based on the
generalised non-linear Schrödinger equation (GNLSE) [20] or on a system of simultaneous
equations for polarisation components of the intra-cavity radiation [5]:
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Figure 2. Experimentally measured (red) and simulated (blue) spectra and ACFs for three different lasing regimes: sta‐
ble single-pulse (left column), intermediate (middle column) and noise-like generation (right column) [24].
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Figure 2. Experimentally measured (red) and simulated (blue) spectra and ACFs for three different lasing regimes: sta‐
ble single-pulse (left column), intermediate (middle column) and noise-like generation (right column) [24].
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where Ax and Ay are the polarisation components of the field envelope, z is the longitudinal
coordinate along the fibre, t is the time in the retarded frame of reference, γ and β2 are non-
linear and dispersion coefficients correspondingly, g0 and Psat stand for unsaturated gain
coefficient and saturation power for the active fibre.

Equations (1, 2) describe propagation of radiation along an active fibre. Taking g0 =0, we can
use the same equations to model laser pulse propagation inside passive resonator fibre. The
fibre-optical polarisation beam splitter is represented in the model by the following matrix:

PBS
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T
æ ö
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è ø

(3)

Unitary 2 × 2 matrices must be used to describe polarisation controllers. In particular, a
polarisation controller based on the principle of fibre compression in the direction at an angle
ϕ can be represented by a matrix introducing phase delay α rotated by angle ϕ by multiplying
it by the corresponding rotation matrix:
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Parameter α in Eq. (4) stands for phase delay introduced by the polarisation controller and
depends on the transverse fibre deformation. Similarly, a polarisation controller utilising fibre
torsion can be expressed through its eigenvector projections: T̂ PC2 = e iα/2P̂+ + e −iα/2P̂−, where
circular polarisation state projections can be written as
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In order to model the propagation of laser pulses around the fibre cavity, Eqs. (1, 2) can be
integrated numerically by the step-split Fourier method [26]. At the required points along the
optical path, the polarisation transformations (3–5) are applied and losses corresponding to
the intra-cavity elements are taken into account.

This modelling step is carried out repeatedly until a stationary state is reached. As a rule,
anywhere between several hundred and several thousand modelled cavity round trips are
needed, depending on the system parameters and the initial conditions, mostly taken as white
noise or seed pulses. In certain cases, a laser may exhibit bistability: the limit cycle of the
propagation equations may depend on the initial conditions. It is relevant to mention here that
a similar phenomenon is observed in the experiment as hysteresis in switching between
generation regimes [27]. If the limit cycle of the propagation equations corresponds to the
'conventional' pulse generation regime, the generation parameters (power, pulse duration,
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spectrum width, etc.) of the limit cycle are highly stable (of the 10–3 order and higher). Con‐
versely, when the laser generates double-scale pulses, the pulse parameters in the generated
train fluctuate around their average values by a few per cent or even more between two
successive cavity round trips. This circumstance can be used in modelling as a basic criterion
to distinguish between generation regimes. We need to point out as well that the average
generation parameters must be insensitive to variation within reasonable limits of the 'non-
physical' modelling parameters, such as the mesh node count, mesh width and the step of
numerical integration of Eqs. (1, 2). This has to be controlled during modelling.

The approach outlined in the foregoing paragraphs is sufficiently powerful and generalised
to adequately model a variety of regimes observed in fibre lasers mode-locked due to NPE (see
Fig. 2 and Ref. [24]), as well as NOLM/NALM and generation of both double-scale and ‘regular’
pulses. Such power and generality come, however, at the expense of very significant amount
of computations necessary to perform in order to compare the model with the experiment.
This downside results largely from the specific nature of fibre laser configurations relying on
fibre-optical polarisation controllers. These controllers introduce a phase shift, which is
impossible to directly measure in regular experimental implementations. As a consequence,
for a valid match between modelling and experiment, it is necessary to perform a large series
of computations for a range of settings of the intra-cavity polarisation controllers correspond‐
ing to a range of parameters α and ϕ in Eqs. (4, 5). For each set of parameters, the entire
numerical modelling sequence has to be carried out, including specification of the initial
conditions, multiple runs of radiation propagation along the cavity and analysis of the
generation regime. In full analogy to the experiment, laser generation only emerges at certain
combinations of intra-cavity polarisation element settings and levels of the pumping power
launched into the active fibre. Therefore, a considerable part of calculations carried for
randomly chosen polarisation controller parameters does not result in a pulsed generation
regime. Nonetheless, this approach gives a fair idea of the great diversity of generation regimes
accessible in an NPE-mode-locked fibre laser through adjustment of its settings. For instance,
in Fig. 3, we present histograms of generation parameter distributions (rms bandwidth and
rms pulse duration) for ‘regular’ and double-scale pulses generated in numerical modelling
[7] at different settings of the polarisation controllers. Evidently, there is a considerable spread
in laser parameter values, up to an order of magnitude and even wider. This result effectively
indicates an opportunity to modify parameters of the output laser pulses (including double-
scale ones) by adjusting the intra-cavity polarisation controllers in order to achieve optimal
values for specific applications.

4. Simplified phenomenological model

Research in efficiency of double-scale pulses in practical applications ideally needs a less
complicated numerical model, which would enable numerical studies at much more affordable
expense of computation resources. With this objective, we have developed a phenomenolog‐
ical model of double-scale pulses relying on superposition of uncorrelated modes. Using this
model, it is comparatively easy to re-create modelling pulses with parameters known from the
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experiment (shape, duration and spectral width) for studying their various applications and
parameter optimisation. The proposed phenomenological approach to modelling requires that
the following function be calculated:

( ) ( )~ ( ) exp .j j
j

A t P t A i tw×å (6)

Here, ωj is the frequency of the j-th mode, t is the time, Aj is the complex amplitude of the j-th
mode and P(t) is the temporal pulse profile. The phases of complex amplitudes arg{ Aj } are
taken as independent random values uniformly distributed over the range of 0–2π.

Figure 3. Rms bandwidth (a, b) and rms-pulse duration (c, d) variability in simulated ‘conventional’ (a, c) and double-
scale (b, d) generation regimes [7].
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In the simplest case, scalar values Aj in Eq. (6) can be assumed constant, while in more involved
implementations of this model, their random character may also be taken into account (|Aj|
fluctuations). It is interesting to observe that the expression of Eq. (6) can be considered as a
model of thermal (incoherent) source with a preset spectral profile. The sum part of Eq. (6) is
multiplied by a specified profile P(t), as a result shaping noise-like incoherent radiation into a
pulse with a shape known from the experiment.

For an illustration, Fig. 4 presents the temporal distribution, spectrum and autocorrelation
function of double-scale pulses generated in the simplified phenomenological model (Eq. (6)).
It can be seen that the diagrams exhibit all the main features of double-scale pulses observed
in both experiment and direct numerical modelling of laser generation (see Fig. 2). For instance,
the temporal distribution of pulses in Fig. 4 looks like a wave packet stochastically filled with
sub-pulses. Single-shot spectrum of the modelled pulses also has a noisy appearance, but the
spectrum averaged over many pulses takes the form identical to that of | Aj(ωj)|  on condition
that the duration of wave packets is much longer than the inverse spectrum width. The pulse
ACF takes the shape of a broad pedestal with a narrow peak in its centre (Fig. 4 (c)). The relative
pedestal magnitude is 0.5, and its width in the case of Gaussian pulses by a factor of 2 exceeds
the duration of the pulse envelope P(t) in Eq. (6)). The width of the central ACF peak, con‐
versely, is equal to the inverse spectral width of pulses (see Fig. 4 (d)).

It should be noted here that although the proposed simplified model (Eq. (6)) is founded on
the assumption of independent phases arg{Aj} of modes (spectral radiation amplitudes),
multiplication by P(t) introduces correlation of neighbouring modes inside a spectral domain
with the width of the order of pulse envelope P(t) width. In reality, the level of an inter-mode
correlation for double-scale pulses observed in the experiment and in direct numerical
modelling may be higher than that of the explained simplified model. This is indicated by the
ACF pedestal magnitude exceeding the 0.5 value in some generation regimes. In particular,
the transient generation regime may be characterised by the maximum value of the central
ACF peak much below unity (see Fig. 2). This corresponds to the strong inter-mode correlation
and/or relatively small fluctuations.

The phenomenological model (Eq. (6)) analysed in the preceding discussion also improves our
understanding of the origin of sub-pulses in the internal filling of double-scale pulses.
According to Eq. (6), sub-pulses are closer in their nature to power oscillations resulting from
interference of incoherent modes rather than to separate femtosecond pulses that are inde‐
pendent of each other. This circumstance leads to radical differences in behaviour of double-
scale pulses undergoing temporal compression or stretching as compared with ‘regular’ laser
pulses. This difference will be given a detailed treatment in the following section.

5. Pulse compression

One of the salient differences of double-scale pulses from ‘conventional’ laser pulses is related
to limited possibilities of their compression. In most experimental configurations, double-scale
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Figure 4. Time trace of power (a), spectral distribution (b) and ACF (c, d) of double-scale pulses in the simplified mod‐
el. Red dotted line in (d) denotes the value of the inverse width of a Π-shaped spectrum. Grey lines correspond to
single-shot traces and blue lines to those averaged over a large number of random realisations.
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pulses are produced in fibre lasers with a significant positive dispersion of their cavities. If the
laser generates ‘conventional’ pulses, the presence of uncompensated cavity dispersion leads
to the formation of strongly chirped pulses. Such pulses can be subsequently compressed to a
small fraction of their initial duration down to (or close to) the Fourier limit by passing them
through optical compressors based on diffraction gratings, optical prisms and/or optical fibres
with dispersion of different signs. Conversely, double-scale pulses present very limited
possibilities of compression [24]. It has to be stressed that these limitations arise from the
structure of the pulses themselves rather than from non-linear effects in fibre-optical com‐
pressors, which may also constrain compression coefficient of ‘regular’ laser pulses at suffi‐
ciently high-peak-power values [28].

Direct numerical modelling of laser generation based on coupled GNLSE (1, 2) explains the
measured low compressibility of double-scale pulses in the experiment. As calculations
demonstrated [24], unlike that of ‘regular’ pulses, the optical phase of double-scale pulses is
not a smooth continuous function of time but rather is filled with fluctuations, as shown in
Fig. 5. These phase fluctuations lead, in particular, to the lack of phase coherence across the
seemingly regular array of pulses observed experimentally [29]. Fluctuations of the temporal
dependence of the optical phase give rise to jitter of the instantaneous frequency of double-
scale pulses. This, in turn, leads to presence at each moment in time (in each point within a
double-scale pulse) of various frequencies covering the wide spectrum of the double-scale
pulse, as can be readily seen in a simulated FROG diagram of Fig. 6. The fundamental principle
of optical compression is to create a different temporal delay for the front and rear pulse edges,
which have slightly different optical frequencies because of a pulse chirp. Passing along a
phase-delay element, the components of the chirped pulse move closer to each other, produc‐
ing the effect of pulse compression. Since different optical frequencies are present at each
moment in double-scale pulses, frequency-dependent temporal delay of their components
cannot compress such pulses as well as the ‘regular’ ones, as shown in Fig. 6.

Figure 6 showcases pulse spectrograms generated in direct numerical modelling of various
generation regimes (indicated on top). The horizontal axis shows time in picoseconds and the
vertical axis, frequency and wavelength λ (left- and right-hand axes, respectively). Radiation
intensity is colour-coded on a log scale of 0 to –25 dB, as shown in the colour scale at the bottom
of Fig. 6. Pulse duration in the included spectrograms corresponds to the horizontal dimension
of intensity distribution, whereas the spectrum width corresponds to the vertical dimension.
The distribution slant in the diagrams reflects the pulse chirp. Linear compressibility of pulses
in optical compressors is predicated on the existence of chirp. The top row of diagrams
demonstrates pulses exiting the laser and the bottom rows correspond to the result of various
degrees of linear compression (the respective values of the optical compressor dispersion are
specified to the left of the rows).

As seen in the left column of Fig. 6, the duration of ‘regular’ laser pulses may be reduced in a
linear optical compressor almost down to the Fourier limit. The compression degree in this
case is somewhat below the theoretical limit because of the non-linear chirp present at the pulse
edges and clearly visible as pointed deformations of the colour patches of the left column in
Fig. 6. In experiments, this limitation may be overcome by spectral filtration of such pulses:
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degrees of linear compression (the respective values of the optical compressor dispersion are
specified to the left of the rows).

As seen in the left column of Fig. 6, the duration of ‘regular’ laser pulses may be reduced in a
linear optical compressor almost down to the Fourier limit. The compression degree in this
case is somewhat below the theoretical limit because of the non-linear chirp present at the pulse
edges and clearly visible as pointed deformations of the colour patches of the left column in
Fig. 6. In experiments, this limitation may be overcome by spectral filtration of such pulses:

Fiber Laser78

when the spectral extremities of chirped pulses are ‘cut off’, the temporal wings of these pulses
containing non-linear chirps are also eliminated.

In contrast, double-scale pulses are not really amenable to compression (see the right column
in Fig. 6). Although they have approximately three times the spectral width of a 'conventional'
laser pulse (measured at –25 dB) in Fig. 6, after a pass through an optical compressor they
retain a duration exceeding that of ‘normal’ pulses by a factor of over 5. Although these
particular calculations indicate the possibility of almost twofold compression, the minimal
achievable pulse duration far exceeds the Fourier limit, as a direct consequence of the pulse
structure. At each moment in time (along any vertical section of the spectrogram), double-scale
pulses contain practically all the components of its spectrum (see the bottom left diagram in
Fig. 6).

The intermediate generation regime, with its comparatively low fluctuations of phase and
other parameters of the generated pulses, takes an accordingly middle position with respect
to linear compression, as indicated by the central column of Fig. 6. It is characterised by
medium compressibility, which is limited by both factors mentioned earlier: the non-linear
chirp (curved ends of the spectrogram) and phase fluctuations, making the spectrogram
considerably wider than the spectrally limited pulses at the same or even at narrower spectrum
width. This can be readily seen when comparing the central and left-hand diagrams in the
bottom row of Fig. 6.
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Figure 6. Simulated FROG of ‘conventional’ (left column), intermediate (at the middle) and double-scale (right col‐
umn) pulses generated by all-normal-dispersion fibre laser passively mode-locked due to NPE and different stages of
compression of these pulses.
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6. Pulse stretching

It is clear that the optical phase fluctuations condition the difference of double-scale pulses
from 'conventional' laser pulses not only in relation to compression but also to stretching, i.e.,
to lengthening of the pulse duration as it propagates along a medium with chromatic disper‐
sion (e.g. an optical fibre). Indeed, if we consider the diagrams of Fig. 6 in the reversed order
(i.e. bottom to top instead of top to bottom, as before), we will observe dynamics of stretching
of laser pulses with different levels of phase fluctuations in a dispersive medium. In this case,
the bottom row of diagrams corresponds to the state with the smallest durations (for a given
pulse type with a specific spectral width). Pulse duration increases during the process of
propagation along the medium (see Fig. 6 from bottom to top).

The spectrograms presented in Fig. 6 demonstrate that double-scale pulses are significantly
less stretchable than the ‘regular’ laser pulses of comparable or even narrower width of their
optical spectrum. This circumstance makes double-scale pulses attractive in a number of
applications where low temporal coherence of radiation is required, for example, to achieve
high resolution in optical imaging. Unlike ‘regular’ ultrashort laser pulses with short coherence
time, double-scale pulses may be delivered to the desired location over optical fibres practically
without loss of the system’s resolving power defined by the pulse coherence time.

7. Applications

Until recently, the possibility of practical application of double-scale pulses remained uncer‐
tain because stochastic filling of generated wave packets was understood to result in highly
unstable output parameters. As it was experimentally shown, however, the average output
power of a mode-locked fibre laser generating double-scale pulses remains relatively stable
and pulse-to-pulse average power fluctuations being fairly small (a few per cent, as a rule). It
was further discovered that double-scale pulses exhibit a number of remarkable properties
making them radically different from ‘usual’ laser pulses. Double-scale pulses may carry
relatively high energy (several µJ) directly at the output of a fibre master oscillator [21, 25].
Moreover, peak power of sub-pulses may far exceed the average peak power of the entire wave
packet because of their short duration. It was also established that double-scale pulses feature
comparatively high efficiency of non-linear interaction with the propagation medium in
harmonic generation [8], Raman conversion [9] or super-continuum generation [10–13]. We
analyse these and other promising applications of double-scale pulses in the following
discussion.

The potential of double-scale pulses in configurations with non-linear frequency conversion
is directly related to the high peak power of sub-pulse filling. The sub-pulse peak power may
be several times as high as the average power of the double-scale envelope due to fluctuations
resulting from stochastic nature of double-scale pulses. High peak power leads to relatively
efficient non-linear optical transformation of double-scale pulses, for instance, harmonic
generation, super-continuum generation, etc. As an illustration, let us consider the frequency-
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doubling process in a thin non-linear crystal that we studied both in direct numerical modelling
and in experiment [8]. Second-harmonic generation (SHG) was achieved in a Yb-doped fibre
laser passively mode-locked due to NPE (see Fig. 1 for the optical layout). Through adjustment
of the intra-cavity polarisation controllers, this laser could be switched between generation of
‘regular’ and double-scale pulses as needed during the experiment. Direct numerical model‐
ling was carried out by integrating Eqs. (1, 2) with the following parameters: non-linear
coefficient γ = 4.7×10–5 (cm∙W)–1, dispersion coefficient β2 = 23 ps2/km, small-signal gain g0 =
540 dB/km and saturation power of the active fibre Psat = 52 mW.

Second-harmonic generation was further modelled with the following equation for the spectral
wave amplitudes:
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where A1j and A2n are spectral amplitudes of the first- and second-harmonic waves, respec‐
tively, u is the group velocity and σ2 is the non-linear coefficient. Apart from the process of
frequency doubling of the laser modes corresponding to terms with j = k, Eq. (7) also reflects
processes of sum frequency generation (terms with j ≠ k under summation in Eq. (7)). Both
types of processes are schematically shown in Fig. 7 (a) for N = 3 equidistantly spaced laser
modes. Thick solid lines correspond to frequency doubling, and dotted lines show sum
frequency generation. In reality, the number of laser modes N is very large; however, all of
them are separated by the same distance ∆ω from the neighbouring ones. The second-harmonic
radiation, following Fig. 7 (a), will consist of 2N – 1 equidistant modes spaced at the same
spectral interval ∆ω.

Eq. (7) is integrable in the approximation of a thin non-linear crystal and in the absence of the
pumping wave depletion. Assuming A1i = constant along z and A2n = 0 at z = 0, let us integrate
Eq. (7) from 0 to L and divide the full power of the second-harmonic wave I2n = Σ|A2n|2 by (σ2

L P1)2, where P1 is the first harmonic sum power:

2 2
2

1 1 1
1

j k j
n j k n j

A A Az
-

+ = +

æ ö æ öç ÷= × ç ÷ç ÷ç ÷ è øè ø
å å å (8)

The resulting coefficient ζ is the SHG relative efficiency, which equals to the ratio of two SH
powers, of which the first is obtained when the non-linear crystal is pumped by a double-scale
laser pulse with given mode amplitudes A1j and the second is generated with the use of single-
mode monochromatic pumping of the same power P1 = Σ|A1j|2. An important feature of the
dimensionless relative efficiency ζ is that it does not depend on power and thickness of the
thin non-linear crystal but is sensitive to mode correlations and fluctuations, thus allowing us
to easily compare different lasing regimes from the viewpoint of efficiency of non-linear
frequency. To do that, we simulated the generation of double-scale pulses using Eqs. (1, 2) and
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averaged SHG relative efficiency (Eq. (8)) over multiple successive pulses produced by the
fibre laser.

In our modelling, the parameters of the intra-cavity polarisation controllers were selected
randomly. After 10,000 cavity passes, the generation mode of the modelled laser was analysed.
If the laser generated double-scale or 'regular' pulses, then second-harmonic generation was
modelled, which consisted in calculation of the relative efficiency ζ (Eq. (8)). Both the gener‐
ation parameters and the ζ value were then saved by the program. The modelling cycle was
then repeated with the intra-cavity polarisation controller settings chosen once again at
random.

As a result of a large number of modelling cycles, statistical data were collected on the
generation parameters and relative efficiency of frequency doubling in double-scale and
'regular' generation regimes. These data allowed the comparison of these regimes in relation
to their efficiency for frequency doubling, and they also could be used to study the correlation
between the frequency-doubling efficiency and the generation parameters. The most imme‐
diate link was identified between the relative efficiency of frequency doubling ζ and rms pulse
duration Trms with Pearson’s correlation coefficient ρ(ζ, 1/Trms) = 0.97. The obtained results are
presented in Fig. 7 (b). Each point on the shown diagram was generated as a result of direct
numerical modelling of laser generation at fixed values of the intra-cavity polarisation
controller settings. These values differ randomly between one point and another. The X-
coordinates of the diagram points are proportional to the relative efficiency ζ of frequency
doubling, whereas their Y-coordinates are proportional to the rms pulse width.

As it can be seen from Fig. 7 (b), ζ is roughly inversely proportional to Trms, which means that
ζ grows linearly with the pulse peak power, as it should for a second-order non-linear process.
One can also note in Fig. 7 (b) that for any fixed pulse width Trms, the relative SHG efficiencies
are comparable for both regimes, being slightly higher for double-scale pulses. The experi‐
mental results that we measured in [8] agree with the numerical modelling, featuring higher
efficiency of power transformation into the second harmonics for double-scale pulses in
comparison to ‘conventional’ laser pulses.

Figure 7. (a) Schematic diagram of SHG processes for N = 3 modes. (b) Correlation between relative SHG efficiency
and rms pulse width of double-scale (red points) and conventional (green points) pulses.
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We carried out similar experiments on cascaded Raman conversion of different pulse types in
a long phosphosilicate fibre [9]. It was shown that feeding double-scale pulses into the fibre
produces broader output spectrum as compared with using 'regular' laser pulses. Further‐
more, different statistics of laser radiation in these regimes led to specific spectral features in
the Raman spectrum of double-scale pulses [9]. In general, the results reported in Ref. [9]
corroborate the conclusion made in the foregoing discussion about better efficiency of non-
linear transformation of double-scale pulses.

Super-continuum generation [11, 30] may be also listed among promising applications related
to non-linear frequency transformation. Apart from a relatively higher peak power, double-
scale pulses are also less coherent. As it was demonstrated earlier, this may boost super-
continuum generation and allow one to obtain wider and smoother supercontinuum spectra
[11, 31, 32].

Two other prominent features of double-scale pulses, their very short coherence time and their
broad spectrum [33–36], enable their application in imaging and sensor systems with high
temporal and/or spatial resolution [37–39]. Importantly, double-scale pulses are not strongly
affected by dispersive broadening [1], unlike regular ultrashort laser pulses with comparable
coherence time. This makes it possible to transmit such pulses over optical fibres towards the
target objects without loss of system’s resolving power.

Inner structure of double-scale pulses filled with ultrashort sub-pulses and their significant
spectrum width also make them attractive for applications such as laser-induced breakdown
spectroscopy (LIBS) [6], a type of atomic emission spectroscopy. High-energy laser pulses are
focused on a surface and cause ablation and plasma formation. The radiation generated by
plasma is then registered in an optical system for spectral analysis. Comparison of recorded
spectral lines with the known atomic optical spectra allows relatively easy and fast identifi‐
cation of the chemical composition of the studied sample. This method has the advantages of
needing little or no sample preparation, and the possibility of depth profile generation by layer-
wise ablation of material from the sample surface. This latter circumstance also solves the
problem of surface contamination of the studied samples. Another important benefit of LIBS
is its minimally or non-destructive nature. LIBS features sufficiently high precision and does
not rely on ionising radiation, which is important for biological safety. Double-scale pulses
generated in passively mode-locked fibre lasers present a virtually ideal solution for LIBS,
because they deliver bursts of femtosecond sub-pulses at megahertz repetition rates [6]. High
peak power of their sub-pulses drives correspondingly high efficiency of two-photon proc‐
esses while maintaining low thermal stress of the studied samples.

8. Conclusions

Double-scale pulses offer a number of unique properties, including comparatively high peak
power, broad spectral width and low coherence time. Therefore, such pulses hold much
promise in a number of applications (e.g. non-linear optical frequency transformation,
spectroscopy, material micro-processing and imaging techniques). They furthermore exhibit

Fiber Laser84



We carried out similar experiments on cascaded Raman conversion of different pulse types in
a long phosphosilicate fibre [9]. It was shown that feeding double-scale pulses into the fibre
produces broader output spectrum as compared with using 'regular' laser pulses. Further‐
more, different statistics of laser radiation in these regimes led to specific spectral features in
the Raman spectrum of double-scale pulses [9]. In general, the results reported in Ref. [9]
corroborate the conclusion made in the foregoing discussion about better efficiency of non-
linear transformation of double-scale pulses.

Super-continuum generation [11, 30] may be also listed among promising applications related
to non-linear frequency transformation. Apart from a relatively higher peak power, double-
scale pulses are also less coherent. As it was demonstrated earlier, this may boost super-
continuum generation and allow one to obtain wider and smoother supercontinuum spectra
[11, 31, 32].

Two other prominent features of double-scale pulses, their very short coherence time and their
broad spectrum [33–36], enable their application in imaging and sensor systems with high
temporal and/or spatial resolution [37–39]. Importantly, double-scale pulses are not strongly
affected by dispersive broadening [1], unlike regular ultrashort laser pulses with comparable
coherence time. This makes it possible to transmit such pulses over optical fibres towards the
target objects without loss of system’s resolving power.

Inner structure of double-scale pulses filled with ultrashort sub-pulses and their significant
spectrum width also make them attractive for applications such as laser-induced breakdown
spectroscopy (LIBS) [6], a type of atomic emission spectroscopy. High-energy laser pulses are
focused on a surface and cause ablation and plasma formation. The radiation generated by
plasma is then registered in an optical system for spectral analysis. Comparison of recorded
spectral lines with the known atomic optical spectra allows relatively easy and fast identifi‐
cation of the chemical composition of the studied sample. This method has the advantages of
needing little or no sample preparation, and the possibility of depth profile generation by layer-
wise ablation of material from the sample surface. This latter circumstance also solves the
problem of surface contamination of the studied samples. Another important benefit of LIBS
is its minimally or non-destructive nature. LIBS features sufficiently high precision and does
not rely on ionising radiation, which is important for biological safety. Double-scale pulses
generated in passively mode-locked fibre lasers present a virtually ideal solution for LIBS,
because they deliver bursts of femtosecond sub-pulses at megahertz repetition rates [6]. High
peak power of their sub-pulses drives correspondingly high efficiency of two-photon proc‐
esses while maintaining low thermal stress of the studied samples.

8. Conclusions

Double-scale pulses offer a number of unique properties, including comparatively high peak
power, broad spectral width and low coherence time. Therefore, such pulses hold much
promise in a number of applications (e.g. non-linear optical frequency transformation,
spectroscopy, material micro-processing and imaging techniques). They furthermore exhibit

Fiber Laser84

a wide variety of generation regimes and an improbable combination of stochastic and
coherent laser dynamics, still far from being understood. Although this factor draws the
attention of researchers to double-scale pulses, it also prevents, for the time being, broader
applications of double-scale pulses in research and technology applications of fibre lasers.
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Abstract

We consider ultra narrow-line lasers based on doubly-resonant fiber cavities, describe ex‐
perimental techniques, and present two methods for passive stabilization of single-fre‐
quency fiber Brillouin lasers. In the first approach, Brillouin fiber laser is passively
stabilized at the pump resonance frequency by employing the self-injection locking phe‐
nomenon. We have demonstrated that this locking phenomenon delivers a significant
narrowing of the pump laser linewidth and generates the Stokes wave with linewidth of
about 0.5 kHz. In the second methodology, the fiber laser is stabilized with an adaptive
dynamical grating self-organized in un-pumped Er-doped optical fiber. The laser radiates
a single-frequency Stokes wave with a linewidth narrower than 100 Hz. The ring resona‐
tors of both presented lasers are simultaneously resonant for the pump and the Stokes ra‐
diations. For adjusting the double resonance at any preselected pump laser wavelength,
we offer a procedure that provides a good accuracy of the final resonance peak location
with ordinary measurement and cutting errors. The stable regime for both Brillouin lasers
is observed during some intervals, which are interrupted by short-time jumping-inter‐
vals. The lasers’ stability can be improved by utilizing polarization-maintaining (PM) fi‐
ber configuration and a cavity protection system.

Keywords: Brillouin fiber laser, self-injection locking, ring fiber resonator

1. Introduction

Stimulated Brillouin Scattering (SBS) is the nonlinear process with the lowest threshold in
optical fibers [1]. SBS in optical fiber is very valuable for numerous applications such as fiber
lasers, fiber amplifiers, fiber sensors, and optical processing of radio-frequency signals [2-9].

Recently developed Brillouin fiber lasers with the so-called doubly-resonant cavity (DRC)
demonstrate low threshold, high spectral purity, and low intensity noise [10]. These lasers are

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



very promising for a variety of special uses, such as coherent interferometric sensing, optical
communication, microwave photonics, and coherent radar detection [11-13].

The Stokes wave in these lasers is generated within a short fiber ring cavity, which is simul‐
taneously resonant for the pump and the Stokes radiations. This configuration also delivers
the minimal Brillouin threshold. However, stable operation of the DRC Brillouin laser is
extremely sensitive to the resonance detuning between the pump frequency and the ring cavity
mode. Typically, in order to obtain an established single-longitudinal mode (SLM) operation,
various types of active stabilization systems that adjust the cavity length or alter the frequency
of the pump laser are used [11-12].

In Sections 3 and 4, we report two schemes of passively stabilized SLM DRC Brillouin lasers.

1. In the first scheme, the single-mode doubly-resonant Brillouin fiber laser is passively
stabilized at the pump resonance frequency by employing the self-injection locking
phenomena. Optical self-injection locking has drawn a lot of attention for optical com‐
munication application as an efficient technique to improve the spectral and polarization
properties of semiconductor lasers [14-16]. The physical phenomena observed with optical
feedback in DFB varied from linewidth narrowing with weak feedback to irregular chaotic
oscillations with the strong one [14,17]. In this work, we utilize self-injection locking for
matching the DFB pump laser frequency with the Brillouin laser resonance cavity mode
as well as for decreasing the pump laser linewidth.

2. In the second approach, the pump fiber laser is stabilized with a population inversion
grating imprinted in an un-pumped Er-doped optical fiber.

In Section 2, we present a special procedure for the precise setting of the ring fiber cavity to
the double resonance condition at any preselected pump wavelength. We show that experi‐
mental record of the cavity Brillouin response to a frequency scan of the pump laser allows
calculating the excess ring cavity length that must be removed from the ring in order to shift
the Brillouin resonance to the right position. We have demonstrated that the proposed
algorithm delivers a good accuracy of the resonance peak location with ordinary measurement
and cutting errors.

2. Adjustment of double resonance in Brillouin fiber lasers

Doubly-resonant Brillouin laser cavity should be simultaneously resonant for the pump and
the Stokes radiations. The free spectral range (FSR) of the fiber cavity with a length of about
several meters is equal to tenths of MHz. Therefore, typical pump DFB laser can be easily
adjusted to a cavity mode by current or temperature setting. The problem then is how to keep
this matching despite random deviations of the cavity length and/or pump laser frequency.
However, even if we provide precise and stable coincidence of the pump laser frequency with
one of the cavity resonant modes, it does not guarantee the resonance for the down-shifted
Stokes wave for short cavities.
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In this paragraph, we present an algorithm and an experimental technique for the adjustment
of the double resonance of the fiber optical ring cavities at any preselected wavelength. The
experimental setup is depicted in Fig. 1.

Figure 1. Double resonance peaks recorded with single wavelength scan.

A fiber ring cavity with the lengths about 4 m is pumped by a tunable laser Agilent 81940A
with 100 kHz linewidth and output power up to 25 mW. The behavior of the fiber-optic ring
resonator is very similar to a linear Fabry-Perot cavity, so the ports B and A are equivalent to
the reflected and the transmitted ports of the linear cavity, respectively. Figure 1 also illustrates
how the double resonance looks in the experiment. When the tunable laser sweeps in the
interval 1540–1560 nm synchronously with oscilloscope trace, the Stokes peaks appear only
for the certain pump wavelengths that correspond to the double resonance condition.

The length L of the fiber inside the ring defines the FSR of the cavity:

   / ,FSR c nL= (1)

where c is the speed of light in a vacuum, and n is the refractive index of the SMF-28 fiber equal
to 1.468 at 1550 nm [18].

The double resonance is achieved when the Brillouin shift νB is equal to an integer multiple of
the FSR (see Fig. 2):

   ,B m FSRn = (2)

where m is an integer, which here we refer to as the order of the Stokes peak.
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With this condition, the cavity became resonant for both the pump and Stokes radiations,
which drastically reduces the SBS threshold and leads to Stokes peaks emergence.

Figure 2. Doubly-resonant conditions.

In order to find the doubly-resonant states, we adjust the Brillouin shift by tuning the wave‐
length of the pump laser λp, because the Brillouin shift depends on pump wavelength as:

( ) 2n ,A
B p

p

V
n l

l
= (3)

where VA ≈ 5800 m/s [19] is the acoustic velocity in the optical fiber.

For a precise measurement of the acoustic velocity, we have developed the experimental setup
presented in Fig. 3. The radiation of the tunable laser at a fixed wavelength equal to 1549.7 nm
was injected into the cavity ring through the circulator OC and the coupler C1. This wavelength
was chosen to lead to Stokes emission in the ring cavity. The beat frequency between the Stokes
component and the backscattered Rayleigh radiation of the pump is registered at port A with
an RF spectrum analyzer HP 70908A. This beat frequency was found to be equal to 10.87689
GHz, which gives us with eq. 3 an acoustic velocity equal to 5740 m/s, so very close to the
expected theoretical value.

The resonant coupling between the scanning pump laser and the cavity mode occurs during
very short multiple time intervals. Indeed, the increase of the transmitted pump power at the
resonance is accompanied by a decrease of the reflected power as shown in Fig. 4. Strong pulses
at the Stokes wavelength are recorded at port C when the pump power is sufficient to exceed
the Brillouin threshold. These pulses are red-shifted by ~0.08 nm from the pump wavelength
and can only appear when the Brillouin frequency shift is an integer multiple of the FSR.
Moreover, there is a perfect synchronization between these Stokes pulses and the transmitted
ones. This is precisely the double resonance condition.

In order to estimate the exact position of the double resonance peaks, we use an averaging
procedure. Envelopes of the Stokes pulses after averaging of 7 laser scans, recorded for initial
unadjusted cavity, are shown in Fig. 5.
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The order of the envelope peak m can be found from the eqns. (1–3) as the nearest integer
function [20]:
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(4)

where λm, λm-1 are the central wavelengths of the neighboring m and (m-1) – orders of the
envelopes inside the measuring interval.

Figure 4. Signals at double resonance during the scanning.

Figure 3. Experimental setup for precise acoustic velocity measurement.
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Figure 5. Stokes envelopes vs. pump wavelength after 7 scans averaging for initial and adjusted cavities.

The DFB pump laser we use in the Brillouin ring laser has a fixed wavelength equal to 1549.7
nm. As we see from Fig. 5, the envelope positions for unadjusted cavity are noticeably away
from the wanted wavelength λ0 = 1549.7 nm. The nearby peaks to λ0 Stokes envelopes have
central wavelengths equal to 1547.9 nm and 1555 nm, which corresponds to m = 219 and m-1
= 218, respectively (see Fig. 5).

From the eqns. (1–3), we find that to move the l  -order envelope peak, calculated for the original
cavity, to its new position with the central wavelength equal to λ0, we should reduce the cavity
length by ∆L:

( )02 ,
2 m

A

cL m l
n V

l lD = - (5)

Figure 6 shows the lengths ΔL calculated for our experimental data as a function of m-l. In
theory, we can move to the new position any envelope peak that is located at the right side
from λ0 [20]. For example, we can move at the required position the nearest 218-order peak
(m - l = 1), but technically it is difficult to splice the fiber when cutting less than 2-cm piece of
the fiber. In the experiment, we replace the 217-order peak (m - l = 2) to the preselected
wavelength 1549.7 nm, by cutting ΔL = 3.3 cm piece of the fiber. As we can see in Fig. 5, the
result of the adjustment is in good agreement with the analytical estimation.
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Figure 6. Cutting length ΔL vs. difference in peak orders m-l.

Let us now consider the uncertainties of the algorithm for adjusting the doubly-resonant
condition in the ring Brillouin fiber laser. The cavity adjustment algorithm includes three main
steps:

1. Experimental recording of the Brillouin traces with the original cavity. Determination of
the Stokes envelope positions.

2. Calculation of the length ∆L, which must be taken out from the cavity in order to transfer
the resonance peak to the preselected position.

3. Cutting and splicing the fiber into the cavity in order to reduce the cavity length by ∆L.

Each of these actions introduces some errors that decrease the accuracy of the technique [21].

The experimental determination of the central wavelengths of the envelopes λm-1, λm, is
accompanied by some errors δλm-1, δλm, which depend on the accuracy of the equipment used
to measure the wavelength. The standard uncertainty of the peak order m can be estimated
from eqn. (4) with the error propagation formula as:

( )2
1

2 ,m
m

m m

m l
d dl

l l-

=
-

(6)

where δλm-1 = δλm = δλ are the standard errors in determination of the peak location.

The ordinary error of the peak position δλ in our experiment is equal to 0.1 nm; however, with
additional averaging over a number of oscilloscope traces, we get an uncertainty equal to 0.05
nm. Even higher precision can be obtained because the tunable laser Agilent 81940A is
arranged for typical absolute wavelength accuracy equal to ±5 pm with repeatability ±1 pm.
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Figure 7 shows the standard error of m versus the cavity length L for different accuracies of
the peak position measurement. The dependence is calculated utilizing eqns. (6) and (1–3) for
λm equal to 1550 nm. The method delivers absolutely correct value of the peak order only for
the very short cavities. For the cavities with lengths 4.0–8.0 m, the uncertainty of m reaches 1–
2%. Nevertheless, the relatively high error of the peak order m makes minor contribution to
the final error of the adjusted resonance peak position.

Figure 7. Standard error in calculations of Stokes peak order m.

Without loss of generality, we can assume that we transfer the (m-1) order peak toward the
preselected position, which is located between the m and (m+1) order peaks. With this
assumption, the maximum standard uncertainty of the required length reduction ΔL can be
estimated as:
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Figure 8 shows the uncertainty δΔL  versus the length of the laser cavity L . The errors in the
estimation of the cutting piece ΔL are less than 0.6 mm for the 0.1 nm error in the position of
the resonance peak for 4 m-length fiber cavity.

Now with eqn. (5) we can estimate the inaccuracy in the position of the (m-1) order peak which
we move at desired wavelength λ0. The resulting errors in the position of the peak due to
cutting and measurement errors are shown in Fig.9.

The error in the position of the adjusted peak due to measurement errors is equal to 1.6 MHz.
This error is thus significantly less than the linewidth of Brillouin gain profile in the fiber,
which is equal to about 30 MHz. However, the main errors of the method occur due to
inaccuracies of the cut-splice procedure. Fortunately, even for the 1 m-long fiber cavity with
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Without loss of generality, we can assume that we transfer the (m-1) order peak toward the
preselected position, which is located between the m and (m+1) order peaks. With this
assumption, the maximum standard uncertainty of the required length reduction ΔL can be
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Figure 8 shows the uncertainty δΔL  versus the length of the laser cavity L . The errors in the
estimation of the cutting piece ΔL are less than 0.6 mm for the 0.1 nm error in the position of
the resonance peak for 4 m-length fiber cavity.

Now with eqn. (5) we can estimate the inaccuracy in the position of the (m-1) order peak which
we move at desired wavelength λ0. The resulting errors in the position of the peak due to
cutting and measurement errors are shown in Fig.9.

The error in the position of the adjusted peak due to measurement errors is equal to 1.6 MHz.
This error is thus significantly less than the linewidth of Brillouin gain profile in the fiber,
which is equal to about 30 MHz. However, the main errors of the method occur due to
inaccuracies of the cut-splice procedure. Fortunately, even for the 1 m-long fiber cavity with
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1 mm cutting error, we get only an error of 11 MHz in the final peak position, which is quite
reasonable for practical applications. Therefore, the algorithm provides good precision for the
adjusted peak location with ordinary measurement and cutting accuracy.

Besides the adjustment of the double resonance, the proposed technique allow finding of the
fiber cavity length:
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However, the error in the length estimation with eqn. (8) is relatively high. Figure 10 shows
the standard errors in the estimation of the fiber cavity length, which was calculated utilizing

Figure 8. Standard error in estimations of cavity reduction length ΔL.

Figure 9. Standard error of the adjusted peak position.
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eqn. (8) with error propagation formula. The standard uncertainty of the cavity length exceeds
30 cm for the 8-m-length cavity and 0.1-nm errors in the peak position measurement. Thus,
more precise measurement of the peak location is required for the accurate determination of
the cavity length with this method.

Figure 10. Error of the estimation of the cavity length.

3. Doubly-resonant Brillouin fiber laser passively stabilized with self-
injection locking phenomena

In this section, we present a single-longitudinal-mode, doubly-resonant Brillouin fiber laser,
which is passively stabilized at the pump resonance frequency by employing the self-injection
locking phenomena.

The experimental configuration of this passively stabilized SLM Brillouin fiber laser is shown
in Fig. 11. The Brillouin laser is pumped by a standard MITSUBISHI FU-68PDF-V520M27B
DFB laser with a fiber output and a built-in optical isolator. The output radiation of pump
laser, which operates at a wavelength equal to 1549.7 nm, is connected to the optical circulator
OC1, amplified by an Er-doped fiber amplifier (EDFA) up to 30 mW and launched into the
fiber-optic ring resonator (FORR) through another optical circulator OC2. The FORR comprises
two couplers, polarization controller, and contains approximately 4-m-long fiber. The feed‐
back switch (FS) provides the possibility to switch-on or switch-off the optical feedback signal
reaching the DBF laser. The FORR was preliminary adjusted for double resonance at pump
wavelength equal to 1549.7 nm by utilizing the algorithm described in the previous section.

Once the pump laser gets a resonance with the ring laser cavity, the growing optical feedback
forces the DFB pump laser to operate at the cavity resonance frequency. After such locking,
any slow detuning of the cavity resonance caused, for example, by temperature variations, is
compensated by a matching deviation of the pump laser operation wavelength.
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The linewidth of pump laser was measured with the delayed self-heterodyne technique. An
all-fiber spliced Mach–Zehnder interferometer with a 15-km delay fiber in one arm and 20
MHz phase modulator supplied by polarization controller in the second arm is used for this
purpose. Figure 12 shows delayed self-heterodyne spectra of unlocked (Fig. 12a) and locked
DFB (Fig. 12b) pump laser at port D of Fig. 11.

Figure 12. Delayed self-heterodyne spectra of the DFB pump lasers; a) unlocked laser, b) self-locked pump laser.

For the unlocked DFB laser, the full-width at half-maximum (FWHM) linewidth was estimated
equal to 4 MHz, assuming that the line shape is Lorentzian. Meantime, the linewidth of the
locked pump laser reduces by more than 1000 times (see Fig. 12b) [22].

With the resonance, the power, which is circulating inside the FORR, is increasing up to the
Brillouin threshold. After the SBS threshold is reached, some of the pump energy is converted
into a Stokes wave, traveling in the opposite direction inside the ring. The main part of the
backward-propagating Stokes radiation is relaunched into the FORR but the other part goes
out and is available at ports C and E.

Figure 11. Configuration of the Brillouin laser with self-locked DFB pump laser; OC – optical circulator, PC – polariza‐
tion controller, FS – feedback switcher.
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Figure 13. Polarization state during 30 s: a) unlocked, and b) locked DFB pump laser.

Figure 13 shows time-behavior of the polarization states of the unlocked and locked DFB pump
laser recorded at port D during 30 s. The free running and locked laser emitted nearly
completely polarized light with degree of polarization (DOP) equal to 98–99%. However, the
locked laser demonstrates a slightly better temporal stability of the polarization. Whatever the
feedback, the Stokes wave polarization significantly varies in time (see Fig. 14).

Figure 14. Polarization state of the Stokes radiation during 30 s.

The maximum output Stokes power at port C was about 5 mW providing approximately 40%
Brillouin laser slope efficiency. The Stokes linewidth is expected to be narrower than the pump
one [23]. Indeed, Fig. 15 shows the delayed self-heterodyne spectra of the Stokes component
of the Brillouin laser from which the double linewidth 2∆ν can be estimated to be equal to 10
kHz with 20 dB criterion that corresponds to 1 kHz with 3 dB criterion [24]. It should be noted
that the delay length of 15 km is too short to obtain the incoherent mixing, which is required
in the measurements utilizing delayed self-heterodyne technique. For the 0.5 kHz linewidth,
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the length of the delay fiber should exceed 100 km. However, the error due to the shorter delay
fiber can lead to visible large-scale oscillations in self-heterodyne spectra and an increasing of
the estimated linewidth in comparison with actual one [24]. For this reason, the actual
linewidth of the Brillouin laser is better than the measured value equal to 500 Hz.

Figure 15. Delayed self-heterodyne spectra of the Stokes radiation of Brillouin laser.

Figure 16 illustrates a typical time-behavior of the Brillouin laser without locking. When
optical-feedback (FS) is switched off, the injection locking of the pump laser is disabled and
the stable resonance is never observed. Indeed, the pump power is almost totally reflected
from FORR to port B. Without locking, the pump power inside the Brillouin laser cavity is
small. So the transmitted pump power and the Stokes component are almost negligible at ports
A and C, correspondingly.

On the other hand, optical feedback drastically changes the operation mode of the Brillouin
laser (see Fig. 17). When FS is switched on, the Brillouin laser starts to operate mostly at the
resonance mode of the FORR. The pump power mainly goes inside the FORR and the reflected
power at port B becomes negligible. Analysis of the powerful single-frequency Stokes emission
measured at port C shows that the observed regime consists of stable Stokes radiation for some
duration, interrupted by short-time jumping intervals that are believed to be related to the
hoping of the resonance mode of the fiber laser. It is clear that a more detailed analysis of this
phenomenon is needed.

The variation of the transmitted pump power varies in antiphase with the reflected power,
leading to a strong time correlation between the pump power and the Stokes radiation. The
experimental conditions greatly modify the durations of the stable resonance-intervals and
jumping-intervals. In the experiment presented here, ordinary SMF-28 fiber was used inside
the FORR and the cavity was not stabilized against vibration and temperature. Under these
conditions, stable Stokes radiation is usually observed during 0.5–5 s.
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Figure 16. Oscilloscope traces when optical feedback is “switch-off.”

Figure 17. Typical oscilloscope traces when optical feedback is “switch-on.”

We believe that stability and efficiency of proposed technique can be noticeably improved with
temperature stabilization and, for example, by utilizing polarization-maintaining fiber in the
Brillouin ring cavity.

4. Brillouin fiber lasers passively stabilized with adaptive grating

In this section, we present another approach for passive stabilization of SLM DRC Brillouin
laser that demonstrates even narrower laser linewidth than the one that was reported in the
previous section. In this method, we utilize a population inversion grating, a side effect of the
population inversion mechanism, which, along with the refractive index change effect, is
widely used in many devices based on rare-earth doped fibers [25–32]. Here, dynamical grating
is self-organized in the piece of the un-pumped Er-doped optical fiber and able to adjust the
laser mode to the cavity resonance frequency. The adaptive all-fiber method was applied in
combination with two coupled FORRs that were used for preliminary pump-mode selection
and Stokes generation.
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The experimental laser configuration is shown in Fig.18. Optical gain is supplied by a 4.5-m
segment of erbium-doped single mode fiber (SM-EDF) pumped by 1480-nm laser diode
through a 1480/1550 wavelength-division multiplexer (WDM). Optical circulator (OC) and two
isolators (OI) provide unidirectional pump propagation through the cavity. To get single-
frequency generation, the laser cavity also comprises two coupled FORRs.

Figure 18. The laser configuration; OC- optical circulator, PC – polarization controller, OI – optical isolator, WDM –
wavelength-division multiplexer, PM EDF – polarization-maintaining erbium-doped fiber, SM EDF – single-mode
erbium-doped fiber.

This combined cavity has superior intermodal spacing, allowing the laser to operate only at
modes that are common for both ring resonators, i.e., to suppress multilongitudinal-mode
generation [33, 34]. The FORR-2 with a short fiber length is used only as a frequency-selective
element only. High-fidelity FORR-1, comprising relatively long fiber, is used as a frequency-
selective element and as the Brillouin laser ring cavity. The FORR-1 consists of two 95/5
couplers, polarization controller and contains 20-m length of a standard SMF-28 fiber used as
an efficient media for Brillouin Stokes generation. The radiation at the Stokes wavelength is
mainly emitted through port B, while port D is used to measure the parameters of the pump
radiation. We install a fiber polarizer inside the main laser cavity that ensures single polari‐
zation mode of the pump radiation. A 1.7-m section of un-pumped erbium-doped polarization
maintaining fiber (PM-EDF) has absorption of about 5.5 dB/m at 1530 nm and, in combination
with the narrow-band fiber Bragg grating (FBG) interferometer, operates as an adaptive ultra-
narrow-band reflector. The FBG interferometer is a Fabry-Perot cavity made of two uniform
FBGs inscribed in the PM single mode optical fiber and separated by ~0.8 cm. It has 95% main
reflectivity peak at 1547.37 nm with a FWHM equal to about 0.07 nm. In the course of this laser
operation, the optical waves traveling in the un-pumped fiber section in opposite directions
interfere to form a standing wave that causes inscription of a population inversion grating in
the fiber. Indeed, the two-wave mixing effect [35] is the key phenomena used here to make the
grating highly reflective at the inscribing light wavelength. The two-wave mixing being
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strongly power-dependent, the grating reflectivity peak is enhanced at the laser resonance
frequency and this high reflection reduces the cavity losses, leading to a further enhancement
of the resonance frequency. Any slow detuning of the frequency, for example, due to temper‐
ature variation, is followed by the matching shift of the adaptive grating reflectivity peak.

The measured Brillouin threshold for this laser was about 4 mW. Optical spectra of the Brillouin
laser recorded at the ports A and B with 5 mW pump power are shown in Fig. 19.

Figure 19. Brillouin laser optical spectra at ports A and B.

The Stokes power at port B was about 0.3 mW, providing approximately 30% slope efficiency
of the pump-to-Stokes power conversion. The peak at the Stokes wavelength is about 20 dB
higher than the peak associated with the Rayleigh scattering of the pump wave (see Fig. 19).
Because of this high spectral contrast, this signal could be further amplified by an extra Er-
doped amplifier without significant degradation of the signal-to-noise ratio.

The linewidths of pump and Stokes radiations were measured with the delayed self-hetero‐
dyne technique with a 25.3-km delay fiber in one arm and 15 MHz phase modulator in the
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second arm. In this experiment, the beat signal is detected by a photodiode and an RF spectrum
analyzer with a frequency resolution of about 100 Hz. Figure 20 shows the delayed self-
heterodyne spectrum of the pump radiation recorded at port D. The pump FWHM is estimated
to be 300 Hz. When increasing the pump power, the Stokes radiation appears at port B. As the
pump frequency is resonant for FORR -1, the power circulating inside FORR -1 is about 35
higher than the power at the resonator input. This supports effective generation of the Brillouin
radiation in FORR -1 comprising longer peace of fiber rather than FORR -2. The pump-to-
Stokes power conversion efficiency is higher when FORR -1 is resonant not only for the pump,
but also for the Stokes wave frequency. So, theoretically, we need to adjust the double
resonance at FORR-1. However for the 20-m long cavity, the FSR is significantly smaller than
the Brillouin gain width, so the resonance peaks are overlapping and this provides the double
resonance without any adjustment [20].

The Stokes wave linewidth is expected to be narrower than the pump one. Figure 20 shows
the delayed self-heterodyne spectrum of the Stokes wave that corresponds to a linewidth at
half-maximum equal to about 100 Hz.

Figure 20. Delayed self-heterodyne spectra of the pump and Stokes radiations.

Typical time-behavior of this Brillouin laser is very similar to that reported before. Stable pump
and Stokes power activities are observed during some time intervals that are interrupted by
short-time jumping. There is a strong correlation between the time-behavior of the pump and
Stokes radiations inside the cavities, where jumps of the pump power are always followed by
Stokes power fluctuations. Moreover, below the Brillouin threshold, the Stokes radiation is
negligible, but the laser dynamics is nearly the same as the one observed above the threshold.
Environmental conditions strongly affect the stable interval durations and these stable
durations could be significantly increased by an effective acoustic noise protection of the laser
cavity. The stable time intervals of 0.2–1 s are typical for unprotected laser, which operates in
regular lab environment [36].
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5. Conclusion

We have presented two approaches for designing passively stabilized single-longitudinal-
mode doubly-resonant Brillouin fiber lasers.

In the first approach, the SLM DRC Brillouin fiber laser is passively stabilized at pump
resonance frequency by employing the self-injection locking phenomenon. For precise setting
of the ring fiber cavity to the double resonance at any preselected pump laser wavelength, we
design a special algorithm that delivers good accuracy of the resonance peak location with
ordinary measurement and cutting errors. We have demonstrated that the locking phenom‐
enon decreases the pump laser linewidth by a factor more than 1000 times and generates a
Stokes wave with linewidth of about 0.5 kHz.

In the second approach, the pump fiber laser is stabilized with adaptive grating recorded in
un-pumped Er-doped optical fiber. The laser is shown to emit a single-frequency Stokes wave
with a linewidth narrower than 100 Hz. This result is a significant progress in the field of
passively stabilized Brillouin lasers.

The stable regime for both Brillouin lasers is observed during some intervals that are inter‐
rupted by short-time jumping-intervals. We believe that the laser stability can be further
improved by utilizing fully polarization-maintaining fiber spliced configuration and a proper
cavity protection system.
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Abstract

Dual-Wavelength Fiber Lasers (DWFLs), which provide a simple and cost-effective ap‐
proach for the optical generation of Microwave (MHz) and Terahertz (THz) radiation.
The emphasis of this review is to trace the early development of DWFLs, including the
issues and limitations faced by the various gain media right to the latest advancements in
this field as well as their roles in generating the desired output. This review covers both
the simple approaches of narrow-band filters and comb filters for microwave radiation
generation, as well as the use of DWFLs with diethylaminosulfurtetrafluoride or LiNbO3

crystals for generating THz radiation.

Keywords: Fibre Laser, Microwave, Terahertz, Dual-Wavelength

1. Introduction

The generation of Microwave (MHz) and Terahertz (THz) signals has been an area of intense
research efforts due to the potential application for these signals in a multitude of applications.
These new applications are spread across the board, encompassing conventional applications
that are typically associated with MHz and THz signals such as communications and manu‐
facturing [1-3] to novel and niche areas such as defence and science [4, 5].

While the generation of MHz and THz signals has been traditionally confined exclusively
within the electromagnetic and radio frequency domains, recent developments in the field of
photonics have made it possible for the generation of MHz and THz in this domain. This allows
researchers to now overcome some of the technological limits on the development of these
signals in the electromagnetic and radio frequency domains, and at the same time allowing
them to realize a vast new array of applications. Photonic based MHz systems could allow for
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the development of applications such as photonic generation, processing, control and distri‐
bution of MHz and millimeter-wave signals, while photonic based THz signal generation
could in turns realize the development of new non-invasive sensing and measurement systems
as well as expanding communications bandwidths. The interest in MHz based photonics
systems is in the interactions between microwave and optical signals. The generation of
microwave signals is typically a complicated affair, requiring expensive electronic circuits with
multiple frequency doubling stages. This creates a major issue in terms of practically, and for
safety purposes most microwave generation facilities are located at remote sites, thus making
the distribution of MHz signals in the electrical domain a highly inefficient exercise as these
signals will experience high losses during the transmission process. This is where photonic
based MHZ systems has the significant advantage, as the generation of microwave signals in
the optical domain alleviates these problems by allowing low-loss and broad bandwidth
transmissions over optical fibres and at the same time taking advantage of the inherent
immunity of optical fibres to electromagnetic waves. In most cases, microwave signals in the
optical domain can be generated by the relatively simple process of optical heterodyning [6,
7], whereby the beating of two closely spaced but distinct frequencies results in the generation
of the desired MHz output at a photodetector. Using this approach, MHz waves can be
generated from a central office and distributed through an optical grid, thus simplifying
equipment requirements and in turn reducing the cost and complexity of the system.

At the same time, intensive research has also been undertaken to investigate the field of THz
radiation. THz radiation lies in the frequency gap between the infrared and microwave regions
of the emission spectra, falling between the band gaps of 100 GHz to 30 THz and although
long been eminent only in the domains of astronomy and analytical science, recent advances
in technology have now seen its expansion into new areas of interest. This is due to the almost
unlimited potential THZ radiation has for a wide variety of applications such as communica‐
tions, security and defence, biological and medical sciences and spectroscopy to name a few.
THz generation by optical sources typically entails non-linear optical frequency conversion,
although initial research into this area was limited due to frequency and conversion efficien‐
cies. However, with the availability of femtosecond lasers, THz frequencies and conversion
efficiencies that could not be previously attained from optical sources can now be realized.
Where the typical method of generating THz pulses would be by the use of femtosecond
oscillators in the form of photoconductive switches and optical rectification, these pulses can
now be realized using a variety of techniques that include the adaptation of femtosecond laser
systems for generating of high intensity THz pulses as well as the exploitation of beats
generated by two closely spaced lasing wavelengths. THz radiation is highly important for a
multitude of applications, in particular the analysis of biological materials as the energy of
THz photons is typically several orders of magnitude below the energy level required to ionize
the valence electrons from biological molecules. This makes THz radiation a non-ionizing
radiation, and gives it a fundamental advantage over ionizing radiation as it negates any
harmful effects to biological structures that would result in the formation of highly reactive
free radicals, which can cause secondary or indirect damage to other biomolecules. As such,
THz radiation would find substantial potential for applications that require the analysis of
biological matter, encompassing a wide range of effects from research such as spectroscopic
analysis to real-world applications such as security applications.
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2. Optical generation of microwave and THz radiation

The generation of THz and microwave radiation by optical means can be typically accom‐
plished by two methods. The first method entails the creation of an ultrafast photocurrent in
a photoconductive switch or semiconductor using electric-field carrier acceleration, otherwise
known as the photo-Dember effect. Alternatively, the desired radiation can be optically
generated by non-linear optical effects such as optical rectification or optical parametric
oscillations. Both these approaches are, however, rather difficult to achieve, requiring highly
sensitive electronics or exotic media such as GaAs, GaSe, GaP, ZnTe, CdTe, diethylaminosul‐
furtetrafluoride (DAST) or LiNbO3 crystals.

Recently however, a new approach has shown much potential for the optical generation of
THz radiation; optical heterodyning [6, 7]. By employing the optical heterodyning approach,
both microwave and THz radiation can be generated as a result of the frequency differences
between two closely spaced laser modes. When a photo-mixer with a short photo-carrier
lifetime is exposed to these laser modes, the photocurrent is modulated at the frequency
difference of the two laser modes, thereby generating an electromagnetic wave within the
desired spectral range. The generated heterodyne beat can be represented mathematically as:

( ) ( )1 01 1 1E  t   E cos t  w f= + (1)

( ) ( )2 02 2 2E  t   E cos t   w f= + (2)

With E01 and E02 representing the amplitude of the generated modes, while ω1 and ω2 repre‐
senting the angular frequency of the same modes. The phases of the modes are given in (1)
and (2) as ϕ1 and ϕ2 respectively, while t denotes the time. Superimposing Equations (1) and
(2) yields Equation (3), which is as follows:

( ) ( )1 2 1 2I   A cos  –     –  RF w w f fé ù= +ë û (3)

whereby IRF  represents the frequency of the generated electromagnetic wave and A being a
constant determined by E01 and E02. Tuning the spacing between the two wavelengths will
now yield the electromagnetic output in the desired spectrum, be it in the microwave or THz
regions.

3. MHz generation from DWFLs

In a perfect scenario, the generation of MHz and THz radiation from DWFLs would require
the interaction of two closely Single-Longitudinal Mode (SLM) beams propagating in the same
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laser cavity. An SLM output is desired, as the long cavities in most fiber laser configurations
would typically lead to a dense group of wavelengths propagating alongside a central
wavelength, in turn preventing the generation of a clean and stable output [8]. SLM outputs
can be obtained from fibre lasers by employing either narrow band or comb filters. Narrow
band filters encompass filters such as Fiber Bragg Gratings (FBGs) [9, 10] and arrayed wave‐
guide gratings (AWGs), while comb filters encompass interferometers, such as the Mach-
Zehnder filter, Fabry-Perot filter and ring resonators. Both approaches have their advantages;
narrow-band filters are easily integrated into laser cavities, allowing for the accurate filtering
of wavelengths from a broad spectral band, while interferometers are easy to fabricate and
provide uniform channel spacings. However, one would also need to consider the drawbacks
of each approach; FBGs and AWGs are difficult to fabricate, whereas interferometers are
usually very sensitive with substantial sizes and do not function well outside a laboratory
environment.

The earliest, and arguably the easiest DWFL configuration for generating an SLM output
would be the use of FBGs with two distinct but close filtering wavelengths to isolate the desired
wavelengths from a broadband spectrum and allow only these two wavelengths to oscillate
within the laser cavity. A typically example of this is seen in the configuration as proposed by
D. S. Moon and Y. Chung [11], which uses a simple ring cavity with an Erbium Doped Fiber
(EDF) acting both the broadband spectrum source and also the amplifier for the lasing
wavelengths. The desired dual-wavelength output is achieved by integrating two FBGs into
the laser cavity. Although the proposed design in simple, nevertheless it achieves its crucial
objectives, which is to stable and uniform dual wavelength SLM output. The system as
proposed in Figure 1 is highly stable, with a power fluctuation of less than 0.2 dB at room
temperature and a relatively high Optical Signal to Noise Ratio (OSNR) of more than 60 dB.
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Figure 1: Experimental setup of a simple DWFL using an EDF as the gain medium. The inset 
of the figure shows the generated dual wavelength output obtained from the system [11]. 
Bear in mind though that the inset indicates where the dual‐wavelength output is generated, 
not where the sampling is made.  
 
A particular problem arises though in the design of Figure 1, which revolves around the use 
of  the EDF. Specifically,  the  issue  that arises  is  that of homogenous broadening and cross‐
gain saturation, both of which are effects strongly felt in the EDF and will lead to a condition 
of  unstable  lasing.  A  straight‐forward  solution  to  this  is  to  cool  the  EDF  to  sub‐zero 
temperatures, typically around 77K using liquid nitrogen. While this alleviates the effects of 
homogenous  broadening  and  cross‐gain  saturation,  it  is  for  all  purposes  impractical  and 
cannot  be practically  realized. Alternatively,  exotic EDFs  can  also  be used,  such  as  those 
with specially designed structures or by taking advantage of various optical effects such as 
Polarization Hole Burning (PHB). Again, these may allow the desired goals to be achieved, 
but  also  increases  the  cost  and  complexity  of  the  setup.  The  authors  of  [11]  opted  for  a 
different approach, which is to suppress the line‐broadening using a 2 km long Dispersion 
Shifted Fiber (DSF). While this approach was successful in creating the desired SLM output, 
careful balancing is required when using the DSF, thus adding a certain level of complexity 
to the system.  

Figure 1. Experimental setup of a simple DWFL using an EDF as the gain medium. The inset of the figure shows the
generated dual wavelength output obtained from the system [11]. Bear in mind though that the inset indicates where
the dual-wavelength output is generated, not where the sampling is made.
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A particular problem arises though in the design of Figure 1, which revolves around the use
of the EDF. Specifically, the issue that arises is that of homogenous broadening and cross-gain
saturation, both of which are effects strongly felt in the EDF and will lead to a condition of
unstable lasing. A straight-forward solution to this is to cool the EDF to sub-zero temperatures,
typically around 77K using liquid nitrogen. While this alleviates the effects of homogenous
broadening and cross-gain saturation, it is for all purposes impractical and cannot be practi‐
cally realized. Alternatively, exotic EDFs can also be used, such as those with specially
designed structures or by taking advantage of various optical effects such as Polarization Hole
Burning (PHB). Again, these may allow the desired goals to be achieved, but also increases the
cost and complexity of the setup. The authors of [11] opted for a different approach, which is
to suppress the line-broadening using a 2 km long Dispersion Shifted Fiber (DSF). While this
approach was successful in creating the desired SLM output, careful balancing is required
when using the DSF, thus adding a certain level of complexity to the system.

As a result of the effects of homogenous line broadening, in-homogenous gain media has also
been investigated for the development of a stable, dual-wavelength SLM output. Among the
successful demonstrations of this approach was that by X. Chen et al. [12] who were able to
use two Ultranarrow Transmission Bands (UNTB) FBGs in conjunction with a Semiconductor
Optical Amplifier (SOA) to generate the desired output for operation in the microwave regime.
The key advantage of this setup, as shown in Figure 2 is the use of the SOA as the gain medium
which is has a very much lower homogeneous line-broadening effect as compared to the EDF.

 
 
Figure 2: SLM dual wavelength fiber laser utilizing two UTNB FBGs. The mixing of the two 
wavelengths results in the generation of a microwave signal as seen from a radio frequency 
spectrum analyser, as shown in the figure [12]. 
 
As a result, the effects that typically arise in homogenously broadened gain media, such as 
mode‐competition  is negligible, and  thus  the  two SLM wavelengths are able  to  lase  in  the 
same  cavity with  the  relative phase  uctuations between  the  two wavelengths being  low 
and  thus  allowing  the  system  to  generate  a  low‐phase‐noise microwave  signal  without 
requiring  a  microwave  reference  source.  This  particular  work  was  able  to  generate 
microwave signals at 40.95, 18.68 and 6.95 GHz, corresponding  to  the channel spacings of 
the  three  different  dual‐wavelength  UNTB  FBGs  incorporated  into  the  laser  cavity.  A 
spectral width as small as 80 kHz was with a  frequency stability better  than 1 MHz when 
operating at room temperature in a free‐running mode. 

While  the use of  the SOA resolved  the  issues related  to  the stability of  the  lasing 
wavelengths,  improved  performance  in  terms  of  the  channel  spacing  and  thus,  the 
frequencies of  the generated microwave and THz  radiation outputs  could be achieved by 
using  other wavelength  filtering mechanisms  in  place  of  the  conventional  FBGs,  such  as 
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Chirped Moire FBGs  (CMFBG)  [15]. The advantages of  these approaches has already been 
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Guillermo  et  al.  [13].  E.  Guillermo  proposed  and  demonstrated  a  setup  utilizing  two 
cascaded PSFBGs written  onto FBGs  and  configured  to  form  a distributed  feedback  fiber 
laser. Using the PSFBGs, a dual‐wavelength laser output is achieved with each wavelength 
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Figure 2. SLM dual wavelength fiber laser utilizing two UTNB FBGs. The mixing of the two wavelengths results in the
generation of a microwave signal as seen from a radio frequency spectrum analyser, as shown in the figure [12].

As a result, the effects that typically arise in homogenously broadened gain media, such as
mode-competition is negligible, and thus the two SLM wavelengths are able to lase in the same
cavity with the relative phase fluctuations between the two wavelengths being low and thus

Dual-Wavelength Fiber Lasers for the Optical Generation of Microwave and Terahertz Radiation
http://dx.doi.org/10.5772/61690

115



allowing the system to generate a low-phase-noise microwave signal without requiring a
microwave reference source. This particular work was able to generate microwave signals at
40.95, 18.68 and 6.95 GHz, corresponding to the channel spacings of the three different dual-
wavelength UNTB FBGs incorporated into the laser cavity. A spectral width as small as 80 kHz
was with a frequency stability better than 1 MHz when operating at room temperature in a
free-running mode.

While the use of the SOA resolved the issues related to the stability of the lasing wavelengths,
improved performance in terms of the channel spacing and thus, the frequencies of the
generated microwave and THz radiation outputs could be achieved by using other wavelength
filtering mechanisms in place of the conventional FBGs, such as Phase-Shifted FBGs (PSFBGs)
[13], Inverse-Gaussian Apodized FBGs (IGAFBGs) [14] and Chirped Moire FBGs (CMFBG)
[15]. The advantages of these approaches has already been proven, such as the wider range of
the microwave signals generated as reported by E. Guillermo et al. [13]. E. Guillermo proposed
and demonstrated a setup utilizing two cascaded PSFBGs written onto FBGs and configured
to form a distributed feedback fiber laser. Using the PSFBGs, a dual-wavelength laser output
is achieved with each wavelength having a Full-Width at Half Maximum (FWHM) linewidth
of 0.22 pm in the single-wavelength regime. Piezoelectric actuators were utilized as the tuning
mechanism, thus giving the user dynamic control over the wavelength spacing between the
two lasing modes. A continuous tuning range of between 5 to 724 pm of was obtained, giving
an equivalent microwave frequency range of 0.72 GHz to 92 GHz.

While the generation of the dual-wavelength SLM outputs was made possible by the FBG,
real-world applications would demand a more consistent and uniform mechanism of obtain‐
ing these wavelengths. In this regard, the FBG falls short, as each time the system is deployed,
fine tuning of the FBG’s operating wavelengths and other such parameters needs to be made
to ensure that the desired result is obtained. As such, focus on the development of the DWFL
now shifted towards new wavelength filtering mechanisms that would give the same output
regardless of the environment it was operating in. In this manner, a viable solution was found
in the form of the Arrayed Waveguide Grating (AWG). When employed in a laser cavity, the
AWG allowed for the quick and easy manipulation of the spacing between two oscillating
wavelengths simply by selecting different channels on the AWG. As the channel spacings on
the AWG were constant, thus a uniform output could be realized. Figure 3 shows such a
system, which utilizes two AWGs to generate the desired wavelength spacings. This reliable
yet simple approach was demonstrated by H. Ahmad, et. al. [16, 17] and used a 1 m long highly
doped Leikki Er80-8/125 EDF as the linear gain medium. Two AWGs were used as the narrow-
band filters. Similar to the aforementioned approach, the suppression of unwanted modes is
carried out using a 7 cm long un-pumped Leikki Er80-8/125 EDF and sub-ring cavity. An
output is highly stable output is obtained, with close channel spacings of between 0.01 to 0.03
nm and beating frequencies of between 1.4 to 3.2 GHz. The addition of a Mach-Zehnder
modulator, driven at 180 kHz in the above setup adds the ability to obtain a distinct oscillating
wavelength in addition to the dual-wavelength output should the need arise.

In addition to narrow-band filtering, the use of comb filters as a means to obtain a dual-
wavelength output has also become widely accepted. One of the better examples of this
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approach is that of the reconfigurable dual-pass Mach-Zehnder Interferometer (MZI) filter,
that was demonstrated by F. Wang et al. [18]. In this approach, the dual-pass MZI is incorpo‐
rated into an EDF based ring fiber laser with a cavity that has a high extinction ratio, as shown
in Figure 4.
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Bandpass Filter (TBPF) inside the laser cavity. S. Pan and J. Yao on the other hand explored 
a different approach to produce a novel DWFL capable of generating an SLM output from 
an EDF  laser. Their approach was based on a  sigma architecture consisting of a  ring  loop 
and  a  linear  standing  wave  arm  [8]  as  illustrated  in  Figure  5.  This  approach  is  highly 
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The proposed setup allows for the generation of a microwave output at signal frequencies of
9.76 GHz, 17.78 GHz and 35.67 GHz, although other frequencies can also be realized. The
optical spectra of the system can be tuned from 1530 to 15675 nm using the Tunable Bandpass
Filter (TBPF) inside the laser cavity. S. Pan and J. Yao on the other hand explored a different
approach to produce a novel DWFL capable of generating an SLM output from an EDF laser.
Their approach was based on a sigma architecture consisting of a ring loop and a linear
standing wave arm [8] as illustrated in Figure 5. This approach is highly advantageous as it
prevents gain competition among the oscillating wavelengths by placing the gain medium in
the standing-wave arm and introducing the PHB effect into the system by the polarization
multiplexing of the two lasing wavelengths in the ring loop of the cavity.

 
 
 
 
 

 
Figure 4: Experimental setup of the dual‐pass MZI filter based dual‐wavelength SLM fiber 
laser (above). The resulting microwave outputs are shown also shown in the figure (below), 
with the initial output shown in the forward spectrum, while the second microwave output, 
obtained after the channel spacing has been tuned, is shown in the spectrum at the back [18]. 
 
The proposed setup allows for the generation of a microwave output at signal frequencies of 
9.76 GHz, 17.78 GHz and 35.67 GHz, although other  frequencies can also be realized. The 
optical  spectra  of  the  system  can  be  tuned  from  1530  to  15675  nm  using  the  Tunable 
Bandpass Filter (TBPF) inside the laser cavity. S. Pan and J. Yao on the other hand explored 
a different approach to produce a novel DWFL capable of generating an SLM output from 
an EDF  laser. Their approach was based on a sigma architecture consisting of a  ring  loop 
and  a  linear  standing  wave  arm  [8]  as  illustrated  in  Figure  5.  This  approach  is  highly 
advantageous as it prevents gain competition among the oscillating wavelengths by placing 
the gain medium in the standing‐wave arm and introducing the PHB effect into the system 
by the polarization multiplexing of the two lasing wavelengths in the ring loop of the cavity. 
 
 

 
 
Figure 5: Experimental setup utilizing Fabry‐Perot interferometer as SLM dual wavelength 
fiber laser. A single microwave output at approximately 51.3 GHz is obtained from the 
system [8].  
 

Figure 5. Experimental setup utilizing Fabry-Perot interferometer as SLM dual wavelength fiber laser. A single micro‐
wave output at approximately 51.3 GHz is obtained from the system [8].

This provides a stable output, and by integrating an ultranarrow Fabry- Perot Filter (FPF) into
the cavity in the form of an un-pumped EDF, SLM operation can be realized. As a Lyot filter
is formed for each wavelength, thus wavelength switching can be achieved by simply adjusting
the polarization state of either wavelength. The proposed system was able to generate a
microwave frequency output in a tunable range of ~10 to ~50 GHz.

Recently, a new approach towards achieving a DWFL with an SLM has been demonstrated
using a ring resonator. This approach, as proposed by Y. Zhang et. al. successfully demon‐
strated a tunable SLM dual wavelength fiber laser based on a microwave photonic notch filter
using a microfiber ring resonator [19] as shown in Figure 6.

In this experiment, the microfiber ring resonator (MRR) acts as a comb filter, while an un-
pumped Polarization Maintaining EDF (PM-EDF) with an Au film coated at the end surface
allows for the suppression of the mode competition and control of SLM output. A wavelength
spacing of 1.02 nm, 0.82 nm, and 0.65 nm is reported by adjusting the MRR diameter, giving
an equivalent microwave signal at 2.31 GHz with an OSNR of 35 dB. Similar results have also
been obtained using microfiber couplers [20].
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4. Terahertz generation from dual wavelength fiber lasers

While microwave frequencies can be easy to generate, the optical generation of THz radiation
can be much more complex. Unlike microwave radiation, the optical generation of THz
radiation requires dual-wavelength near-Infrared (IR) laser fields to stimulate nonlinear
polarizations in bulk Nonlinear Optical (NLO) crystals. Under suitable phase matching
conditions, second order nonlinearity induced parametric process can lead to the generation
of coherent THz radiation. However, due to the inherent characteristics of ultra-wideband THz
frequency tunability (from sub-THz to tens of THz) that arise from the NLO crystals, Difference
Frequency Generation (DFG) THz sources are very attractive for a wide range of applications
in high-resolution spectroscopy and imaging. Traditionally, DFG THz sources were obtained
using a dual wavelength approach by independent sources, although this method can be
complex in terms of the necessary mechanical alignment and also the fine adjustment required
in obtaining the spatial overlap of laser transverse modes [21, 22]. Alternatively, Optical
Parametric Oscillators (OPO) can also be employed for this purpose, but although they can
provide an output with a high power and also wide tenability, they are large, difficult to align
and in most cases very expensive [23, 24]. As such, DWFLs are now being seen as a viable
alternative to obtain the necessary wavelengths from a fiber laser for THz radiation generation,
while at the same time leveraging on the robustness, compactness and stability of the fiber
laser.

One of the most reliable approaches towards obtaining the desired frequency output is the use
of a wavelength selector and laser oscillation, provided by linearly Chirped Fibre Braggs
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Gratings (CFBGs) and SOAs. A system, as proposed by M. Tang et. al. [25] takes advantage of
a thermo-optical phase change that allows seamless wavelength tuning; a single longitudinal
mode operation is capable of achieving Continuous Wave (CW) dual-wavelength fibre laser
with emissions at approximately 1060 nm using a Polarization Maintaining Ytterbium Fibre
Amplifier (PM-YDFA) to amplifies the emission of the laser in order to pump a NLO DAST
crystal. This setup is shown in Figure 8.

sources were obtained using a dual wavelength approach by independent sources, although 
this method can be  complex  in  terms of  the necessary mechanical alignment and also  the 
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compactness and stability of the fiber laser.  
  One  of  the  most  reliable  approaches  towards  obtaining  the  desired  frequency 
output is the use of a wavelength selector and laser oscillation, provided by linearly Chirped 
Fibre Braggs Gratings  (CFBGs)  and SOAs. A  system,  as proposed by M. Tang  et.  al.  [25] 
takes advantage of a thermo‐optical phase change that allows seamless wavelength tuning; 
a single longitudinal mode operation is capable of achieving Continuous Wave (CW) dual‐
wavelength  fibre  laser  with  emissions  at  approximately  1060  nm  using  a  Polarization 
Maintaining Ytterbium Fibre Amplifier (PM‐YDFA) to amplifies the emission of the laser in 
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Figure 8: Setup of the DWFL for THz generation (above) and the resulting THz output that 
can be obtained from the system (below) [25]. Figure 7. Setup of the DWFL for THz generation (above) and the resulting THz output that can be obtained from the

system (below) [25].

The upper half of Figure 9 represents the ring configuration DWFL, which is based on a gain
medium consisting of a fibre pig-tailed wideband 1060 nm SOA. This setup allows for a high
saturation output power of 18 dBm and a wide optical bandwidth of 60 nm with +15 dB gain
to be realized, with a relatively compact form factor as the ring cavity length is only 11.2 m
long. The longitudinal mode spacing is 17.86 MHz, while unidirectional ring cavity and the
stability of laser oscillations is maintained by means of optical isolator and polarization
controllers at PC-1 and PC-2 respectively. The latter permits the laser polarization state to be
optimized during propagation for the lasing and subsequently in amplification operations.
The Two CFBGs, CFBG1 and CFBG2 are integrated into the cavity. CFBG1, which is 2.5 cm
long is spliced into the cavity for transmission modes, and an identical to CFBG2 that is used
for reflection alongside a 3-port optical circulator. Both CFBGs have a linear chirp rate of 4.5
nm/cm, which gives a reflection / stop band of approximately 10 nm. The inscription of the
linearly chirped CFBG is achieved using hydrogen-load Nufern PS1060 photosensitive fibre
with the ultraviolet scanning beam at 1060nm wavelength.
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a single longitudinal mode operation is capable of achieving Continuous Wave (CW) dual‐
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Figure 8: Setup of the DWFL for THz generation (above) and the resulting THz output that 
can be obtained from the system (below) [25]. Figure 7. Setup of the DWFL for THz generation (above) and the resulting THz output that can be obtained from the

system (below) [25].

The upper half of Figure 9 represents the ring configuration DWFL, which is based on a gain
medium consisting of a fibre pig-tailed wideband 1060 nm SOA. This setup allows for a high
saturation output power of 18 dBm and a wide optical bandwidth of 60 nm with +15 dB gain
to be realized, with a relatively compact form factor as the ring cavity length is only 11.2 m
long. The longitudinal mode spacing is 17.86 MHz, while unidirectional ring cavity and the
stability of laser oscillations is maintained by means of optical isolator and polarization
controllers at PC-1 and PC-2 respectively. The latter permits the laser polarization state to be
optimized during propagation for the lasing and subsequently in amplification operations.
The Two CFBGs, CFBG1 and CFBG2 are integrated into the cavity. CFBG1, which is 2.5 cm
long is spliced into the cavity for transmission modes, and an identical to CFBG2 that is used
for reflection alongside a 3-port optical circulator. Both CFBGs have a linear chirp rate of 4.5
nm/cm, which gives a reflection / stop band of approximately 10 nm. The inscription of the
linearly chirped CFBG is achieved using hydrogen-load Nufern PS1060 photosensitive fibre
with the ultraviolet scanning beam at 1060nm wavelength.
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The two NiCr resistance wires shown in the figure are perpendicular to CFBG1, and lie across
a heat sink while at the same time making contact with the fibre at two points. These wires
have a cross-section diameter of 150 µm and are powered by a DC power supply to act as
heating elements. As the refractive index of the silica glass fibre is temperature dependent,
thus the points of the fibre in contact with heated elements will cause a relative phase change
in a passing optical signal. This thermo-induced phase change becomes sufficiently large to
break the linear chirp relationship at the CFBG, which results in a sharp transmission rise in
the stop-band region of the CFBG. Two transmission peaks can occur simultaneously by means
of mechanical operation on the heating elements. Using the DAST crystal, this particular DWFL
setup is able to successfully generate THz radiation in the CW regime from 0.5 to 2 THz. The
SOA as gain medium is able to suppress gain competition and any noise that arises from laser
beating, while the CFBG wave selector efficiently controls the frequency difference of dual-
wavelength single longitudinal mode lasing operations near 1060 nm. The thermo-optical
induced phase changes lead to very sharp transmission peaks, and two mechanically adjust‐
able fibre contact positions allow for two simultaneous wavelength oscillations.

The optical generation of microwave and THz radiation will undoubtedly open up a whole
new aspect of research and development due to the immense potential these systems have on
a variety of applications. Although this chapter has been able to give an overview of the
developments of the DWFL that has led to today’s technologies for microwave and THz
radiation generation, it far from all-encompassing. With the continued pace of development
and growing interest in this area, there is no doubt that this field will continue to grow and
generate many interesting outputs in the times to come.
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Chapter 7

Tunable Single-, Dual- and Multi-wavelength Fibre
Lasers by Using Twin Core Fibre-based Filters
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Abstract

Tunable fibre lasers draw intensive attention because their emission wavelength can be
systematically tuned within a certain spectral range, which allows using a single laser
source instead of several sources. This is convenient and cost-effective for many applica‐
tions in a range of fields, such as telecom, material processing, microscopy, medicine and
imaging and so on. The laser wavelength can be tuned in a certain range of wavelength
by inserting wavelength-selective elements into the laser’s optical cavity. This chapter de‐
scribes the twin core fibre (TCF)-based filters, which work as the wavelength-selective el‐
ement. They are introduced into the ring cavity to implement tunable single-, dual- and
multi-wavelength fibre lasers. First, we deduced the coupled-mode theory of TCF-based
filter. Second, we experimentally and numerically characterized the optical properties of
TCF-based filters including free spectral range, polarization dependence, strain effect and
bending effect. Finally, we investigated three tunable fibre lasers which operate at single-,
dual- and multi-wavelengths, respectively. The operation mechanism of the fibre lasers
mainly involved the elastic-optic effect, polarization hole burning effect and non-linear
optical loop mirror. We emphasized the tuning mechanism and the tuning characteristics
of the tunable fibre lasers.

Keywords: Tunable fibre laser, Twin core fibre, Elastic-optic effect, Polarization hole
burning effect, Non-linear optical loop mirror

1. Introduction

Tunable fibre lasers draw serious attention because their emission wavelength can be system‐
atically tuned within a certain spectral range, which allows using a single laser source instead
of several sources. This is convenient and cost-effective for many applications in a range of
fields, such as telecom, material processing, microscopy, medicine and imaging and so on.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Especially in a wavelength division multiplexing system, the tunable laser is recognized as a
backup light source for fixed wavelength laser replacement, with the motivating factors being
cost savings and potentially higher system reliability.

Tuning the laser wavelength across a certain wavelength range can be achieved by placing
wavelength-selective elements into the laser’s optical cavity to provide a particular wavelength
selection. Free space filters based on opto-VLSI processor [1] or two-dimensional (2D)
dispersion arrangements [2] have been used as wavelength-selective elements for realizing
tunable fibre lasers. These filters can provide relatively small tuning steps. However, these
devices often suffer from high insertion loss which results in a low side-mode suppression
ratio (SMSR). By contrast, in-line fibre filters have been widely used in the laser cavity due to
the advantages of low insertion loss, compactness and integration in all fibre laser systems.
Conventional Fibre Bragg gratings (FBGs) in single-mode fibres have been used for realizing
tunable single-wavelength fibre lasers by highly stretching or bending the FBGs in the laser
cavity [3, 4]. Various special fibre-grating structures have been designed to implement dual-
wavelength fibre lasers, including a pair of identical FBGs [5], polarization maintained FBGs
[6], multimode FBGs [7] and phase-shifted FBGs [8]. Besides the FBGs, a series of modal
interferometers draws more attention on tunable single-wavelength fibre lasers due to their
easy fabrication and low cost. These modal interferometers can be constructed by using fibre
tips [9], two tapers [10, 11], and multimode fibres [12, 13]. High-birefringence Sagnac loop
mirrors (HiBi-SLMs) [14, 15] and Lyot birefringence filters [16] were also employed to provide
C- and L-band tunable fibre lasers. The modal interferometers and HiBi-SLMs usually lead to
polarization hole burning effect which can weaken the homogeneous gain broadening of the
erbium-doped fibre (EDF) and help to understand multi-wavelength fibre lasers. Generally,
these lasers were switched to operate in dual-/three-wavelength oscillation by adjusting the
polarization controllers (PCs). More effective mode suppression techniques have been
exploited to obtain more wavelength emissions at room temperature, including phase
modulation [17], four-wave mixing [18], Raman scattering [19], Brillouin scattering [20, 21]
and a non-linear optical loop mirror (NOLM) [22, 23].

In this chapter, twin core fibre (TCF)-based filters acting as the wavelength-selective element
are proposed to achieve tunable single-, dual- and multi-wavelength erbium-doped fibre
lasers. This chapter is structured as follows: in Section 1, we will give an overview of the recent
development in tunable fibre lasers; in Section 2, we will give the coupled-mode theory of TCF-
based filter; in Section 3, we will characterize the optical properties of TCF-based filter, both
experimentally and numerically; in Section 4, we will introduce three tunable fibre lasers which
operate at single-, dual- and multi-wavelengths, respectively and the conclusion will be given
in the fifth section.

2. Coupled-mode theory

The TCF used in our experiments was fabricated by means of the groove-stack-and-draw
method. The TCF preform was first prepared by side grooving in a large-diameter pure silica
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rod; then the rectangular groove was filled with two small-diameter Ge-doped silica rods and
some other small-diameter pure silica rods; finally the rods were fixed in a pure silica jacket
tube. Figure 1(a), (b) and (c) illustrates the original preform, micrograph image of the TCF cross
section and the magnified micrograph image of the core region, respectively. The diameters
of the core and cladding are approximately 6.4 µm and 130 µm, respectively. The separation
between the two core axes is 14.2 µm. The difference of the refractive index between the core
and cladding is Δ = 0.296%. We intended to fabricate a TCF with two identical cores. Unfortu‐
nately, the two cores in the fabricated TCF have a tiny difference in the geometry shape. In
order to evaluate the optical properties accurately, we applied a digital image processing
technology to model and rebuild the geometry of the TCF [24], as shown in Figure 1(d). The
rebuilt TCF will be used in the numerical analyses in Section 3.

Figure 1. (a) Cross section of the original preform, (b) micrograph image of the TCF cross section, (c) magnified micro‐
graph image of the core region in the TCF, (d) rebuilt geometry of the TCF.

In TCF, light couples back and forth between the two cores. Assuming that light launches into
core 1, output amplitude of core 1 can be characterized by using the mode-coupled theory with
symmetric and anti-symmetric mode [25]:
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where λ is the wavelength of light in a vacuum, L0 is the length of the TCF, ne and no are the
effective refractive indices (ERIs) of the symmetric and anti-symmetric mode, respectively, n1

and n2 are the ERIs of the two cores when the modes in the two cores propagate independently,
β1 and β2 are the corresponding propagation constants of core 1 and core 2, K  is the coupling
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coefficient between the fundamental modes of two cores and superscripts x and y represent
two orthogonal polarization states.

For a normalized incident light with a given state of polarization (SOP), the electric field can
be given as 2D-column vector:
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where θ is the angle between the polarization direction of the incident light and the x-
polarization direction. The transmission matrix of the TCF can be expressed as
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Therefore, the output field Eout can be analyzed with the following Jones matrix representation:
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Substituting Eq. (1) into Eq. (5), the output power in core 1 can be expressed as [26]
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If two cores have identical refractive index and diameter, the two cores have the same
propagation constants which result in β =β1 =β2, δ =0 and S = K . Thus, Eq. (6) can be rewritten
as

( ) ( )2
1 0 0, cosP L KLl = (7)

Here, the coupling coefficient K  can be expressed as [27]
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where K0 =2π /λ is the wavenumber in vacuum at the wavelength λ, a is the core radius, d  is
the separation between the two core axes, nco and ncl are the refractive indices of the core and
cladding, respectively, ∆ is the difference between refractive indices of the core and cladding
and K0 and K1 are the zero order and first order of modified Bessel functions of the second
kind, respectively.

3. Characterization of TCF-based filter

The TCF-based filter is formed by splicing a section of TCF between two segments of SMFs as
shown in Figure 2(a). The splicing between the TCF and the SMF is carried out by using an
Ericsson fusion splicer (FSU 975) in manual operation mode. We used an active monitoring
mode to make the SMF align to one core of the TCF. One end of the SMF was connected to a
broadband light source, and one end of the TCF was connected to a power meter through a
bare fibre adapter. The other ends of the SMF and TCF were placed in fibre holders of the
splicer. We manually adjusted the position of the SMF and TCF by driving the motors in the
splicer. When the output power reached the maximum value, we concluded that the SMF was
aligned to one core of TCF. Then, we adopted a low-power arc to splice the SMF and TCF.
Figure 2(b) shows the micrograph image of the splicing joint between TCF and SMF, which
indicates that one core of TCF is precisely aligned to the core of SMF.

Figure 2. (a) Schematic of a TCF-based filter, (b) micrograph image of the splicing point between TCF and SMF.

Theoretically, we used the finite element method to evaluate the optical properties of TCF. The
TCF structure used for numerical calculation is the rebuilt geometry as shown in Figure 1(d).
The refractive index of the cladding, ncl, is set as the refractive index of pure silica using
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Sellmeier equation and the refractive index of the core is obtained through equation
nco = (1−2Δ−1/2)ncl with ∆ = 0.296%. At λ = 1550 nm, nco and ncl are 1.448325 and 1.444023,
respectively.

In the following Sections 3.1–3.4, we will investigate four optical properties of TCF-based
filters, including free spectra range (FSR), polarization dependence, strain effect and bending
effect. All the optical properties are closely related to the tunable fibre lasers discussed in
Section 4. In short, the free spectra range mainly determines the tuning range of the fibre laser.
The polarization dependence ensures stable dual-wavelength oscillations. The strain effect and
bending effect help exactly reflect the tuning mechanism of the fibre lasers.

3.1. Free spectra range

In the TCF-based filter, the light from the SMF is launched into one core of the TCF at the first
splicing point. Then, light couples back and forth between the two cores along the TCF. At the
second splicing point, a comb-like spectrum was expected according to the coupled-mode
theory in Section 2. The transmission dips and peaks occur when the following phase condition
is satisfied:
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where m is an integer. The separation of the adjacent dips/peaks can be defined as the free
spectra range [28]:

λ
0

2
KL
l

p
D =

¶
¶

(11)

which indicates that the FSR is inversely proportional to both the length of TCF and the
derivative of the coupling coefficient with respect to wavelength.

We fabricated seven TCF-based filters with different length L0 = 86.9 mm, 115 mm, 160 mm,
250 mm, 0.5 m, 1.1 m and 1.3 m, on the one hand. Light from broadband source (BBS, NKT
phonics, superkTM white light laser) is launched into the TCF-based filter and measured by
the optical spectrum analyser (OSA, YOKOGAWA, AQ6370C) with a resolution of 0.02 nm.
Figure 3(a), (b), (d) and (e) illustrates the transmission spectra of the TCF-based filter with L0

= 86.9, 115, 160 and 250 mm, respectively. The FSRs of the seven TCF-based filters are measured
experimentally to be 49.0, 35.0, 24.2, 15.7, 7.8, 3.7 and 3.2 nm.

On the other hand, we calculated the coupling coefficient K  as shown in Figure 3(c), and then
calculated the theoretical FSRs through Eq. (11). The experimental FSRs (dashed line) and
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theoretical FSRs (sphere symbols) were illustrated in Figure 3(f). It is found that the experiment
results are in accord with the theoretical anticipation.

3.2. Polarization dependence

To theoretically evaluate the polarization dependence of the TCF, we numerically calculated
the ERIs of ne, no, n1 and n2 as shown in Table 1. Substituting the calculated ERIs into Eq. (2)
and combining with Eq. (6), we can obtain the theoretical spectra of the TCF-based filter with
different SOPs, as shown in Figure 4(a). It can be found that the position of the transmission
peak varies with the SOPs. The theoretical wavelength spacing between the transmission peaks
with x-polarization and y-polarization is 1.6 nm. Furthermore, the transmission peaks with
SOPs at θ and (π / 2−θ) are located symmetrically from each other with respect to the trans‐
mission peak with SOP at θ 45°.

In the experiment, we used a polarizer to obtain the linear polarized light from a broadband
light source. A polarization controller was used to induce only rotation of this light. Figure
4(b) illustrates the evolution of transmission spectra of the TCF-based filter when the PCF was
adjusted. It can be found that the maximum wavelength shift of the transmission peak is 1.2
nm, which is defined as the wavelength spacing between transmission peaks with x-polariza‐
tion and y-polarization. Such experimental results agree well with the theoretical prediction
as shown in Figure 4(a), even though the values of wavelength spacing and the FSR have tiny
differences. Two causes can be considered to explain the difference. One is error of the
parameters used for the theoretical calculation, including the geometric dimensions and the
refractive indexes. The other is the non-uniformity of the homemade TCF in the longitudinal
direction. Above all, theoretical and experimental results prove that a TCF-based filter is

Figure 3. Transmission spectra of TCF-based filters with lengths, L0, (a) 86.9, (b) 115, (d) 160, (e) 250 mm, (c) calculated
coupling coefficient as a function of wavelength, (f) measured and calculated FSRs for various lengths of TCF.
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polarization dependent. Such polarization dependence induces the polarization hole burning
(PHB) effect in the laser cavity and ensures stable dual-wavelength oscillations with tunable
wavelength spacing.

ERIs x-polarization y-polarization

ne

no

n1

n2

1.444855015932922
1.444608454872977
1.444705605736814
1.444787015740477

1.444856531392316
1.444609352306018
1.444705931113986
1.444789030825202

Table 1. Effective refractive indices at λ = 1550 nm.

3.3. Strain effect

As TCF-based filter is applied to axial strain, the refractive index of both core and cladding
will decrease according to the photo-elastics [29]:

( )3
co/cl co/cl 12 11 12 z

1Δ  
2

n n P P Pm eé ù= - - +ë û (12)

where εz is the axial strain, P11 = 0.12 and P12 = 0.27 are the photo-elastic constants for the silica
and μ = 0.17 is the Poisson ratio. According to Eq. (12), the decreasing magnitude of the core
refractive index is larger than that of the cladding refractive index, which induces a decrease
in the refractive index difference between core and cladding. Such a decrease in the refractive
index difference would make the electric field of the fundamental core mode extend further
to the cladding, thus enhancing the coupling of the two cores, and the coupling coefficient
increases as shown in Figure 5(a).

Figure 4. Transmission spectra of the TCF-based filter at different SOPs: (a) theoretical results, (b) experimental results.

Fiber Laser132



polarization dependent. Such polarization dependence induces the polarization hole burning
(PHB) effect in the laser cavity and ensures stable dual-wavelength oscillations with tunable
wavelength spacing.

ERIs x-polarization y-polarization

ne

no

n1

n2

1.444855015932922
1.444608454872977
1.444705605736814
1.444787015740477

1.444856531392316
1.444609352306018
1.444705931113986
1.444789030825202

Table 1. Effective refractive indices at λ = 1550 nm.

3.3. Strain effect

As TCF-based filter is applied to axial strain, the refractive index of both core and cladding
will decrease according to the photo-elastics [29]:

( )3
co/cl co/cl 12 11 12 z

1Δ  
2

n n P P Pm eé ù= - - +ë û (12)

where εz is the axial strain, P11 = 0.12 and P12 = 0.27 are the photo-elastic constants for the silica
and μ = 0.17 is the Poisson ratio. According to Eq. (12), the decreasing magnitude of the core
refractive index is larger than that of the cladding refractive index, which induces a decrease
in the refractive index difference between core and cladding. Such a decrease in the refractive
index difference would make the electric field of the fundamental core mode extend further
to the cladding, thus enhancing the coupling of the two cores, and the coupling coefficient
increases as shown in Figure 5(a).

Figure 4. Transmission spectra of the TCF-based filter at different SOPs: (a) theoretical results, (b) experimental results.

Fiber Laser132

On the other hand, it is worth noting that the coupling coefficients also depend on the
wavelength. As the wavelength is increased, the evanescent fields extend further away from
the fibre core, the mode overlap increases and as well as the coupling coefficient. As discussed,
when the TCF-based filter is stretched, the coupling coefficients would increase because of the
elastic–optic effect. In order to keep the phase condition of the transmission peak unchanged
in Eq. (10), the wavelength should shift to the short wavelength direction to give an opposite
variation of coupling coefficient. Therefore, it is expected to find a ’blue’ shift of the transmis‐
sion peak when the TCF-based filter is stretched.

Figure 5. Theoretical and experimental results of TCF-based filter at different axial strains (a) calculated coupling coef‐
ficients, (b) transmission spectra of the TCF-based filter, (c) evolution of the peak wavelengths.

To investigate the strain effect experimentally, the TCF-based filter with a TCF length of L0 =
1.1 m was fixed by two fibre holders adhered to stages. The initial distance between the two
stages is around L  = 1.15. The fibre was stretched by manually moving the right stage away
from the left one, with a 10-µm precision. To qualify the stretching, the displacement of the
moving stage is defined as δz which gives rise to an axial strain εz =  δz / L , δz was increased
from 0.0 to 3.0 mm with an interval of 0.1 mm. Correspondingly, the axial strain was increased
from 0.0 to 2608.7 µε with a step of 86.9 µε. We recorded the transmission spectra of the TCF-
based filter at each axial stain. Figure 5(b) illustrates the transmission spectra when εz = 0, 869.6,
1739.1, and 2608.7 µε. Figure 5(c) illustrates the evolution of peak wavelength. It can be found
that the transmission spectrum shifted toward the shorter wavelength direction. This point
agrees with the theoretical prediction implied by the coupling coefficient in Figure 5(a). In
detail, the peak wavelength shifts linearly with an increase in axial strain. The sensitivity is
around 1.15 pm/ µε.

3.4. Bending effect

Figure 6(a) shows that the TCF is bent with a curvature radius of R. In order to simplify the
theoretical calculation, the two cores were assumed to be located in the bend plane. The centre
position between two cores is defined as the coordinate zero point. The bending direction is
represented by the negative x-direction. Core 1 and core 2 are located in the negative x-direction
and positive x-direction, respectively.
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When the bending is applied to TCF, the part on outside of the bend (positive x-direction) is
in tension, and the part on inside of the bend (negative x-direction) is in compression. Ac‐
cording to the elastic–optic effect, the refractive indices of the outside part and inside part in
the TCF increase and decrease, respectively. The refractive index profile in the x-direction can
be expressed by equivalent refractive index model [30]:

( ) ( ) ( )( )' 1 1xn x n x n x Cx
R

æ ö
= + = +ç ÷

è ø
(13)

where C = 1/R is the curvature and n(x) and n’(x) are refractive index profiles when the TCF is
straight and bent, respectively. Figure 6(b) shows the refractive index profile when C = 0 and
10 m−1. It can be found that the refractive indices of core 1 and core 2 decrease and increase,
respectively.

When the TCF is straight, the two cores have identical refractive index, which results in the
same propagation constant β1 = β2 at C = 0 m−1. When the curvature is gradually increased, the
propagation constants of core 1 and core 2 linearly increase and decrease in accordance,
respectively, with the refractive index variation of the two cores, as shown in Figure 6(c). As
a result, the magnitude of δ in Eq. (10) is increased, as shown in the inset of Figure 6(c).

According to Eq. (10), the phase condition of transmission dips is determined by both δ and
K. As discussed, the bending TCF would induce an increase of δ, and a longer wavelength
gives larger K as shown in Figure 3(c). In order to keep the phase condition of transmission
dip in Eq. (10) unchanged, the wavelength of transmission dips should shift towards the
shorter wavelength direction to give an opposite variation of coupling coefficient when TCF
is bent. Therefore, a ‘blue’ wavelength shift of the transmission dip is expected when the TCF-
based filter is bent.

Figure 6. (a) Schematic of a bending TCF, (b) refractive index profile of TCF in x-direction, (c) propagation constants
against curvature at λ = 1550 nm.

Experimentally, we chose the TCF based-filter with a TCF length of L0 = 86.9 mm to evaluate
the transmission spectral evolution when the TCF was bent [31]. The TCF-based filter was fixed
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by two stages. In order to protect the splice points between TCF and SMF, the stages were
placed away from the splice points. Hence, the initial distance between the two stages was L
= 103.9 mm. The curvature of the sensor head was adjusted by manually moving one stage
towards another one with a 10-µm precision. The bent fibre is normally approximated as an
arc of the circle. So the curvature C of the sensor is defined as C = 1/R = 2h/[h2+(L/2)2] [32] where
h  is the displacement at the centre of the TCF-based filter and R is the curvature radius.

Initially, four resonance dips were found at 1461.82, 1510.38, 1558.58 and 1607.90 nm when the
TCF-based filter was straight. Figure 7(a) illustrates the evolution of the transmission spectra
of the TCF-based filter when its curvature was increased from 0 to 9.3 m−1 gradually. It can be
found that the spectra shifted towards the shorter wavelength direction, which agrees with
the theoretical prospect discussed earlier. Generally, if the curvature is large enough, the
resonance dip would shift to the initial position of the adjacent dip, which makes it hard to
distinguish the wavelength shift. Therefore, the FSR of the filter generally determines the
maximum wavelength shift that can distinguished.

Figure 7. (a) Evolution of transmission spectra of the TCF-based filter, (b) dip wavelength shift against curvature.

Figure 7(b) illustrates the wavelength shift of the four transmission dips; the curvature was
increased from 0 to 9.3 m−1 gradually. The discrete experimental data can be fitted by a second-
order polynomial with an R-square of up to 99.9%. The measurement ranges of the four dips
are 7.63, 8.18, 8.82 and 9.30 m−1. It can be found that the resonance dip with a larger resonance
wavelength gives rise to a larger measurement range. In addition, the measurement range can
be further increased by selecting a shorter TCF, because the FSR is inversely proportional to
the TCF length according to Eq. (11).

4. Tunable fibre lasers

The tunable fibre lasers were constructed by using a ring laser cavity as shown in Figure 8(a).
A 980-nm diode laser is injected into the laser cavity through a wavelength division multi‐
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plexor (WDM) to pump the erbium-doped fibre. A polarization-dependent isolator (PDI) is
used to ensure that the laser oscillates in a single direction around the ring. The polarization
controller is used to adjust the SOP of the light. The laser output is monitored by the optical
spectrum analyser (OSA, YOKOGAWA, AQ6370C) from the 5% port of a 95:5 fibre coupler.
In the following three subsections, we will investigate three in-line filters to implement the
tunable single-, dual- and multi-wavelength fibre lasers.

Figure 8. (a) Schematic of the tunable single-, dual- and multi-wavelength fibre lasers; (b), (c) and (d) represent three
filters which are used to realize dual-, single- and multi-wavelength fibre lasers. EDF: erbium-doped fibre; WDM:
wavelength division multiplexor; PC: polarization controller; PDI: polarization-dependent isolator, OSA: optical spec‐
trum analyser.

4.1. Dual-wavelength and single-polarized fibre laser

In this work, we proposed and experimentally demonstrated a tunable dual-wavelength and
single-polarized fibre laser by use of a TCF-based filter [26]. Figure 8(b) illustrates the TCF-
based filter with a TCF length, L0, of 1.1 m. In this section, we first presented the principle of
the dual-wavelength fibre laser. Second, we evaluated the tunability of dual-wavelength
spacing by adjusting the PC and investigated the lasing wavelength shift by stretching the
TCF. Finally, we verified the single-polarized operation of the dual-wavelength fibre laser.

In the dual-wavelength fibre laser, the TCF-based filter simultaneously works as the wave‐
length selector and the polarization-dependent element. The TCF-based filter gives rise to a
comb transmission spectrum. The SOP of the wavelengths is adjusted by using the PC, and
the wavelengths with particular SOPs could become transmission peaks according to Figure
4. The polarization dependence of the TCF is helpful for inducing the PHB effect and in turn
simultaneously amplifying the particular transmission peaks and achieving stable dual-
wavelength oscillation.
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spectrum analyser (OSA, YOKOGAWA, AQ6370C) from the 5% port of a 95:5 fibre coupler.
In the following three subsections, we will investigate three in-line filters to implement the
tunable single-, dual- and multi-wavelength fibre lasers.

Figure 8. (a) Schematic of the tunable single-, dual- and multi-wavelength fibre lasers; (b), (c) and (d) represent three
filters which are used to realize dual-, single- and multi-wavelength fibre lasers. EDF: erbium-doped fibre; WDM:
wavelength division multiplexor; PC: polarization controller; PDI: polarization-dependent isolator, OSA: optical spec‐
trum analyser.

4.1. Dual-wavelength and single-polarized fibre laser

In this work, we proposed and experimentally demonstrated a tunable dual-wavelength and
single-polarized fibre laser by use of a TCF-based filter [26]. Figure 8(b) illustrates the TCF-
based filter with a TCF length, L0, of 1.1 m. In this section, we first presented the principle of
the dual-wavelength fibre laser. Second, we evaluated the tunability of dual-wavelength
spacing by adjusting the PC and investigated the lasing wavelength shift by stretching the
TCF. Finally, we verified the single-polarized operation of the dual-wavelength fibre laser.

In the dual-wavelength fibre laser, the TCF-based filter simultaneously works as the wave‐
length selector and the polarization-dependent element. The TCF-based filter gives rise to a
comb transmission spectrum. The SOP of the wavelengths is adjusted by using the PC, and
the wavelengths with particular SOPs could become transmission peaks according to Figure
4. The polarization dependence of the TCF is helpful for inducing the PHB effect and in turn
simultaneously amplifying the particular transmission peaks and achieving stable dual-
wavelength oscillation.
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At first, a single wavelength was obtained at λ = 1559.2 nm, then the single-wavelength was
split into two wavelengths when the PC was slightly adjusted, as shown in Figure 9(a). The
dual-wavelength fibre laser has a 3-dB line width of 0.047 nm and an SMSR of 40–52 dB. The
maximum difference between the peak powers of the two wavelengths is around 1.2 dB. The
wavelength spacing between the two wavelengths can be tuned from 0.1 to 1.2 nm by adjusting
the PC.

Figure 9. Experimental results of a tunable dual-wavelength fibre laser. (a) wavelength spacing is varied from 0.1 to 1.2
nm, (b) two wavelengths were simultaneously tuned by stretching the TCF, (c) two lasing wavelengths as a function of
δz.

For fixed wavelength spacing, the simultaneous tuning characteristic of the dual-wavelength
laser was investigated by stretching the TCF-based filter. As discussed in Section 3.3, the
transmission spectrum of the TCF-based filter exhibited a ’blue shift’ when it was stretched.
In contrast, the value of wavelength spacing remained unchanged because the birefringence
of the TCF hardly changed. Therefore, we found that the two lasing wavelengths can be
simultaneously tuned towards the shorter wavelength with fixed wavelength spacing. Dual-
wavelength lasing with wavelength spacing of 0.4, 0.8 and 1.2 nm was linearly tuned over 1.7,
1.0 and 0.8 nm, respectively. Here, we give only the measured results of dual-wavelength
lasing with wavelength spacing of 0.4 nm as shown in Figure 9(b). When the TCF was stretched
by an increment length of δz = 0.1 mm, two lasing wavelengths simultaneously moved with a
step of 0.1 nm, as shown in Figure 9(c).

To study the SOPs of the dual-wavelength output, the laser output was connected to a
polarization beam splitter (PBS) through a PC. The x- and y- outputs of the PBS were injected
into the OSA to evaluate the dual-wavelength spectrum at two orthogonal polarizations. We
adjusted the PC to make the two wavelengths polarize at x-axis and y-axis, respectively. Figure
10(a)–(d) shows the measurement results of dual-wavelength lasing with wavelength spacing
of 0.2, 0.4, 0.8 and 1.2 nm. It can be found that the out spectrum at the x-axis or y-axis has only
one dominating wavelength, while the other one is substantially suppressed. The cross-
polarization suppression between the two wavelengths is more than 30 dB, which means the
two wavelengths are orthogonal in polarization and the dual-wavelength laser operated on a
single-polarization state.
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Figure 10. Output spectra of lasers with orthogonal polarization states for wavelength spacing of (a) 0.2 nm, (b) 0.4 nm,
(c) 0.8 nm, (d) 1.2 nm.

4.2. Tunable single-wavelength fibre laser

In this work, we proposed and experimentally demonstrated a C-band tunable single-
wavelength fibre laser by cascading two TCF-based filters [33]. Figure 8(c) illustrates the
cascaded TCF-based filters with TCF lengths of 0.14 and 1.37 m. In this section, we discussed
the tuning mechanism by characterizing the two TCF-based filters and investigated the tunable
characteristics of the proposed tunable single-wavelength fibre laser by bending one TCF-
based filter and stretching the other one.

4.2.1. Tunable mechanism

Figure 11 illustrates the tuning equipment of the cascading TCF-based filters, which consists
of three transmission stages. Filter 1 was fixed by the left and middle stages with an initial
distance of L1 = 0.20 m, and filter 2 was fixed by the middle and right stages with an initial
distance of L2 = 1.43 m. The up and mid panels of Figure 12(a) illustrate the transmission spectra
of the two individual TCF-based filters, which indicate that the two filters have an FSR of 28.6
and 2.9 nm. The lower panel of Figure 12(a) illustrates the spectrum of the combined structure.
It can be found that the output of the cascading filters is a superposition of a slowly varying
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envelope with an FSR of 28.6 nm produced by filter 1 and a dense fringe with an FSR of 2.9
nm produced by filter 2.

Figure 11. Schematic of the tuning technique of cascading filters.

We coarsely tuned the cascaded spectrum by bending TCF-based filter 1 and finely tuned the
spectrum by stretching the TCF-based filter 2. Filter 1 is bent by moving the left stage towards
the middle one. The moving distance of the left stage (δl1) is increased from 0 to 1.9 mm with
a step of ~0.25 mm. Figure 12(b) illustrates the evolution of the spectra. It can be found that the
dense fringes are nearly located at the same position, and the envelope shifts towards the
shorter wavelength. The envelope selects one of the dense peaks as the highest transmission
peak (square symbols). The highest transmission peak can be tuned over the wavelength range
of 23.2 nm with a coarse step of 2.9 nm which is determined by the FSR of TCF-based filter 2.

Figure 12. (a) Transmission spectra of TCF-based filter 1 (upper panel), TCF-based filter 2 (mid panel) and cascading
filters (lower panel). Transmission spectra evolution of the cascading filters (b) when TCF-based filter 1 is bent and (c)
when TCF-based filter 2 is stretched.

In order to realize a fine wavelength tuning, TCF-based filter 2 is stretched by moving the right
stage away from the middle one. The moving distance of the right stage (δl2) is increased from
0 to 3.0 mm with steps of 0.25 mm. Figure 12(c) illustrates the evolution of spectra when we
stretched filter 2. It can be found that the envelope almost remains unchanged while the dense
fringes shift towards a shorter wavelength. The highest transmission peaks can be finely tuned
over the wavelength range of 2.9 nm with a certain fine step which is dependent on the strain
applied on filter 2. In conclusion, the envelope and the dense fringes of the transmission spectra
can be separately tuned by bending and stretching filters 1 and 2, respectively.
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4.2.2. Characterization of tunable laser

The fibre laser was coarsely tuned by bending TCF-based filter 1 and finely tuned by stretching
the TCF-based filter. Figure 13(a) illustrates the evolution of lasing spectra when we bent filter
1. It can be found that bending filter 1 makes the envelope shift towards shorter wavelengths
and selects the transmission peak of filter 2 for lasing in a series of steps with a separation of
2.9 nm. Figure 13(b) illustrates the evolution of lasing spectra when we stretched filter 2. It was
found that the lasing wavelength finely changed with a step of 0.22 nm. Figure 13(c) illustrates
the whole tuning process. First, we obtained the initial single-wavelength lasing at 1565.00 nm.
Second, we stretched filter 2 from δl2 = 0 to 3.0 mm with a step of 0.25 mm and obtained fine
lasing wavelengths with a step of ~0.22 nm, e.g. from 1565.04 to 1562.26 nm (black dots). Third,
we loosened filter 2 to the initial position and then bent filter 1 with δl1 = 0.25 mm (black arrow),
and another coarse lasing wavelength was selected for lasing with a separation of 2.9 nm from
the last one, e.g. 1562.12 nm. Fourth, the second and third steps were repeated eight times. On
further bending filter 1 and stretching filter 2, the lasing wavelength jumped from 1541.8 to
1565.04 nm. Consequently, the wavelength can be linearly tuned over the wavelength range
of 23.2 nm (from 1541.8 to 1564.0 nm) with a uniform step of ~0.22 nm. The total number of
tunable lasing wavelength is up to 105.

Figure 13. Output of a tunable fibre laser (a) coarse laser lines when TCF-based filter 1 is bent, (b) fine laser lines when
TCF-based filter 2 is stretched, (c) all tunable laser wavelength evolution.

When we characterized the laser properties, we increased the pump power from 10 to 500 mW.
The cavity loss was around 7 dB including the splicing loss (~4 dB) between the SMF and the
TCF and the insertion loss of other optical devices. Such cavity loss gives rise to a threshold
pump power of 20 mW. When the pump power was 500 mW, the lasing output saturated at
2.27 dB. Hence, we measured all 105 laser spectra at a pump power of 500 mW. For good
visibility, only half of the lasing spectra are plotted in Figure 14. The SMSRs are 53 –58 dB, and
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the linewidth is ~0.05 nm. The intensity variation over the entire tuning range was less than
±0.1 dB.

4.3. Tunable multi-wavelength fibre laser

In this work, we proposed and experimentally demonstrated a tunable multi-wavelength fibre
laser based on a non-linear optical loop mirror by using a compound filter [34]. Figure 8(d)
illustrates the NOLM and the compound filter. The compound filter was formed by cascading
a standard Mach–Zehnder interferometer (MZI) and a TCF-based filter. In this section, we first
discussed the function of the NOLM as an amplitude equalizer. Second, we discussed the
tuning mechanism by characterizing the transmission spectra of the standard MZI, the TCF-
based filter and the compound filter. Third, we investigated the tunable characteristics of the
proposed tunable multi-wavelength fibre laser by bending the TCF. Finally, we discussed the
influence of the length of the TCF on the laser characteristic.

4.3.1. Non-linear optical loop mirror

An NOLM is formed by splicing together the output ports of a 70:30 coupler. A 2-km SMF is
inserted inside the loop. The transmission of the NOLM is given as [23]:

( ) ( ){ }1 2 1 1 cos 1 2T r r a r fé ù= - - + + -ë û (14)

where ρ is the splitting ratio of the coupler, ϕ =2πn3PL3 / (λAeff) is the non-linear phase shift
induced by the self-phase modulation and cross-phase modulation, n3 is the non-linear
refractive index coefficient, L3 is the loop length, Aeff is the effective fibre core area, λ is the
operating wavelength, P is the input power and α is the additional linear phase difference
induced by PC2 and the fibre twist.

According to Eq. (14), the transmission of NOLM is a cosine function of the total phase
difference and varies with a change in α. When α is set to certain values by adjusting PC2, the
NOLM can be biased at the negative feedback regime, and the transmissivity decreases with

Figure 14. Output of the tunable fibre laser with a range of 23.2 nm and a uniform step of ~0.22 nm.
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the input power. In such a case, the NOLM works as an amplitude equalizer to weaken the
homogeneous gain broadening and suppress the mode competition. The multi-wavelength
oscillations can be achieved at these particular PC settings.

4.3.2. Tuning mechanism

The standard MZI is established by connecting two 50:50 filters between which the fibre path
difference of two arms is ΔL  = 4.0 mm. The channel spacing of the standard MZI is ∼ 0.4 nm,
as shown in the upper panel of Figure 15(a). The mid panel of Figure 15(b) illustrates the
transmission spectrum of the TCF-based filter with a TCF length of L0 =11.5 mm and an FSR
of 37 nm. The compound filter is constructed by combining the standard MZI and the TCF-
based filter, and its transmission spectrum is shown in the lower panel of Figure 15(c). The
fast-varying fine fringe pattern is modulated with a slow-varying one. The higher spatial
frequency corresponds to the response of the standard MZI; the red line of the lower spatial
frequency corresponds to the response of the TCF-based filter. In other words, the compound
filter is a comb filter whose transmission peaks are modified in accordance with the shape of
the spectrum of the TCF-based filter.

Figure 15. (a) Transmission spectra of the standard MZI (upper panel), the TCF-based filter (mid panel) and the com‐
pound filter (lower panel), (b)transmission spectra of the compound filter and the TCF-based filter when the TCF was
bent with δl = 0.0, 0.8 and 1.3 mm.

The compound filter was tuned by bending the TCF. The TCF-based filter was fixed by two
fibre holders adhered onto two stages with an initial distance of 25 cm. The filter was bent by
moving the right stage towards the left one. To quantify the bending of the filter, we recorded
the displacement of the moving stage; the initial position of the moving stage is defined as the
zero point δl = 0.0 mm. Figure 15(b) illustrates the transmission spectra of the TCF-based filter
(red lines) and the compound filter (black lines) when δl = 0.0, 0.8 and 1.3 mm. It can be found
that the transmission peak (pentagram symbols) of TCF-based filters exhibits a ‘blue shift’
when δl is gradually increased. Because the transmissivity of the individual transmission peak
of the standard MZI is modulated by the variation spectra of the TCF-based filter, the envelopes
of the spectra of the compound filter also exhibit a ‘blue shift’. In other words, the compound
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filter is tuned by moving its envelope towards the short-wavelength direction by bending the
TCF.

The principle of the proposed tunable multi-wavelength fibre laser can be expressed as follows.
The ASE spectrum of the EDF is reshaped to a comb-like transmission spectrum by the
standard MZI. The intensities of the transmission peaks are modified by the TCF-based filter.
Because lasing is established once the cavity loss is smaller than the EDF gain, only the peaks
with high transmissivity (low loss) can oscillate. The transmission peak of TCF-based filter has
the lowest insertion loss; hence, only the near region of the transmission peak would be selected
for lasing simultaneously, as shown in the blue region of Figure 15(b). The wavelength range
of the blue region is determined by the balance between the EDF gain profile and the profile
of the total cavity loss. The NOLM can work as an amplitude equalizer to enable the multiple
transmission peaks to emit as lasing wavelengths. When the TCF is bent, the transmission band
of the TCF-based filter shifts towards the short-wavelength direction to cover the different
channels provided by the standard MZI. Thus, the corresponding multiple lasing lines shift
towards the short-wavelength direction. As a result, a tunable multi-wavelength fibre laser is
realized by bending the TCF.

4.3.3. Laser tunable characterization

To study the tuning characteristic, the moving stage was adjusted with a step of 0.05 mm.
Figure 16(a) illustrates that the lasing wavebands can be continuously tuned to cover a range
of 24 nm from 1542 to 1566 nm. The lasing spectra were measured when the TCF was bent
with δl = 0.0, 0.3, 0.8 and 1.3 mm (labelled 1–4, respectively). In the 3-dB spectral range, the
lasing line amount in each lasing spectrum is around 12 peaks at least and 19 peaks at most.

Figure 16. Lasing spectra of the multi-wavelength fibre laser (a) tunable characteristic, (b) the TCF was bent with δl =
0.8 mm and (c) δl =1.35 mm.

When δl = 0.0 mm, because the transmission peaks around 1532 nm have considerable
intensities, the lasing spectrum 1 exhibits side modes around 1532 nm. Because the total fixed
gain is shared by both side peaks and the lasing peaks, the lasing line amount is limited to 12
peaks in the lasing spectrum 1. When the TCF was bent, the transmission band of the TCF-
based filter shifted towards the shorter wavelength direction and supressed the transmission
peaks around 1532 nm, as shown in Figure 15(b). When δl is in the range from 0.4 to 0.9 mm,
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the transmission dip of the TCF-based filter locates around 1532 nm, resulting in transmission
peaks with relatively low transmissivities. Thus, the side peaks can be efficiently suppressed.
Taking δl = 0.8 mm, for example, the spectrum of the compound filter is shown in Figure
15(b), and the corresponding lasing spectrum is shown in Figure 16(b). The lasing lines are
enlarged in the inset of Figure 16(b). It can be found that 19 lasing lines are located in the 3-dB
spectral range. All lasing lines have an SMSR of 39 dB, a peak power of −28 dBm and a channel
spacing of 0.4 nm. When we increased δl to 1.3 mm, the transmissivities of the peaks around
1532 nm increased as shown in Figure 15(b), which induced an increment of the side peaks in
the laser output, as shown in the laser spectrum 4 of Figure 16(a). When we continually
increased δl to 1.35 mm, the side peaks increased dramatically, as shown in Figure 16(c). As a
result, we concluded that the side peaks induced by the EDF peak gain mainly limited the
tuning range of the proposed laser.

Figure 17. Centre of the lasing waveband and the transmission peak of the TCF-based filter as a function of δl.

In order to find out the relationship between the transmission spectrum of the TCF-based filter
and multi-wavelength lasing spectrum, we plotted both the transmission peak of the TCF-
based filter (blue pentagram symbols) and the centre of the lasing waveband (red circle
symbols) as a function of δl, as shown in Figure 17. It seems that the centre of the lasing
waveband tracks the transmission peak of the TCF-based filter. This point proves that the
tuning mechanism of the proposed tunable fire laser takes advantage of the variation trans‐
mission band of the TCF-based filter to select different channels of the standard MZI for
realizing a tunable lasing waveband.

4.3.4. Influence of the TCF length on the tuning characteristic

In order to investigate the influence of the TCF length on the tuning characteristic, we
fabricated two more filters with a TCF length of L0 = 5.0 and 22 cm. Figure 18(a) illustrates the
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tuning characteristic of the multi-wavelength fibre based on the TCF-based filter with a TCF
length of L0 = 5.0 cm. The results indicate that the lasing waveband covers a range of 15.2 nm
from 1548.0 to 1563.2 nm. The lasing line amount in each lasing spectrum is around 18 peaks
at the lowest and 25 peaks at the highest. Compared with the case of L0 = 11.5 cm, the tuning
range decreased by 8.8 nm, and the lasing line amount increased by six peaks. To explain the
difference, we measured the transmission spectrum of the TCF-based filter with L0 = 5.0 cm,
as shown in the inset of Figure 18(a). It can be found that the FSR of the filter is 84 nm which
means it is difficult for such a large FSR to suppress the side peaks around 1532 nm. Therefore,
the tuning range limited by the side peaks is decreased when we increased the length of the
TCF. On the contrary, the large FSR also means a flat transmission waveband, which increased
the lasing line amount.

Figure 18. Lasing spectra of the proposed tunable multi-wavelength fibre laser with TCF lengths (a) L0 = 5 cm and (b)
L0 = 22 cm. Inset: the transmission spectra of the TCF-based filter.

We carried out a reverse experiment by using a large length of TCF with  L0 =22   cm. Figure
18(b) illustrated the lasing spectrum. It can be found that two lasing wavebands oscillated
simultaneously. To explain the two lasing wavebands, we also measured the transmission
spectrum of the TCF-based filter, as shown in the inset of Figure 18(b). It can be found that two
transmission wavebands are located in the spectrum, which results in two lasing wavebands.
Because the two bands shared the EDF gain, the SMSR of the lasing spectrum is drastically
decreased to 21 dB. Summarizing the multi-wavelength fibre laser with TCF lengths of
 L0 =5.0,  11.5 and 22   cm, we can conclude that there is balance between the tuning range and
the lasing line amount when we choose the length of the TCF. The shorter the TCF length, the
narrower the tuning range and the larger the number of the lasing wavelengths.

5. Conclusion

In this chapter, we studied tunable single-, dual- and multi-wavelength fibre lasers by using
TCF-based filters. First, we presented the coupled-mode theory of the TCF with symmetric
and anti-symmetric mode and deduced the output of the TCF-based filter on the basis of the
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SOP of input light. Second, we experimentally and numerically characterized the optical
properties of TCF-based filter including the free spectral range, polarization dependence,
strain effect and bending effect. These optical properties are closely related to the tuning
mechanism and tuning characteristics of the tunable fibre lasers. Third, we implemented three
tunable fibre lasers which operate at single-, dual- and multi-wavelengths, respectively. In the
case of a tunable single wavelength, the wavelength can be linearly tuned over 23.2 nm (from
1541.8 to 1564.0 nm), with a uniform step of ~0.22 nm. The total number of tunable wavelength
is up to 105. In the case of a tunable dual-wavelength fibre laser, the single-polarized two
wavelengths can be linearly tuned by stretching the TCF. The spacing of the two wavelengths
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Abstract

In this chapter, there are three sections to demonstrate the reflective semiconductor opti‐
cal amplifier (RSOA)-based fiber laser architectures for multiwavelength and wave‐
length-tunable operations. In the first section, we introduce an L-band multiwavelength
laser by utilizing a C-band RSOA with a linear cavity, which is produced by a polariza‐
tion controller (PC), an optical coupler (OCP), and a reflected fiber mirror (RFM). In the
proposed RSOA laser scheme, two to seven wavelengths could be lased and created si‐
multaneously in the L-band range, while the RSOA operates at various bias currents.

In the second section, we demonstrate a multiwavelength laser source by utilizing a C-
band RSOA with dual-ring fiber cavity. In the measurement, the laser cavity is construct‐
ed by an RSOA, a 1×2 OCP, a 2×2 OCP, and a PC, respectively. Thus, 13–18 wavelengths
around L-band could be produced simultaneously, as the bias current of C-band RSOA is
driven at 30–70 mA.

Keywords: RSOA, SOA, Multiwavelength, Wavelength-tunable

1. Introduction

Recently, the wavelength-tunable and multiwavelength fiber laser schemes are very essential
for several optical applications, such as the wavelength-division-multiplexed (WDM) com‐
munication systems [1], optical testing and measurement [2], fiber optics sensor [3], and radio-
frequency (RF) photonics [4]. Therefore, the different laser resonators for the multiwavelength
lasing have been proposed and investigated, such as utilizing the dual Sagnac loop [5], fiber
ring cavity [6], compound ring scheme [7], and Fox–Smith ring cavity [8].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



To achieve wavelength lasing, several gain media approaches have been proposed and
utilized, such as the erbium-doped fiber amplifier (EDFA) [9], semiconductor optical ampli‐
fiers (SOA) [5,10], reflective semiconductor optical amplifiers (RSOA) [11], Raman amplifier
[12], and hybrid optical amplifier [13]. However, SOA would be a better option over EDFA
due to the nature of inhomogeneous broadening. As a result, the past SOA-based lasers have
been also proposed and investigated to generate multiwavelength output at room temperature
[14, 15].

Generally, to accomplish a wavelength-tunable output with single longitudinal mode (SLM),
the several wavelength selective elements (optical filters) and laser architectures have been
used inside ring cavity. The proposed fiber lasers could be designed in linear or ring architec‐
tures [16, 17]. Besides, the fiber Fabry–Perot filter (FFPF), tunable bandpass filter (TBF), and
fiber Bragg grating (FBG) could be utilized inside the fiber ring cavity to select different
wavelength lasing. In fact, owing to the limited gain amplification of the amplifiers, the output
power would drop rapidly on both sides of their operating bandwidth [16–18].

In this chapter, there are three sections to demonstrate the RSOA-based fiber laser architectures
for multiwavelength and wavelength-tunable operations. In section 2, we propose an L-band
multiwavelength laser by utilizing a C-band RSOA with a linear cavity, which is produced by
a polarization controller (PC), an optical coupler (OCP), and a reflected fiber mirror (RFM). In
the proposed RSOA laser scheme, two to seven wavelengths could be lased and created
simultaneously in L-band range, while the bias-current of RSOA is operated at various bias
currents.

In section 3, we demonstrate a multiwavelength laser source by utilizing a C-band RSOA with
dual-ring fiber cavity. In the measurement, the laser cavity is constructed by an RSOA, a 1×2
OCP, a 2×2 OCP, and a PC, respectively. Thus, 13–18 wavelengths around the L-band could
be produced simultaneously, as the bias current of C-band RSOA is driven at 30–70 mA.

In section 4, we investigate the wavelength-tunable fiber ring laser architecture by using the
RSOA and SOA. Here, the wavelength tuning range of 1538.03–1561.91 nm can be obtained.
The measured output power and optical signal-to-noise ratios (OSNRs) of the proposed fiber
laser are between –0.8 and –2.5 dBm and 59.1 and 61.0 dB/0.05 nm, respectively. The power
and wavelength stabilities of the proposed laser are also studied. Besides, the proposed laser
can be directly modulated at 2.5 Gbit/s quadrature phase shift keying-orthogonal frequency
division multiplexing (QPSK-OFDM) signal. In addition, 20–50 km single-mode fiber (SMF)
transmission distances are also achieved within the forward error correction (FEC) limit
without dispersion compensation. We believe that it can be a cost-effective and promising
candidate for next-generation wavelength-division multiplexed-passive optical network
(WDM-PON).

2. Linear cavity for multiwavelength lasing

In the section, we present and demonstrate using the C-band RSOA with a linear fiber cavity
to produce multiwavelength in the L-band range at room temperature [19]. Hence, two to
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seven lasing wavelengths could be observed by adjusting the DC bias currents of the RSOA.
Fig. 1 shows the experimental setup of the proposed multiwavelength fiber laser scheme. The
laser is constructed by an RSOA, a PC, a 1×2 and 50:50 OCP, and an RFM with 95% reflection
in C + L bands. In the experiment, the bias current range of RSOA (produced by CIP) is between
30 and 80 mA. In addition, the PC can be used to maintain the polarization state and obtain a
maximum output power. Moreover, the output wavelength spectrum is observed by an optical
spectrum analyzer (OSA) with a resolution of 0.01 nm.

RSOA
PCOCP

RFM
Output

L

Figure 1. Experimental setup of the proposed fiber laser scheme in linear cavity scheme.

Hence, first we measure and observe the output amplified spontaneous emission (ASE) profile
of RSOA in the bias currents of 30–80 mA. As illustrated in Fig. 2, when we increase the DC,
the observed output power of the ASE also raises. And the center wavelength of the ASE would
drift to shorter wavelength locations. In addition, the gain spectrum of the RSOA is observed
at C-band in the entire operated currents.
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Figure 2. The output ASE spectra of RSOA at the operated currents of 30–80 mA.

In the proposed RSOA-based laser scheme, multiwavelength could be produced under the
accurate polarization statement. Hence, Fig. 3 shows the observed output spectra of proposed
multiwavelength RSOA laser at the bias currents of 30–80 mA. In the measurement, we obtain
that seven wavelengths are generated simultaneously as the operated current of RSOA is larger
than 40 mA. As a result, the threshold current of the laser is around 40 mA in the proposed
laser scheme. While the operated currents are 80, 70, 60, 50, 40, and 30 mA, respectively, the
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lasing wavelengths are also observed at 1592.62, 1578.88, 1586.74, 1586.68, 1586.68, and 1586.68
nm. Previous researches presented that in high input power, the SOA would show a peak gain
drift toward longer wavelength range [20]. Thus, the proposed multiwavelength RSOA lasers
are produced in the L-band window rather than the C-band in the lasing condition under a
high feedback power. As shown in Fig. 3, the mode spacing of proposed laser is nearly 2.7 nm
at various bias currents. Furthermore, when we increase the bias current of RSOA gradually,
the lasing multiwavelength also drifts to longer wavelength range, as seen in Fig. 3.
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Figure 4. The number of lasing wavelength in the proposed laser, when the OSNR is larger than 20 dB.
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Figure 3. Output spectra of proposed fiber laser at the bias currents of 30–80 mA.
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the lasing multiwavelength also drifts to longer wavelength range, as seen in Fig. 3.
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Figure 4. The number of lasing wavelength in the proposed laser, when the OSNR is larger than 20 dB.
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Fig. 4 presents the number of lasing multiwavelength and the peak power difference among
these wavelengths as the OSNR is larger than 20 dB. When lasing wavelengths larger than six
are required, the bias current must be larger than 40 mA. Here, Fig. 4 displays the power
variation (∆P) of lasing multiwavelength at the different operated currents. The maximum and
minimum power differences of 11.3 and 3.9 dB are observed, respectively, under the current
of 50 and 75 mA. Besides, as seen in Fig. 5, we also execute the output power of proposed
RSOA laser under a bias current range of 25–80 mA. According to the measured result, the
observed output powers are between 0.001 and 0.223 mW.
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Finally, the output stability testing of proposed multiwavelength RSOA laser is made to
execute the output performance of power and wavelength. In this experiment, the RSOA is
operated at 80 mA current. Besides, we select one of the lasing lightwaves at 1592.06 nm
initially for measurement. Here, the observation time is set at 20 minutes. As seen in Fig. 6, the
output power and wavelength variations are measured at ±0.25 dB and ±0.065 nm, respectively.
Hence, the results present that the proposed multiwavelength RSOA laser has the excellent
optical output stabilities for future system application. In addition, under 2 hours observing
time, the measured output stabilities of the proposed laser are still maintained.
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3. Dual-ring cavity for multiwavelength lasing

In this section, we introduce and demonstrate the multiwavelength fiber laser source by
employing a C-band RSOA with a dual-ring fiber cavity [21]. Thus, experimental setup of the
proposed multiwavelength RSOA-based laser scheme with a dual-ring cavity design is shown
in Fig. 7. The proposed laser is composed of a C-band RSOA, a PC, a 1×2 OCP, a 2×2 OCP, and
an optical circulator (OC). Here, two OCPs could create a dual-ring cavity of proposed fiber
laser scheme. The OC is used to generate a counterclockwise direction. The PC, which is placed
in the ring cavity, is used to maintain the polarization state and obtain a maximum output
power.
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1
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Figure 7. Experimental setup of the proposed RSOA-based fiber ring laser.

In the proposed RSOA-based dual-ring scheme laser, the generated multiwavelength would
be obtained under a proper polarization tuning. Here, Fig. 8 displays the observed output
spectra of proposed RSOA laser in the bias current range of 30–70 mA. As seen in Fig. 8, when
the OSNR of each wavelength is larger than 20 dB and the bias current of RSOA is 30 mA, the
proposed RSOA-based laser can emit ~14 wavelengths simultaneously. The multiwavelength
output range could be observed at the wavelengths of 1588.48–1612.71 nm. Besides, if the bias
current of RSOA is less than 30 mA, the proposed laser cannot generate any wavelength. Thus,
the threshold current of the proposed fiber laser is around 30 mA. As illustrated in Fig. 8, while
the bias current of RSOA is 40, 50, 60, and 70 nm, respectively, the output wavelength range
of proposed RSOA laser is observed at 1588.48–1612.71 nm, 1580.74–1613.70 nm, 1584.22–
1608.37 nm, and 1580.81–1614.34 nm.

In this study, the maximum peak powers of the output wavelengths are obtained at 1592.18,
1593.95, 1593.81, 1604.68, and 1610.65 nm, while the bias currents of ROSA are 30, 40, 50, 60,
and 70 mA, respectively. Previous studies presented that under high input power, the SOA
would show a peak gain drift toward longer wavelength range [20]. Thus, the proposed
multiwavelength RSOA-lasers are produced in the L-band window rather than the C-band in
the lasing condition under a high feedback power. Moreover, if the bias current of RSOA
increases gradually, the output multiwavelength also drifts to a longer wavelength range.
Moreover, the measured mode spacing is nearly 1.9 nm in the proposed fiber laser at different
operating current ranges.

Then, Fig. 9 presents the number of lasing wavelengths under the OSNR of >20 dB. In this
measurement, when the various bias currents of 30–70 mA are used, 13–18 multiwavelengths
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could be also measured. Besides, we also execute the output power of proposed RSOA-based
laser under the bias current range of 30–70 mA as shown in Fig. 9. In addition, the output
powers are observed at the range of 0.046–0.226 mW.

To verify the performance of output power and output wavelength, a short-term stability test
of proposed multiwavelength laser is executed. In the measurement, the RSOA is set at 70 mA.
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Figure 8. Output spectra of proposed multiwavelength laser under the bias currents of 30–70 mA.
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Then, Fig. 10 shows the output stability of proposed RSOA-based laser under an observation
time of 30 minutes. Initially, one of lasing wavelength is chosen at 1591.82 nm with peak power
–13.9 dBm for stability measurement. As illustrated in Fig. 11, the output power and wave‐
length fluctuations of 0.4 dB and 0.07 nm are completed, respectively, in an observing time of
30 minutes. As a result, experimental results show that the proposed fiber laser has excellent
output stabilities. In addition, after 2-hour observing measurement, the measured output
stabilities of the proposed laser are still maintained.

4. Wavelength-tunable laser in single mode

In the final section, a stable and continuous wavelength-tuning ring laser scheme using a C-
band RSOA and a C-band SOA in the wavelength-tuning range of 1538.03–1561.91 nm is
proposed and demonstrated for serving as the upstream transmitter (Tx) of colorless optical

-60
-50

-40

-30

-20

-10

1560

1580

1600

1620

0510152025

Po
w

er
 (d

Bm
)

W
av

ele
ng

th
 (n

m
)

Observing Time (min)

Iop = 70mA

Figure 10. Output spectra of proposed RSOA-based laser under an observation of 30 minutes.
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network unit (ONU) [22]. Here, Fig. 12 presents the experimental setup of the proposed
wavelength-tunable fiber ring laser scheme. The fiber laser consists of a C-band SOA, a C-band
RSOA, a three-port optical circulator (OC), a 1×2 OCP, a PC, and a C-band tunable bandpass
filter (TBF). The SOA is commercially available (GIP, OAU116BB128001A). Its gain is around
9 dB. The SOA is fixed at 120 mA pumping current and the bias current of RSOA is operated
at 50, 60, 70, and 80 mA, respectively, in the experiment. The TBF is utilized inside a ring cavity
for wavelength selection. The 3-dB bandwidth, tuning range, and insertion loss of TBF are 0.4
nm, 30 nm (1530–1560 nm), and ~6 dB, respectively. The PC is employed to vary the polariza‐
tion status for maintaining the maximum output power. As seen in Fig. 12, a ring laser cavity
is formed in which the gain media are the SOA and RSOA. Moreover, the TBF selects the
desired wavelength within the gain bandwidth of the SOA. Then the signal will launch into
the RSOA, which is modulated directly by data; hence, the optical signal can be modulated.
Then, the modulated optical signal is observed at the output port of the laser via an OCP. The
cavity length of the laser is estimated to be ~34.5 m.

RSOA PC
1

3

2

SOA

TBF

Figure 12. Experimental setup of proposed stable wavelength-tunable fiber ring laser.

Fig. 13 shows the output spectra of proposed fiber ring laser in the wavelength range of
1538.03–1561.91 nm, since the bias currents of the SOA and RSOA are 120 and 80 mA, respec‐
tively. The tunability of the fiber laser is continuous, and the wavelength tuning is performed
by using the TBF. The measured peak power of lasing wavelength is between –3.9 and –2.8
dBm in this wavelength range. The observed background noise of lasing wavelength is below
–61 dBm. As a result of cascading the SOA and RSOA inside the fiber cavity, the effective gain
bandwidth range is enhanced and the output power of lasing wavelength in both sides of the
spectrum could not drop rapidly, as shown in Fig. 13. However, other previous schemes would
have a rapid drop of output power in both sides of the spectrum [23].

Fig. 14 displays the measured output power and OSNR in the lasing wavelengths from 1538.03
to 1561.91 nm. As seen in Fig. 14, the measured minimum and maximum output powers are
–2.5 and –0.8 dBm at 1559.88 and 1541.03 nm, respectively. The maximum power difference
(∆P) is 1.7 dB in the lasing wavelength range. Moreover, the observed OSNR could be larger
than 59.1 dB in this wavelength range. The maximum difference of OSNR measured is 1.9 dB,
as illustrated in Fig. 14. Furthermore, utilizing the technique described in ref. [24], the relative
intensity noise (RIN) of the proposed laser is –79.5 dB/Hz.

In the measurement, a 2.5-Gbit/s quadrature phase shift keying-orthogonal frequency division
multiplexing (QPSK-OFDM) modulation format is applied on the RSOA of the ring laser for
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direct signal modulation. Besides, the RSOA is designed to have a direct modulation band‐
width of ~1 GHz. The QPSK-OFDM signal and the DC are combined and applied to the RSOA
via a bias tee (BT). Here, the electrical OFDM baseband upstream signal could be created by
using an arbitrary waveform generator (AWG) and the Matlab® program. The OFDM
transmitter (Tx) signal consists of the serial-to-parallel conversion, QPSK symbol encoding,
inverse fast Fourier transform (IFFT), cyclic prefix (CP) insertion, and digital-to-analog
conversion (DAC) for signal processing. Here, the 63 subcarriers of QPSK-OFDM format
occupy ~1.25 GHz modulation bandwidth with a fast-Fourier transform (FFT) size of 128 and
cyclic prefix of 1/32. Therefore, a 2.5-Gbit/s total data rate is obtained. Then, the lasing
wavelength signal would be detected directly via a 9-GHz PIN receiver (Rx), and the received
OFDM signal can be taken by a real-time sampling oscilloscope for signal decoding. In order
to demodulate the vector signal, the use of the off-line DSP program is required. And the
demodulation processing covers the synchronization, FFT, zero forcing equalization, and
QPSK symbol decoding. Therefore, the bit error rate (BER) is obtained from the observed
signal-to-noise ratio (SNR).
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Figure 14. Measured output power and optical signal-to-noise ratio (OSNR) in the lasing wavelengths of 1538.03–
1561.91 nm.
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For the next experiment, the bias current of SOA is fixed at 120 mA, while the RSOA is operated
at the DC bias current of 50, 60, 70, and 80 mA, respectively. The lasing wavelength is selected
at 1553.0 nm for performance testing. Figs. 15(a) to 15(c) show the BER performances of
proposed laser at the back-to-back (B2B) status and after 20 and 50 km fiber transmissions,
respectively, when the RSOA is operated at 50, 60, 70, and 80 mA. And the insets of Figs.
15(a) to 15(c) are corresponding constellations at the BER of 3.8×10–3 (the FEC threshold) under
the B2B and after 20 and 50 km SMF transmissions, respectively, when the SOA and RSOA are
120 and 80 mA. As seen in Figs. 15(a) to 15(b), the optical power penalties are 0.5 and 3.3 dB
(RSOA@50mA); 0.6 and 1.8 dB (RSOA@60mA); 0.3 and 1.2 dB (RSOA@70mA); and 0.2 and 1
dB (RSOA@80mA), respectively, after 20 and 50 km SMF transmissions at FEC threshold.
Moreover, the optical sensitivities of received powers are also observed in Fig. 15, at the B2B
and after 20 and 50 km fiber transmissions, respectively, when the RSOA is operated at 50, 60,
70, and 80 mA and SOA is fixed at 120 mA. At the B2B status and after 20 km fiber transmission,
by increasing the bias current of RSOA gradually, the received powers are also increased, as
seen in Fig. 15. However, when the bias current of RSOA is increased after 50-km fiber
transmission, the optical received sensitivities could be enhanced. That means that the received
power and penalty can be improved after 50-km fiber transmission, when the bias current of
RSOA is increased to 80 mA.
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Figure 15. BER performances of proposed laser (a) at the B2B and (b) after 20- and (c) 50-km fiber transmissions, re‐
spectively, when the RSOA is operated at 50, 60, 70, and 80 mA. And the insets are corresponding constellations at the
FEC threshold.

5. Conclusion

In conclusion, we have introduced three RSOA-based fiber laser architectures for multiwave‐
length and wavelength-tunable operations in three different laser architectures. In the first
section, we have demonstrated an L-band multiwavelength laser by utilizing a C-band RSOA
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with a linear cavity, which is produced by a PC, an OCP, and an RFM. In the proposed RSOA
laser scheme, two to seven wavelengths could be lased and created simultaneously in the L-
band range, while the RSOA operates at various bias currents.

In the second section, we have proposed a multiwavelength laser source by utilizing a C-
band RSOA with dual-ring fiber cavity. In the measurement, the laser cavity was constructed
by an RSOA, a 1×2 OCP, a 2×2 OCP, and a PC, respectively. Thus, 13–18 wavelengths around
L-band could be produced simultaneously, as the bias current of C-band RSOA was driven at
30–70 mA.

In the final section, we have investigated the wavelength-tunable fiber ring laser architecture
by using the RSOA and SOA. Here, the wavelength tuning range of 1538.03–1561.91 nm could
be obtained. The measured output power and OSNRs of the proposed fiber laser were between
–0.8 and –2.5 dBm and 59.1 and 61.0 dB/0.05 nm, respectively. The power and wavelength
stabilities of the proposed laser were also studied. Besides, the proposed laser could be directly
modulated at 2.5 Gbit/s QPSK-OFDM signal. And 20–50-km SMF transmission distances were
also achieved within the FEC limit without dispersion compensation. We believe that it can be
a cost-effective and promising candidate for next-generation WDM-PON.
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a cost-effective and promising candidate for next-generation WDM-PON.

Acknowledgements

This work was supported by Ministry of Science and Technology, Taiwan, under grants
MOST-103-2218-E-035-011-MY3, MOST-104-2628-E-009-011-MY3, and MOST-103-2221-
E-009-030-MY3.

Author details

Yeh Chien-Hung1* and Chow Chi-Wai2

*Address all correspondence to: yehch@fcu.edu.tw

1 Department of Photonics, Feng Cha University, Taichung, Taiwan

2 Department of Photonics, National Chiao Tung University, Hsinchu, Taiwan

References

[1] C. H. Yeh, C. W. Chow, Y. F. Wu, F. Y. Shih, C. H. Wang and S. Chi, “Multiwave‐
length erbium-doped fiber ring laser employing Fabry-Perot etalon inside cavity op‐
erating in room-temperature,” Opt. Fiber Technol., vol. 15, no. 4, pp. 344–347, 2009.

Fiber Laser162

[2] Z. G. Lu, F. G. Sun, G. Z. Xiao and C. P. Grover, “A tunable multiwavelength fiber
ring laser for measuring polarization-mode dispersion in optical fiber,” IEEE Photon.
Technol. Lett., vol. 16, pp. 1280–1282, 2004.

[3] C.-H. Yeh, M.-C. Lin, B.-C. Cheng and S. Chi, “S-band long-distance fiber Bragg gra‐
ting sensor system,” Opt. Fiber Technol., vol. 13, pp. 170–173, 2007.

[4] C. H. Cox III, Analog Optical Links: Theory and Practice, Cambridge University
Press, New York, May 2004.

[5] M. A. Ummy, N. Madamopoulos, P. Lama and R. Dorsinville, “Dual Sagnac loop
mirror SOA-based widely tunable dual-output port fiber laser,” Opt. Express, vol. 17,
pp. 14495–14501, 2009.

[6] H. Chen, “Multiwavelength fiber ring laser lasing by use of a semiconductor optical
amplifier,” Opt. Lett., vol. 30, pp. 619–621, 2005.

[7] J. Zhang and J. W. Y. Lit, “Compound fiber ring resonator: theory,” J. Opt. Soc. Am.
A, vol. 11, pp. 1867–1873, 1994.

[8] P. Barnsley, P. Urquhart, C. Millar and M. Brierley, “Fiber Fox-Smith resonators: ap‐
plication to single-longitudinal-mode operation of fiber lasers,” J. Opt. Soc. Am. A,
vol. 5, pp. 1339–1346, 1988.

[9] C. H. Yeh, F. Y. Shih, S. Wen, C. W. Chow and S. Chi, “Using C-band erbium-doped
fiber amplifier with two-ring scheme for broadly wavelength-tuning fiber ring laser,”
Opt. Commun., vol. 282, pp. 546–549, 2009.

[10] Y. W. Lee, J. Jung and B. Lee, “Multiwavelength-switchable SOA-fiber ring laser
based on polarization maintaining fiber loop mirror and polarization beam splitter,”
IEEE Photon. Technol. Lett., vol. 16, pp. 54–56, 2004.

[11] Y. F. Wu, C. H. Yeh, C. W. Chow, J. Y. Sung, and J. H. Chen, “Stable and wavelength-
tunable self-injected RSOA-based laser,” IEEE Photon. J., vol. 7, no. 4, #1503007, 2015.

[12] C. Zhao, X. Yang, J. H. Ng, X. Dong, X. Guo, X. Wang, X. Zhou and C. Lu, “Switcha‐
ble dual-wavelengtherbium-doped fiber-ring lasers using a fiber Bragg grating in
high-birefringence fiber,” Microw. Opt. Technol. Lett., vol. 41, pp. 73–75, 2004.

[13] C.-H. Yeh and S. Chi, “A broadband fiber ring laser technique with stable and tuna‐
ble signal-frequency operation,” Opt. Express, vol. 13, pp. 5240–5244, 2005.

[14] H. Ahmad, A. H. Sulaiman, S. Shahi and S. W. Harun, “SOA-based multi-wave‐
length laser using fiber Bragg gratings,” Laser Phys., vol. 19, pp. 1002–1005, 2009.

[15] K. Vlachos, C. Bintjas, N. Pleros and H. Avramopoulos, “Ultrafast semiconductor-
based fiber laser sources,” IEEE J. Sel. Top. Quantum Electron., vol. 10, pp. 147–154,
2004.

Utilization of Reflective Semiconductor Optical Amplifier (RSOA) for Multiwavelength...
http://dx.doi.org/10.5772/61752

163



[16] C. H. Yeh, C. W. Chow, Y. F. Wu, S. S. Lu and Y. H. Lin, “Stable wavelength-tuning
laser in single-frequency by optical-injected Fabry-Perot laser diode and RSOA for
long distance fiber propagation,” Laser Phys., vol. 22, no.1, pp. 256–260, 2012.

[17] C. H. Yeh, C. W. Chow, J. H. Chen, K. H. Chen and S. S. Lu, “Broadband C- plus L-
band CW wavelength-tunable fiber laser based on hybrid EDFA and SOA,” Opt. Fi‐
ber Technol., vol. 19, no. 4, pp. 359–361, 2013.

[18] C.-H. Yeh, C.-C. Lee, C.-Y. Chen and S. Chi, “A stabilized and tunable erbium-doped
fiber ring laser with double optical filter,” IEEE Photon. Technol. Lett., vol. 16, no. 3,
pp. 765–767, 2004.

[19] C. H. Yeh, C. W. Chow, and S. S. Lu, “Using a C-band reflective semiconductor opti‐
cal amplifier and linear cavity laser scheme for L-band multi-wavelength lasing,” La‐
ser Phys. Lett., vol. 10, no. 4, p. 045108, 2013.

[20] M. J. Connelly, “Wideband semiconductor optical amplifier steady-state numerical
model,” IEEE J. Quantum Electron., vol. 37, pp. 439–447, 2001.

[21] C. H. Yeh, C. W. Chow, and S. S. Lu, “Use of reflective semiconductor optical ampli‐
fier and dual-ring architecture design for stable multi-wavelength fiber laser,” Laser
Phys., vol. 24, no. 5, p. 055101, 2014.

[22] C. H. Yeh, J. Y. Sung, L. G. Yang, C. W. Chow, and J. H. Chen, “Stable and wave‐
length-tunable RSOA- and SOA-based fiber ring laser,” Opt. Fiber Technol., vol. 20,
no. 3, pp. 250–253, 2014.

[23] C.-H. Yeh, C.-C. Lee, C.-Y. Chen and S. Chi, “A stabilized and tunable erbium-doped
fiber ring laser with double optical filter,” IEEE Photon. Technol. Lett., vol. 16, no. 3,
pp. 765–767, 2004.

[24] S. E. Hashemi, “Relative intensity noise (RIN) in high-speed VCSELs for short reach
communication,” thesis, Chalmers University of Technology, 2012.

Fiber Laser164



[16] C. H. Yeh, C. W. Chow, Y. F. Wu, S. S. Lu and Y. H. Lin, “Stable wavelength-tuning
laser in single-frequency by optical-injected Fabry-Perot laser diode and RSOA for
long distance fiber propagation,” Laser Phys., vol. 22, no.1, pp. 256–260, 2012.

[17] C. H. Yeh, C. W. Chow, J. H. Chen, K. H. Chen and S. S. Lu, “Broadband C- plus L-
band CW wavelength-tunable fiber laser based on hybrid EDFA and SOA,” Opt. Fi‐
ber Technol., vol. 19, no. 4, pp. 359–361, 2013.

[18] C.-H. Yeh, C.-C. Lee, C.-Y. Chen and S. Chi, “A stabilized and tunable erbium-doped
fiber ring laser with double optical filter,” IEEE Photon. Technol. Lett., vol. 16, no. 3,
pp. 765–767, 2004.

[19] C. H. Yeh, C. W. Chow, and S. S. Lu, “Using a C-band reflective semiconductor opti‐
cal amplifier and linear cavity laser scheme for L-band multi-wavelength lasing,” La‐
ser Phys. Lett., vol. 10, no. 4, p. 045108, 2013.

[20] M. J. Connelly, “Wideband semiconductor optical amplifier steady-state numerical
model,” IEEE J. Quantum Electron., vol. 37, pp. 439–447, 2001.

[21] C. H. Yeh, C. W. Chow, and S. S. Lu, “Use of reflective semiconductor optical ampli‐
fier and dual-ring architecture design for stable multi-wavelength fiber laser,” Laser
Phys., vol. 24, no. 5, p. 055101, 2014.

[22] C. H. Yeh, J. Y. Sung, L. G. Yang, C. W. Chow, and J. H. Chen, “Stable and wave‐
length-tunable RSOA- and SOA-based fiber ring laser,” Opt. Fiber Technol., vol. 20,
no. 3, pp. 250–253, 2014.

[23] C.-H. Yeh, C.-C. Lee, C.-Y. Chen and S. Chi, “A stabilized and tunable erbium-doped
fiber ring laser with double optical filter,” IEEE Photon. Technol. Lett., vol. 16, no. 3,
pp. 765–767, 2004.

[24] S. E. Hashemi, “Relative intensity noise (RIN) in high-speed VCSELs for short reach
communication,” thesis, Chalmers University of Technology, 2012.

Fiber Laser164

Chapter 9

Dissipative Solitons in Fibre Lasers

Vladimir L. Kalashnikov and Sergey V. Sergeyev

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61713

Abstract

Interdisciplinary concept of dissipative soliton is unfolded in connection with ultrafast fi‐
bre lasers. The different mode-locking techniques as well as experimental realizations of
dissipative soliton fibre lasers are surveyed briefly with an emphasis on their energy scal‐
ability. Basic topics of the dissipative soliton theory are elucidated in connection with
concepts of energy scalability and stability. It is shown that the parametric space of dissi‐
pative soliton has reduced dimension and comparatively simple structure that simplifies
the analysis and optimization of ultrafast fibre lasers. The main destabilization scenarios
are described and the limits of energy scalability are connected with impact of optical tur‐
bulence and stimulated Raman scattering. The fast and slow dynamics of vector dissipa‐
tive solitons are exposed.

Keywords: Ultrafast fibre laser, mode-locking, dissipative soliton, non-linear dynamics,
vector solitons, optical turbulence, stimulated Raman scattering

1. Introduction

Over the last decades, ultrafast fibre laser technologies have demonstrated a remarkable
progress. By definition [1–4], these technologies concern generation, manipulation and
application of optical pulses from a fibre laser or a laser-amplifier system with (i) peak power
P0 exceeding substantially an average laser power Pave and (ii) pulse widths τ which are much
lesser than a laser round-trip period T. Such a definition can be re-interpreted in terms of a
laser mode-locking, which means a phase-locked interference of the M laser eigenmodes
producing an equidistant train of ultrashort pulses. Then, τ ∝ 1/Mδω (M is a number of locked
eigenmodes and δω is an inter-mode frequency interval defined by T ∝ 1/δω) and P0 ∝ MPave

[5,6]. It means that a mode-locked laser generates a comb of equidistant optical frequencies
comprising the broad spectral range ∆ ∝ Mδω. It is clear that the substantial enhancement of
P0 (by the factor of M ∝ 1/τδω ~105 ÷ 106, i.e. upto over-MW level [7,8]) and τ–reduction (~T/M,

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



i.e. down to sub-100 fs level [9]) promise an outlook for different applications [10] including
non-linear and ultrasensitive laser spectroscopy [11–14], biomedical applications [15–19],
micromachining [20,21], high-speed communication systems [22], metrology [23] and many
others [24,25]. The extraordinary peak powers in combination with the drastic pulse width
decrease bring the high-field physics on tabletops of a mid-level university lab [26–29].
Moreover, the over-MHz pulse repetition rates δω provide the signal rate improvement factor
of 103 ÷ 104 in comparison with that of classical chirped-pulse amplifiers [26]. As a result, the
signal-to-noise ratio enhances substantially, as well.

Another aspect of the ultrafast laser applications is connected with studying non-linear
phenomena [30]. Ultrafast lasers became an effective platform for investigation of general non-
linear processes such as instabilities and rogue waves [31,32], self-similarity [33] and turbu‐
lence [34]. A coherent self-organization in such non-linear systems [35,36] is the keystone of
this review, and it will be considered below in detail. But here, we have to point at the
multidisciplinary context of our topic. The ultrafast fibre lasers can be treated as an ideal
playground for exploring of non-linear system phenomenology as a whole [37]. Such a
playground spans gravity and cosmology [38], condensed-matter physics and quantum field
theory [39–41], biology, neurosciences and informatics [42,43]. The advance of ultrafast laser
technology is that the theoretical insights promise to become directly testable, controllable and,
on the other part, the theory can be urged by new precise measurable experimental challenges.

To date, the solid-state lasers allowed generating shortest pulses with highest peak powers
directly from an oscillator with high repetition rates (δω > 1 MHz) [44–49]. The main advan‐
tages of solid-state laser systems are (i) broad gain bands (i.e. very large M) allowing generation
of extremely short pulses (τ approaches one optical cycle for such media as Ti:Sp or Cr:chal‐
cogenides) and (ii) covering the spectral range from visible (Ti:Sp) through infra-red (Ti:Sp,
Cr:forsterite and Cr:YAG) to mid-infrared (Cr:chalcogenides) wavelengths, as well as (iii)
possibility of independent and precise dispersion [50] and non-linearity [46,48] control.
Nevertheless, fibre lasers have unprecedented prospects [51] due to (i) possibility of mean
power scaling provided by large gain, (ii) high quality of laser mode, (iii) reduced thermo- and
environment-sensitivity, (iv) compactness and integrity of laser setup. Additionally, one has
to point at broader gain bands of fibre media in comparison with the energy-scalable, thin-
disk, solid-state oscillators operating within analogous wavelength ranges [9,52]1 and possi‐
bility to break into deep-UV and mid-IR optical spectral ranges [55,56].

In this review, we will concern the concepts of a mode-locking and a dissipative soliton in a
nutshell.

2. Mode-Locking

The concept of mode-locking is universal and closely connected with a principle of synchro‐
nisation of coupled oscillators [57–64]. A laser is, in fact, the interferometer which possesses a

1 The width of a gain band is not a decisive factor per se because both pulse width and its spectrum are affected by various
factors including higher-order dispersions, non-linearity, etc. [53,54].
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set of eigenmodes (longitudinal modes) separated by δω = 2π/Τ. Simultaneously, it is an active
resonator, which means an amplification ∆Α of mode amplitude Α during the resonator round-
trip in the vicinity of the maximum gain frequency ω0 as
ΔA(ω)≈ (g(ω0)−ℓ)A(ω)−α(ω −ω0)2A(ω), where g(ω0) is a gain at the frequency ω0, ℓ is a net-loss
coefficient and α∝ g(ω0) / δΩ2 takes into account a frequency-dependence of gain coefficient in
the vicinity of ω0 defined by a gain bandwidth δΩ. In such an oversimplified model, only one
mode with the maximum net-gain σ ≡ g(ω→ω0)−ℓ=0 is generated because the gain coefficient
is energy-dependent, that is, it decreases with A (i.e. a gain is saturable that results in a mode
competition or mode selection, Figure 1).

Figure 1. Comb of frequencies generated by a laser with the repetition rate δω. The gain band is centred at ω0. Mode-
locking consists in excitation and synchronisation of ω0 ± nδω sidebands.

In the case of active mode-locking, a periodic external modulation with the frequency of δω
excites the ±δω sidebands for each mode in the comb so that the modes A(ω), A(ω ±δω) become
coupled. In the framework of our oversimplified model, a steady-state regime ΔA = 0 is
described by the equation in time domain [59–61]:

( ) ( ) ( ) ( )
2

2
2 0,

A t
g A t t A t

t
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¶

- + - =
¶

l (1)

which is the classical equation for an oscillator in the potential defined by ν ∝ δω2. This
equation has a trivial solution in the form of a Gaussian pulse [59–63]:
A(t)= A0exp(−2ln(2) t 2 / τ 2), where the pulse amplitude A0 is defined by the condition of energy
balance of σ∝ντ 2 (the saturable gain coefficient is energy, i.e. A0

2 -dependent) and the pulse

width τ∝ α / ν4 . In the general case, the excitation of A(t) in the form of Hermitian–Gaussian
solutions of Equation (1) is possible. Since the pulse width is defined by ν so that
τ∝1 / δΩδω, the minimum pulse widths of ∼1 / δΩ are hardly reachable due to limitation
imposed by δω-value. The situation can be changed in the presence of the self-phase modula‐
tion (SPM) [65] and the dynamic gain saturation. Then τ∝1 / δΩ σ [66].
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Using the non-linear processes such as SPM, loss and gain saturation allows generating the
ultrashort pulses due to mechanism of the so-called passive mode-locking [60]. Periodical
perturbations caused by transitions through non-linear laser elements such as saturable
absorber or gain medium enrich the spectrum with new components ω0 ± mδω (m = 1, 2,..., M),
which becomes locked through non-linear interaction [64]:
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where a four-wave non-linear process defined by non-linear susceptibility χ3 mixes the
frequencies ω1, ω2, ω3 and ω4 during the propagation through a non-linear medium along the
z-coordinate (Δk =k (ω1)−k (ω2)−k(ω3)−k(ω4) is the difference of wavenumbers, c is the speed of
light, n is the frequency-dependent refractive index).

Both active and passive mode-locking concepts can be easily united from the point of view of
spice-time duality [64,67–69]. For instance, let’s consider heat diffusion equation:

2
2

2 ,u uu x u
t x

s z n¶ ¶
= + -

¶ ¶
(3)

where a heat radiated at x = 0 by the point source σ diffuses along x-axis and is absorbed by
cooler with the parabolic ‘cooling potential’. The replacements t →  z and x →  t result in an
equation for ‘diffusion’ of light describing an active amplitude mode-locking (see Eq. (1)):

2
2
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z t
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= + -
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Eq. (4) is clearly understandable in the Fourier domain: ∂ Ã
∂ z =σÃ + ν

∂2 Ã
∂ω 2 −αω 2Ã,  where an

external (i.e. active) modulation defined by the ν-coefficient ‘diffuses’ (i.e. broadens) a field
spectrum Ã and such diffusion is compensated by spectral dissipation defined by the α-
coefficient. In the time-domain, the spectrum broadening corresponds to a light pulse short‐
ening due to parabolic potential action which is balanced by spectral dissipation causing a
pulse widening.

The space-time duality can be extended further with the help of diffraction-dispersion duality:
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where k and β2 are the wave number and group-delay dispersion coefficients, respectively.
Both processes describe the beam/pulse spreading with propagation which is accompanied by
phase ϕ profile distortion, i.e. by appearance of the chirp Q∝d 2ϕ / d x 2 (or d 2ϕ / dt 2). The active
phase modulation from this point of view

2
2

2
A AA i t A
z t

s a n¶ ¶
= + -

¶ ¶
(6)

(compare with (4)) looking as ∂ Ã
∂ z =σÃ + iν

∂2 Ã
∂ω 2 −αω

2Ã in the Fourier domain describes a

‘diffraction’ (dispersion) in the frequency domain inspired by phase modulator which is
balanced by spectral dissipation. The main difference from (4) is that the phase modulation in
(6) distorts the phase and thereby produces chirp like the action of thin lens but in the time
domain. In other words, the phase modulation in (6) pushes the spectral components out of
the point of stationary phase ∂ϕ / ∂ t =0, adding the frequency shift ∝νt  (Doppler shift) which
enhances the spectral dissipation on the pulse wings and thereby forms a pulse like the active
amplitude modulator. But the phase profile ϕ(t) is parabolic in this case.

The transition to a passive mode-locking looks straightforward, but one has to be careful in this
case. The spice-time duality suggests a simple way to realize the temporal focusing like that
in space domain: combination of phase modulation (‘time lens’) from Eq. (6) with dispersion
(‘time diffraction’) from Eq. (5) allows compressing a pulse. Therefore, a replacement of time
focusing by a time self-focusing (SPM) would provide a laser pulse self-trapping like the effect
of laser beam self-trapping:

2 2
2 2 ,

2
A i A i A A
z t

b g¶ ¶
= -

¶ ¶
(7)

which is the famous non-linear Schrödinger equation describing propagation of optical solitons
in a fiber (β2 < 0 corresponds to an anomalous dispersion, γ is a SPM-coefficient) [35,70,71].

It is appropriate to mention here that the space-time duality x →  t allows extending the
physical context of consideration beyond scopes of optics. For instance, A, E = ∫dx |A|2, and
ϕ can be related for a mean-field amplitude, number of particle (mass of condensate) and
momentum (wave number) for a Bose–Einstein condensate [39]. Then, it is clear that the
dispersion and SPM terms in Eq. (7) describe the kinetic energy and four-particle interaction
potential for gas of bosons. Such an interpretation opens a road to a quantum theory of solitons
[72–74].

Following the same procedure for Eq. (4), describing the active amplitude mode-locking results
in the simplest version of equation for a passive mode-locking, so-called cubic non-linear
Ginzburg–Landau equation [35,36,75]:
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This equation describes a combined action of saturated net-gain (σ), spectral dissipation (α)
and non-linear gain (κ). The last term results from loss saturation in a non-linear absorber with
the response time much lesser than the pulse width. As will be shown below, such an as‐
sumption is valid for a broad class of fibre mode-locking mechanisms. Physics of passive mode-
locking resembles that of active one: self-focusing in time domain causes a spectrum
broadening which is balanced by spectral dissipation. Loss and energy-dependent gain are
required for developing and stabilizing the mode-locking (all these factors are included in σ-
term which is < 0 for a steady-state pulse). Eqs. (7) and (8) have a similar solution
A(t)∝sech(t / τ) but the mathematical structures of these equations differ substantially that
created discrepancies between concepts of the ‘true’ [76] and dissipative solitons (DSs, see next
section) [36]. Combining Eqs. (7) and (8) gives the famous complex cubic non-linear Ginzburg–
Landau equation (cubic CNGLE) [35–37,42]:
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which is a playground for study of DSs. Equation (9) allows a number of further generalizations
such as: (i) description of non-distributed evolution due to dependence of the equation
coefficients on z [77]; (ii) generalization of non-linearity type aimed first of all to adequate
description of different mode-locking mechanisms (see below); (iii) taking into account the
higher-order dispersions, i.e. ω-dependence of β2 [68]; (iv) taking into account the vector nature
of light, i.e. transition to a system of coupled two-component CNGLEs [68,78–81], etc.

Now let us consider the mode-locking mechanisms for fibre lasers in more detail. Active
mode-locking can be utilized for DS generation from a fibre laser [82–84], but the wide‐
spread mechanism is based on the non-linear polarization rotation (NPR) which uses the effect
of  intensity-dependent  polarization  mode  coupling  in  a  fibre  [85–88].  There  is  volumi‐
nous literature concerning the experimental realization of NPR mode-locking in fibre lasers;
therefore, our selection of references is rather subjective and concerns the DS context [95–
111].

It is known [70] that an ideal single-mode fibre supports two degenerate orthogonally
polarized modes. However, a real fibre has inherent birefringence caused by core asymmetry
or mechanical stress (Figure 2).

Since SPM as well as cross-phase modulation (XPM) contribute to refractivity index with the
strength defined by field intensity, such a contribution will change the state of polarization
(SOP, Figure 3) [60,70,89] that can be described by coupled equations for two orthogonal (x
and y) polarization components [70]:
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where the dissipative factors from Eq. (9) are taken into account and Δβ =2π / L b describes a
‘strength’ of linear birefringence (Lb is a beat-length). As was shown in [81,91–94,179], the multi-
scale averaging technique allows reducing Eq. (10) to the modified scalar non-linear Ginzburg–
Landau equation (so-called sinusoidal Ginzburg–Landau equation) in which the self-amplitude
modulation term (SAM, last term in Eq. (9)) is replaced by ∝ logQ(| A| 2)A, where Q is a
complex function defined by birefringence and settings of laser wave plates and polarizer.

Figure 2. Fibre cross-sections with cylindrical symmetry broken by manufacturing process that leads to fibre birefrin‐
gence.

Figure 3. Block scheme of a self-amplitude modulator (SAM) based on NPR. Both linear birefringence and NPR con‐
tribute to the change of state of polarization (SOP, rotation angle θ) that leads to intensity-dependent transmission of
this scheme.
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Such an approach opens a way to multi-parametrical optimization of fibre lasers mode-locked
by NPR.

Despite its relative simplicity in principle as well as possibility of all-fibre-integrity of a laser,
NPR in the form presented in Figure 3 is too sensitive to laser setup, uncontrollable perturba‐
tions and requires a precise manual tuning. The modified SAM setup, which can utilize both
NPR and scalar SPM, is shown in Figure 4. It is the so-called non-linear optical loop mirror or
figure eight laser (Figure 4) [112,113,265]. In principle, this setup is an all-fibre realization of
additive-mode-locking [82,114] with inherently adjusted linear optical propagation lengths for
counter-propagating beams. The main control parameter here is the beam splitting ratio ρ
controlling the mutual intensities of counter-propagating beams.

The unique property of this SAM setup is its ability to utilize different types of non-linearities
for mode-locking (e.g. see [115–118]). Different modifications of this mode-locking mechanism
have been used in DS fibre lasers [119–125]. Nevertheless, a fibre loop defining SAM remains
environment- and tuning-sensitive.

Figure 4. Block-scheme of SAM based on a non-linear optical loop mirror. Splitter splits input laser beam into two
counter-propagating ones (red and green arrows) with some splitting ratio ρ. The beams interfere after round-trip and
partially return into a laser. The result of interference is intensity-dependent due to NPR or/and SPM within a loop.

There is a class of alternative approaches utilizing non-fibre well-controllable non-linearities
for mode-locking by the cost of broken fibre-integrity of a laser. Such an alternative was
provided by development of high-non-linear semiconductor saturable absorber mirror (SESAM)
[126–135]. The point is to put a semiconductor layer into a composed multi-layer mirror with
the well-controllable spectral characteristics as well as with the adjustable intensity concerta‐
tion of penetrating field within a semiconductor layer. In fact, it is an advanced non-linear
Fabri–Perot interferometer with the reflectivity coefficient depending on the incident intensity
(or energy) [136]. Interaction of light with a semiconductor layer can be characterized roughly
as excitation of carriers from a valence band of semiconductor to its conduction band. Excited
carriers thermalize inside a conduction band with the character time ~100 femtoseconds. This
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time defines a fastest response of SESAM to a laser radiation. Then, the thermalized carriers
can relax into valence band or intra-band trapping states with the characteristic times from
picoseconds to nanoseconds. Thus, SAM due to SESAM is slow in comparison with that due
to NPR or SPM because the response times of the lasts are defined by intra-atom polarization
dynamics, i.e. these times belong to femtosecond diapason. Additionally, the spectral diapa‐
son of SESAM response is substantially squeezed in comparison with that of pure electronic
non-linearities due to resonant character of SESAM non-linearity. This can trouble the mode-
locking within a spectral range exceeding the SESAM bandwidth. But the reverse side of the
SESAM-band squeezing is that a non-linear response of SESAM becomes resonantly enhanced.
This means that SESAM can provide more easily starting, stable and controllable mode-
locking. The key characteristics of SESAM are [127] loss saturation fluence Es =hν / 2σa (hν is a
photon energy, σ

a
 is an absorption cross section), modulation depth μ0 =σaN  (N is a density of

states in semiconductor), relaxation (recovery) time T
r
, unsaturable loss, saturable loss bandwidth

and level of two-photon absorption.

Akin mode-locking methods providing full fibre-integrity, broadband absorption, sub-
picosecond response time and avoiding a complex multi-layer mirror weaving use nanotube
and graphene saturable absorbers [30,137–143] and other low-dimensional structures [144].

From the theoretical point of view, the response of saturable absorber (SESAM or other
quantum-size structures) to a laser field can be very complicate. In principle, one has to take
into account finite loss bandwidth, its dispersion, dependence of refractive index on carrier’s
(or exciton’s) density (so-called linewidth enhancement), complex kinetics of excitation and
relaxation, etc. However, the praxis demonstrated that a simple model of two-level absorber
is well working [145]:
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with some possible modifications (e.g. see [146]). Since DSs, as a rule, have over-picosecond
widths (see next section), one may use an adiabatic approximation for (11) so that the expres‐
sion for SAM coefficient in the last term in Eq. (9) has to be replaced:
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where Ps = Es / Tr is a loss saturation power.

One may propose a hypothesis that an analogue of Kerr-lens mode-locking, which is a basic
mechanism for generation of femtosecond pulses from solid-state lasers [60,85,147], can be
realized in a fibre laser as well. Such an insight is based on possible enhancement of the laser
beam spatial-trapping induced by non-linearity in a medium with spatially inhomogeneous
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gain/loss or refractivity [148–152]. The model for analysis of such phenomena can be based on
extension of dimensionality of Eq. (9), with taking into account the diffraction and transverse
inhomogeneity of gain, loss or/and refractive index (the last can work as SAM due to the
waveguide leaking loss) [153]:
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where cylindrical symmetry is assumed, x is a radial coordinate and κ is a coefficient (complex
in general case) which describes a transverse inhomogeneity of a fibre. Figure 5 shows the net-
gain profiles (a) and the intra-laser pulse energies (b) as function of an effective aperture size
obtained on the basis of variational approach for Eq. (13) [153]. The results demonstrate a
principal feasibility of the Kerr-lens mode-locking regime for a DS fibre laser.

Figure 5. (a) Transverse net-gain profiles for different transverse parabolic distributions of net-gain coefficient which
can be realized by inhomogeneous doping of fiber or by impact of waveguide leaking loss. (b) The dependence of in‐
tra-laser DS energy for a DS Yb-fibre laser with the 14 nm filter bandwidth and the average GDD of 330 fs2/cm [153].
DS collapses for large energies and cannot start for large aperture sizes (here SAM has inverse sign and the continu‐
ous-wave generation prevails).

All these mode-locking techniques are realizable for both soliton proper and DS fibre lasers
(excluding the Kerr-lens mode-locking which requires sufficiently high pulse energies
provided by only a DS laser). Now let’s consider the DSs fibre lasers proper.

3. DS concept: Theory and experiment

A ‘classical’ soliton can be formally defined as a solution of non-linear evolution equation
belonging to discrete spectrum of the inverse scattering transform [71,76,154]. The non-linear
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equations, which can be solved by inverse scattering transform, are ‘exactly integrable’. This
means that they are akin to linear equations in some sense. In particular, they obey the
superposition principle and, as a result, can be canonically quantized [155,156]. One has to
note that integrability of a non-linear evolution equation and non-dissipative (non-Hamilto‐
nian) character of the latter are not equivalent because there are both non-integrable Hamil‐
tonian systems and integrable dissipative ones [36]. The point is that the DS concept is not
connected with ‘integrability’; therefore, DSs are not ‘true’ solitons in a mathematical sense.
However, many properties of DSs, in particular, their stable localization, robustness in the
processes of scattering and interaction, well-organized internal structure, etc., resemble the
properties of ‘true’ solitons. Formally, one may define DS as a localized and stable structure
emergent in a non-linear dissipative system far from the thermodynamic equilibrium [36]. DSs are
abundant in the different natural systems ranging from optics and condensed-matter physics
to biology and medicine. In this sense, one may paraphrase that DSs “are around us. In the
true sense of the word they are absolutely everywhere” [157]. Therefore, the concept of DS
became well established in the last decade [36,37,42,158].

Stability of a DS under condition of strong non-equilibrium can be achieved only due to well-
organized energy exchange with environment and subsequent energy redistribution within a
DS. It results in energy flux inside a DS and, thereby, in DS phase inhomogeneity [36]. For a
simplest case of Eq. (9), which has a DS solution in the form of A(t)= A0sech(t / τ)1+iψ

(ψ∝Qτ 2 =τ 2∂2ϕ / ∂ t 2 is a dimensionless chirp parameter) [85,159,160], the DS energy genera‐
tion [36]
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as well as the spectrum | Ã(ω)| 2 are shown in Figure 6 in dependence of β2 (the data are based
on an approach of [160]). One can see that the spectrum broadening transfers the action of
spectral dissipation on a pulse ‘in whole’ into well-structured energy exchange: inflow at pulse
centrum and outflow on its wings. The key characteristic of a dissipation inhomogeneity is a
chirp, i.e. an inhomogeneity of phase. In absence of the chirp, the spectral dissipation acts on
a pulse in whole that, in particular, induces a multi-pulse instability [161]. However, a power-
dependent chirp causes inhomogeneity of energy transfer (Figure 7). Energy flows in the
region closer to central wavelength where the gain is maximal. This region is located in the
vicinity of pulse maximum. Energy flows out from the spectrum wings which are located on
the wings of pulse, that is, the pulse localization is supported by spectral dissipation through
non-linear mechanism of chirping [42,160,162]. One has to note that a direction of energy fluxes
inside a DS depends on parameters and can be inversely related to the direction shown in
Figures 6,7 (i.e. energy can flow from wings to centre). The corresponding structure was named
dissipative anti-soliton [210].
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Thus, an additional mechanism of SAM (in addition to mechanisms considered in the previous
section) appears, which provides unique robustness of DSs (i.e. DS exists within a broad range
of laser parameters [163,164]).

Figure 6. (a) Profile of energy generation and (b) logarithm of spectral power in dependence on GDD (normal disper‐
sion range) for a DS of [160].

Below, we will consider a chirp as the essential characteristic of DS [210]. One of the reasons
is that the chirp allows DS to accumulate energy E ∝ψ,  which means that DS is energy-
scalable [37,164–167]. The last statement does not mean that a chirp-free pulse is not energy-
scalable.  However,  the  energy-scalability  of  such  pulses  can  be  provided  by  only  fine-
tuned and separated control of SPM and GDD that can be achieved in solid-state oscillators
[26,168] or in large mode area (LMA) fibre lasers [169]. For fibre lasers such an approach
entails issues of full-fibre integrability, higher-order mode control [170,171]2 and thermo-
effects impact [172].

Figure 7. (a) Profile of energy generation and (b) power in dependence on chirp for a DS of Eq. (9): σ = –0.01, κ = 0.025,
α = 0.05, A

0
 = 1, τ = 1.

2 However, namely LMA and photonic-crystal fibres could realize a Kerr-lens mode-locking in a fibre laser [152,153].
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In the terms of space-time duality (see above), the mechanism of formation of time window,
within which a DS is localized, resembles a phenomenon of total internal reflection from some
‘borders’ created by phase discontinuity. Such borders are formally defined by the equivalence
of the wave number of out-/in-going radiation k (ω)=β2ω

2 / 2 (wave number of dispersive linear
wave) and the DS wave number q =γP0 : k (±Δ)=q, where P0 = | Amax | 2 is a DS peak power and

a DS spectral width is Δ= 2γP0 / β2 [173]. Since a system is dissipative, the above phase
equilibrium has to be supplemented by loss compensation condition: spectral loss ∝αΔ2 has
to be compensated by non-linear gain κP0. Combination of above criteria gives a definition of
the parametric limits for DS [44,173]:

2

2 3 ,2 ,
2, 0

E
E

ag
b k

ì ®¥ï£ í ®ïî
(15)

where E is a DS energy. Eq. (15) is valid for the cubic-quintic CNGLE in which SAM has a form
of (κ | A| 2 −κζ | A| 4)A, that is, a non-linear gain is saturable (despite the unsaturable SAM in
Eq. (9)). A SAM saturability is necessary for DS stabilization [174]. Equality in Eq. (15)
corresponds to the DS stability border where σ = 0 (see Eq. (9)). The asymptotic E →∞
corresponds to a perfectly energy-scalable DS or to a phenomenon of dissipative soliton reso‐
nance (DSR) [37,44,165–167,175–183], which is sufficiently robust, exists in different SAM
environments and even within the anomalous GDD range [178,182]. Important property of
DSR is that the DS energy E can be scaled without loss of stability by plain scaling of laser
average power or/and its length L [44,180,184]. The chirp scales with length as well. As a result,
the DS peak power and spectrum width tend to a constant for fixed parameters of Eq. (9) (i.e.
fixed α, β2, σ and κ) and the energy scaling is provided by DS stretching in time domain.

This ideology of energy scaling by the pulse stretching goes back to the so-called wave-
breaking-free or stretched pulse fibre lasers where the propagation within the anomalous-
dispersion fibre sectors alternates with the propagation under normal GDD action [96,101,185–
187]. As a result of pulse stretching, the non-linear effects in such systems are reduced, which
allows increasing an energy and suppressing a noise. As an alternative approach, one can
exclude an anomalous GDD at all and to realize a so-called similariton regime, when a pulse
accumulates an extremely large chirp and, thereby, an energy [33,103,188]. However, a self-
similar regime is not soliton-like one in nature; therefore, we will focus on the all-normal-
dispersion fibre lasers (ANDi) which produces DSs possessing a high stability within a broad
range of laser parameters [97,101,185,186,189,190]. In Figure 8, the energy-scalable DS lasers
are sub-divided into three main types: (1) all-fibre, (2) fibre with a free-space sector and (2) LMA
including rod and photonic-crystal fibre PCF.

The advantage of the first type of lasers is their integrity, which does not require an operational
alignment, includes potentially compressing and delivering sections, and provides environ‐
ment insensitivity and easy integrability with fibre-amplifier cascades [200]. The last advant‐
age is especially attractive because it allows a direct seeding of DS into chirp-pulse amplifier
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without preliminary pulse stretching. The second type of the DS fibre lasers can be considered
as a testbed for development of the first type. No wonder that the results achieved here are
more impressive (Figure 8). At last, the third type of the DS fibre lasers is most akin to the thin-
disk solid-state ones with simultaneous advantage of the broad gainbands. Such lasers provide
the DS energy scalability by scaling of laser beam area in combination with the scaling of laser
period and average power. Nevertheless, one has to keep in mind that both LMA and PCF
technologies have some disadvantages (see above) which make them similar to solid-state
lasers.

The advantage of the first type of lasers is their integrity, which does not require an 
operational  alignment,  includes  potentially  compressing  and delivering  sections, 
and provides environment insensitivity and easy integrability with fibre‐amplifier 
cascades  [200]. The  last advantage  is especially attractive because  it allows direct 
seeding of DS into chirp‐pulse amplifier without preliminary pulse stretching. The 
second type of the DS fibre lasers can be considered as a testbed for development of 
the first one. No wonder that the results achieved here are more impressive (Figure 
8). At  last,  the  third  type of  the DS  fibre  lasers  is most akin  to  the  thin‐disk solid‐
state  ones  with  simultaneous  advantage  of  the  broad  gainbands.  Such  lasers 
provide the DS energy scalability by scaling of laser beam area in combination with 
the  scaling of  laser period  and  average power. Nevertheless, one has  to keep  in 
mind  that both LMA and PCF  technologies have some disadvantages  (see above) 
which make them similar to solid‐state lasers. 
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to declare  the  stumbling block of  this  theory:  absence  of  a  unified  viewpoint. There 
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absence of a unified viewpoint. There exist unbroken walls between the circles of scientific
community exploiting and exploring the DS concept: walls between the solid-state and fibre
laser representations of the theory, condensed-matter one, numerical and analytical ap‐
proaches, etc. Briefly and conditionally, the relevant theoretical approaches can be divided
into (1) numerical, (2) exact analytical and (3) approximated analytical. The last includes the
models based on (3.1) perturbative, (3.2) adiabatic models (AM) as well as those based on (3.3)
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absence of a unified viewpoint. There exist unbroken walls between the circles of scientific
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As was emphasized repeatedly, both linear and non-linear dissipations are crucial for the DS
formation. The simplest and most studied models for such a type of phenomena are based on
the different versions of CNGLE (e.g. Eq. (9)).

Extensive numerical study of DSs of the cubic-quintic CNGLE has been carried out by N. N.
Akhmediev with co-authors [35–37,42,157,166,175,176,178,182]. The simulations have allowed
finding the DS stability regions for some two-dimensional projections of CNGLE parametrical
space. The summarizing description of the results obtained is presented in [44]. Most impres‐
sive results are: (i) parametric space of DS has a reduced dimensionality resulting, in particular,
in the appearance of DSR; (ii) DSR remains in a model with lumped evolution that is typical
for the most of fibre lasers; (iii) DSR and, correspondingly, DS exist within the anomalous GDD
region as well. However, the main shortcomings of the numerical approaches are: the para‐
metrical space under consideration is not physically relevant, and the true dimensionality of
DS parametric space is not identified. It is clear that the only advanced and self-consistent
analytical theory of DS would provide, in particular, a true representation of DS parametric
space and DSR conditions.

As was mentioned above, the evolution equations describing DSs are not-integrable. The
efforts based on the algebraic techniques [62,213,214] and aimed to finding the generalized DS
solutions of CNGLE were not successful to date. Nevertheless, few exact partial DS-solutions
are known. For instance, sole known exact analytical DS-solution of cubic-quintic CNGLE is
[110,166,176,182,189,211,212]:

( ) ( )( )0 exp ln cosh ,
2cosh

A iA t B i z
t B

y t f
t

é ù
= + +ê ú+ ë û

(16)

where A0, B, τ, ψ and ϕ are real constants [189]. This solution belongs to a fixed-point solution
class, which means that it exists only if some constraints are imposed on the cubic-quintic
CNGLE parameters. Solution (16) provides with important insights into properties of DSs. In
particular, the systematical classification of DS spectra (truncated concave, convex, Lorentzian
and structured spectra) and DS temporal profiles (from sech-shaped A(t) to tabletop one) is
possible in the framework of analytical approach. The transition to a DSR-regime reveals itself
in the ‘time-spectral’ duality shown in Figure 9 [141,189]. The sense of this ‘duality’ will be
explained below from the point of view of adiabatic theory of DSs.

The crucial shortcoming of the approach based on few exact DS solutions of evolution
equations is that the strict restrictions are imposed on the equation parameters. As a result, the
DS cannot be traced within a broad multidimensional parametric range and the picture
obtained is rather sporadic and is of interest only in the close relation with the numerical results
and experiment. Some additional information can be obtained on the basis of perturbation
theory which provides with a quite accurate approximation for a low-energy DS [215–217].

Most powerful approaches to the theory of DSs have been developed in the framework of
approximated techniques (for review see [44]): AM [165,167,217–221], VA [77,177,222–224,225]
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and MM [175,210,222,226]. The most impressive results obtained are: (i) physically relevant
representation of DS parametric space was revealed (it is a so-called master diagram, see [44]
for review and Figure 10); (ii) such a representation allows understanding the structural
properties of DS and its energy-scaling laws (i.e. DSR conditions) for different mode-locking
techniques; (iii) DS dynamics and an issue of optimal arrangement of laser elements providing
the maximum DS stability and energy have been explored [224,225,227,228]; (iv) vectorial
extension of VA concerning a vector DS (VDS) was endeavoured [229].
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Figure 10. DS master diagrams for the cubic‐quintic CNGLE (black) and the CNGLE with a 
SAM defined by Eq. (1.12) (red) (in the last case 1 sP  ). DSR ranges correspond to a so‐
called positive branch of DS [44,167], which has a highest DS energy‐scalability and stability 
[221] (see footnote7). The dashed curve corresponds to a DS stability border obtained from 
numerical simulations of cubic‐quintic CNGLE taking into account a quantum noise [243]. 

Dot blue curve shows the DS border under effect of SRS [260]. The parametrical space shown 
is the physically relevant parametrical space of DS. Points correspond to different scenarios of 
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Figure 9. ‘Time-spectral duality’ for an energy-scalable DS: bell-like time-profile (blue curve on the left picture) trans‐
forms into tabletop one with truncated edges (right) and, inversely, truncated tabletop spectrum (red curve on the left
picture) transforms into bell-like one (right) with the DS energy growth.
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Both AM and VA demonstrate two-dimensional representation of DS parametric space in the
form of master diagram. Dimensionality can grow with complication of CNGLE non-linearity
when SPM becomes saturable so that the cubic non-linear term in Eq. (9) has to be replaced by
(κ −κζ | A| 2)− i(γ + χ | A| 2) | A| 2A [217]. This effect can appear in a fibre laser with NPR (e.g.

see [179] where such a completely cubic-quintic CNGLE is connected with the NPR mode-
locking technique). In this case, DS soliton exists in both normal and anomalous GDD regions
[175,182,233].

The master diagram is a manifold of isogains (i.e. curves with σ = const ≤0). Figure 10 demon‐
strates the zero-isogains (σ = 0) corresponding to the DS stability limit (upper curves) as well
as the borders between ‘energy-scalable’ and ‘energy-non-scalabe’ branches of DS (lower
curves, see [44,167] for a formal definition3). Figure 10 demonstrates that the saturation of SAM
(so-called reverse saturable absorber provided, for instance, by NPR or graphene [141]; black
curves) enhances the DS stability in comparison with an unsaturable SAM (red curves). Since
lim

C→const
E =∞ (const ∈  the DSR range and its maximum value are of 2/3) for a saturable SAM (cubic-

quintic CNGLE, black curves in Figure 10). Such a property of isogain curves corresponds to
the DSR phenomenon. Since the stability threshold is defined by the condition of
C ≡2αγ / β2κ ≤2 / 3, one may conclude that the broadening of spectral filter band (or gainband)
enhances stability against multi-pulsing (α∝1 / δΩ2, see above) [107,108]. Simultaneously,
SPM has to be balanced by GDD (C ∝γ / β2) that, in combination with normalization of energy,
gives the energy-scaling law E ∝ L  along a DSR curve. VA predicts [230]:

2E b aµ (17)

which agrees with experimental observations of linear growth of DS energy with bandwidth
[107,108] as well with a rule E ∝ L  since β2 ∝ L  in the frameworks of distributed CNGLE.

In the case of unsaturable SAM corresponding to SESAM, some nanotube and graphene
absorbers, Kerr-lensing, etc. (see Eq. (12)), the energy scaling requires scaling of the control
parameter C. In this case, the asymptotic energy scaling law for Eκ 2 /γ α≫1 becomes [44]:

2 .E Cb aµ (18)

The spectral properties of DS are described clearly in the frameworks of AM [44,167]. In the
simplest case of cubic-quintic CNGLE, the DS spectrum Ã(ω) in the limit of |ψ | ≫1 is a
Lorentzian profile which has a characteristic width ΩL and is truncated at frequencies ±∆
[44,167,218]:

( ) ( )2 2

2 2

H
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w

w
w

D -
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W +
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3 Energy-non-scalable branch has two distinguishing characteristics: it turns into solution of Eq. (9) with ζ, χ→0
(‘Schrödinger limit’ [218]) and is unstable in absence of dynamic gain saturation, i.e. if σ is not energy-dependent [221].
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where H is a Heaviside function. The DS energy is
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Here, we trace the zero-isogain σ = 0. The DS time-profile is defined by an implicit expression:
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with the DS width of τ∝Δ−1(Δ2 +ΩL
2 )−1. Now, there are the following limiting cases:
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It is clear that in this ‘low-energy’ sector the DS time-profile is bell-like and its spectrum has
tabletop form (ΩL ≫Δ). In the DSR limit, one has:

( )

0

2

2 2 2

1

lim ,
0

tan

C L

L L

E
P

const

A q t

z

g bz

t

g b t

®

ì ®¥
ï ®ï
ïD ®ï
íW ®ï
ï ®
ï
ï = - W W Dî

(24)

Fiber Laser182



where H is a Heaviside function. The DS energy is

( )arctan ,L LEµ D W W (20)

and

( ) ( )

( )

2
2 2

22
0

22
0

d
,

2 d

3 1 ,
2 2 2

51 ,
2 3L

t
A t q

t

Cq P

C P

fb
g

b gg
z

b g g
z

æ ö
= - ç ÷ç ÷

è ø
æ ö

= = D = -ç ÷
è ø

W = + -

(21)

Here, we trace the zero-isogain σ = 0. The DS time-profile is defined by an implicit expression:

d d d darctanh arctan ,
L

t tt f f
t
é ùæ ö æ öD

= +ê úç ÷ ç ÷D W Dè ø è øë û
(22)

with the DS width of τ∝Δ−1(Δ2 +ΩL
2 )−1. Now, there are the following limiting cases:

( )

0

2

2 2 2

0
0

0
lim .

0

tanh

C L

E
P

const

A q t

t

g b t

®

ì ®
ï ®ï
ïD ®ï
íW ®ï
ï ®
ï

= - Dïî

(23)

It is clear that in this ‘low-energy’ sector the DS time-profile is bell-like and its spectrum has
tabletop form (ΩL ≫Δ). In the DSR limit, one has:

( )

0

2

2 2 2

1

lim ,
0

tan

C L

L L

E
P

const

A q t

z

g bz

t

g b t

®

ì ®¥
ï ®ï
ïD ®ï
íW ®ï
ï ®
ï
ï = - W W Dî

(24)

Fiber Laser182

that is, a DS in the DSR sector has a flattop temporal profile and a Lorenzian spectrum
(ΩL ≪Δ). Eqs. (24) demonstrate that asymptotical growth of DS energy leads to a spectral
condensation (ΩL →0) without a parallel temporal thermalization (τ→ ∞), which means an
inevitable destabilization of a plain energy-scalability [180]. This conclusion does not mean a
participial impossibility of DS energy-scaling in the frameworks of cubic-quintic CNGLE
model. For instance, a saturable SPM allows DSs with tabletop profiles and |dϕ / dt | →∞ on
the pulse edges. Such a DS possesses enhanced energy scalability and was observed experi‐
mentally [231].

4. DS spectrum and stability

As was explained, the dual balances in frequency domain:

2
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(25)

are formative for DS existence and stabilization. No wonder that the spectrum of DS is
benchmark of its inherent properties.

Figure 11. Perturbed DS spectrum [241].

Prior to consider the aspects of interweaving of spectral and stability properties of DSs, one
has to point to a possibility of multi-wavelength multi-pulsing DSs provided by DS robustness.
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As was demonstrated in [234] theoretically, the multi-DSs compounds in a mode-locked laser
can be stabilized at multiple frequencies. Experimentally, such multi-frequency DS com‐
pounds can be realized by birefringence filters with a periodical (interference-like) dependence
of transmission on wavelength under conditions of sufficiently broad gainband and powerful
pump [235–239]4.
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As was demonstrated in previous section, DS has non-trivial internal structure due to energy
fluxes inside it. The elements of this structure (internal modes) can be excited that causes
pulsating or chaotic dynamics of DS with preservation of its temporal and spectral localization
[241]. The spectral envelope acquires a shape of ‘glass with boiling water’ (Figure 11). Ap‐
pearance of such perturbations is understandable in frameworks of the DS perturbation theory
in spectral domain [242]. One has to note that such perturbations take a place inside the DS
stability region where σ < 0 (below the corresponding upper curves in Figure 10). Above the
stability boarder (‘no DS’ region in Figure 10), there are three main destabilization scenarios
[243]. For small energies and in the vicinity of stability border (point A in Figure 10), DS is
exploding (Figure 12), which means its aperiodic disappearance with excitation of continuous
waves and subsequent DS recreation [37,244–248]. With the energy growth (point B in Figure
10), the rogue DSs develop (Figure 13) [37,249–253]. Such a regime can be interpreted as DS
structural chaotization, that is, generation of multiple DSs with strong interactions causing
extreme dynamics.

For sufficiently large energies in the vicinity of stability border (point C in Figure 10), the typical
destabilization scenario is the generation of multiple DSs (Figure 14). The source of this
destabilization is the growth of spectral dissipation caused by DS spectral broadening with
approaching to stability border so that the DS splitting becomes more energy advantageous
[161]. Moreover, the DS splitting can be enhanced by its phase inhomogeneity because the gain
(energy in-flow) is maximum at the points of stationary phase dϕ / dt =0 [254]. Such a splitting

4 A multi-porting configuration of a DS laser supports even simultaneous generation of conventional and dissipative
wavelength-separated solitons [240].
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Figure 12. Exploding DS corresponding to parameters of point A in Figure 10. Left: contour-plot of instant power,
right: 3D-graph of instant power in dependence on local time t and propagation distance z (arbitrary units) [243].

As was demonstrated in previous section, DS has non-trivial internal structure due to energy
fluxes inside it. The elements of this structure (internal modes) can be excited that causes
pulsating or chaotic dynamics of DS with preservation of its temporal and spectral localization
[241]. The spectral envelope acquires a shape of ‘glass with boiling water’ (Figure 11). Ap‐
pearance of such perturbations is understandable in frameworks of the DS perturbation theory
in spectral domain [242]. One has to note that such perturbations take a place inside the DS
stability region where σ < 0 (below the corresponding upper curves in Figure 10). Above the
stability boarder (‘no DS’ region in Figure 10), there are three main destabilization scenarios
[243]. For small energies and in the vicinity of stability border (point A in Figure 10), DS is
exploding (Figure 12), which means its aperiodic disappearance with excitation of continuous
waves and subsequent DS recreation [37,244–248]. With the energy growth (point B in Figure
10), the rogue DSs develop (Figure 13) [37,249–253]. Such a regime can be interpreted as DS
structural chaotization, that is, generation of multiple DSs with strong interactions causing
extreme dynamics.

For sufficiently large energies in the vicinity of stability border (point C in Figure 10), the typical
destabilization scenario is the generation of multiple DSs (Figure 14). The source of this
destabilization is the growth of spectral dissipation caused by DS spectral broadening with
approaching to stability border so that the DS splitting becomes more energy advantageous
[161]. Moreover, the DS splitting can be enhanced by its phase inhomogeneity because the gain
(energy in-flow) is maximum at the points of stationary phase dϕ / dt =0 [254]. Such a splitting

4 A multi-porting configuration of a DS laser supports even simultaneous generation of conventional and dissipative
wavelength-separated solitons [240].
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can result in an extreme dynamics like solitonic turbulence (Figure 13) [255] or regular multi-
DS complexes (Figure 14, so-called DS molecules) which can have non-extreme internal
dynamics (soliton gas) and interact with a background (soliton liquid) [256-259]. If the dynamic
gain saturation (see [44]) contributes, the multi-DS complexes can evolve slowly into a set of
equidistant DSs with repetition rate multiple of laser one (harmonic mode-locking) [158,159].

The numerical simulations of cubic-quintic CNGLE with taking into account a quantum noise
validated the fact of inconsistency of spectral condensation and absence of temporal thermo‐
lization that breaks the DS energy scalability (see previous section) [243]. As a result, the DS
stability region breaks abruptly with energy growth (dashed curve in Figure 10) and multitude
of turbulent scenarios of DSs evolution develops (Figure 15) [34,243].

Serious limitations on power and energy scalability of DSs in fibre lasers arise from stimulated
Raman scattering (SRS) [2,109]. The stability border of DS under action of SRS is shown in
Figure 10 by dot blue curve (DS is stable on the left of this curve) [260]. As was found, SRS
enhances the tendency to multi-pulsing with energy growth caused by enhancement of

As was demonstrated in previous section, DS has non

The elements of this structure (

with preservation of its temporal and spectral localization 

‘glass with boiling water’ (Figure 11). Appearance of such perturbations is understandable in frameworks of 

the DS perturbation theory in spectral domain [242]. One has to note that such perturbations take a

inside the DS stability region where σ < 0 (below the corresponding upper curves in Figure 10). Above the 

stability boarder (‘no DS’ region in Figure 10), there are three main destabilization scenarios [243]. For small 

energies and in the vicinity o

means its aperiodic disappearance with excitation of continuous waves and subsequent DS recreation 

[37,244–248]. With the energy growth (point 

Such a regime can be interpreted as DS structural chaotization, that is, generation of multiple DSs with 

strong interactions causing extreme dynamics.

Figure 13. Rogue DSs corresponding to parameters of point 

graph of instant power in dependence on local time 

Figure 14. DS molecule corresponding to parameters of point 

graph of instant power in dependence on local time 

For sufficiently large energies in the vicinity of stability border (point 

destabilization scenario is the generation of multiple DSs (Figure 14). The source of this destabilization is the 

growth of spectral dissipation caused by DS spectral broadening with approaching to stability border so that 

the DS splitting becomes more energy advantageous [161]. 

its phase inhomogeneity because the gain (energy in

d d 0tφ =  [254]. Such a splitting can result in an extreme dynamics like solitonic turbulence (Figure 13) 

[255] or regular multi-DS complexes (Figure 14, so

internal dynamics (soliton gas) and interact with a backgrou

saturation (see [44]) contributes, the multi

repetition rate multiple of laser one (harmonic mode

The numerical simulations of cubic

fact of inconsistency of spectral condensation and absence of temporal thermolization that breaks the DS 

energy scalability (see previous section) [243]. As a result, the DS

vious section, DS has non-trivial internal structure due to energy fluxes inside it. 

The elements of this structure (internal modes) can be excited that causes pulsating or chaotic dynamics of DS 

with preservation of its temporal and spectral localization [241]. The spectral envelope acquires a shape of 

‘glass with boiling water’ (Figure 11). Appearance of such perturbations is understandable in frameworks of 

the DS perturbation theory in spectral domain [242]. One has to note that such perturbations take a

inside the DS stability region where σ < 0 (below the corresponding upper curves in Figure 10). Above the 

stability boarder (‘no DS’ region in Figure 10), there are three main destabilization scenarios [243]. For small 

energies and in the vicinity of stability border (point A in Figure 10), DS is exploding

means its aperiodic disappearance with excitation of continuous waves and subsequent DS recreation 

248]. With the energy growth (point B in Figure 10), the rogue DSs develop (Figure 13) [37,249

Such a regime can be interpreted as DS structural chaotization, that is, generation of multiple DSs with 

strong interactions causing extreme dynamics. 

Figure 13. Rogue DSs corresponding to parameters of point B in Figure 10. Left: contour-plot of instant power, right: 3D

graph of instant power in dependence on local time t and propagation distance z (arbitrary units) [243].

 

Figure 14. DS molecule corresponding to parameters of point C in Figure 10. Left: contour-plot of in

graph of instant power in dependence on local time t and propagation distance z (arbitrary units) [243].

For sufficiently large energies in the vicinity of stability border (point C in Figure 10), the typical 

is the generation of multiple DSs (Figure 14). The source of this destabilization is the 

growth of spectral dissipation caused by DS spectral broadening with approaching to stability border so that 

the DS splitting becomes more energy advantageous [161]. Moreover, the DS splitting can be enhanced by 

its phase inhomogeneity because the gain (energy in-flow) is maximum at the points of stationary phase 

[254]. Such a splitting can result in an extreme dynamics like solitonic turbulence (Figure 13) 

DS complexes (Figure 14, so-called DS molecules) which can have non

internal dynamics (soliton gas) and interact with a background (soliton liquid) [256-259]. If the dynamic gain 

saturation (see [44]) contributes, the multi-DS complexes can evolve slowly into a set of equidistant DSs with 

repetition rate multiple of laser one (harmonic mode-locking) [158,159]. 

ions of cubic-quintic CNGLE with taking into account a quantum noise validated the 

fact of inconsistency of spectral condensation and absence of temporal thermolization that breaks the DS 

energy scalability (see previous section) [243]. As a result, the DS stability region breaks abruptly with 

trivial internal structure due to energy fluxes inside it. 

) can be excited that causes pulsating or chaotic dynamics of DS 

[241]. The spectral envelope acquires a shape of 

‘glass with boiling water’ (Figure 11). Appearance of such perturbations is understandable in frameworks of 

the DS perturbation theory in spectral domain [242]. One has to note that such perturbations take a place 

inside the DS stability region where σ < 0 (below the corresponding upper curves in Figure 10). Above the 

stability boarder (‘no DS’ region in Figure 10), there are three main destabilization scenarios [243]. For small 

exploding (Figure 12), which 

means its aperiodic disappearance with excitation of continuous waves and subsequent DS recreation 

lop (Figure 13) [37,249–253]. 

Such a regime can be interpreted as DS structural chaotization, that is, generation of multiple DSs with 

 

plot of instant power, right: 3D-

(arbitrary units) [243]. 

 

plot of instant power, right: 3D-

(arbitrary units) [243]. 

in Figure 10), the typical 

is the generation of multiple DSs (Figure 14). The source of this destabilization is the 

growth of spectral dissipation caused by DS spectral broadening with approaching to stability border so that 

Moreover, the DS splitting can be enhanced by 

flow) is maximum at the points of stationary phase 

[254]. Such a splitting can result in an extreme dynamics like solitonic turbulence (Figure 13) 

called DS molecules) which can have non-extreme 

259]. If the dynamic gain 

DS complexes can evolve slowly into a set of equidistant DSs with 

quintic CNGLE with taking into account a quantum noise validated the 

fact of inconsistency of spectral condensation and absence of temporal thermolization that breaks the DS 

stability region breaks abruptly with 

Figure 13. Rogue DSs corresponding to parameters of point B in Figure 10. Left: contour-plot of instant power, right:
3D-graph of instant power in dependence on local time t and propagation distance z (arbitrary units) [243].

Figure 14. DS molecule corresponding to parameters of point C in Figure 10. Left: contour-plot of instant power, right:
3D-graph of instant power in dependence on local time t and propagation distance z (arbitrary units) [243].

Dissipative Solitons in Fibre Lasers
http://dx.doi.org/10.5772/61713

185



spectral dissipation due to SRS [260]. Simultaneously, generation of anti-Stokes radiation
causes chaotization of DS dynamics and irregular modulation of DS temporal and spectral
profiles [261] (Figure 16). DS profile remains localized, but it is strongly cut by colliding dark
and grey soliton-like structures [34].

As was shown, the DS dynamics can be regularized by formation of dissipative Raman soliton
(DRS). DRS can exist in the form of DS which is Stokes-shifted due to self-Raman scattering
(Figure 17, a) [260] or as bound DS–DRS complex (Figure 17, b) [262]. In the last case, stabiliza‐
tion is achieved by feedback, i.e. reinjection of Stokes signal through a delay line [263]. In the
absence of a feedback, the Raman pulse is noisy [264] (see dash line spectrum in Figure 16, b).

Figure 16. Wigner function of turbulent DS in the presence of SRS.

Figure 15. DS turbulent regimes (contour-plot of instant power, arbitrary units) corresponding to the parameters of
points D, E, F, G and H in Figure 10 [243].
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Figure 17. (a) Wigner function of single DRS [260] and (
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5. Vector DSs

As was pointed above, SOP can play leading role in a fibre laser dynamics. In particular, it can
contribute to mode-locking or/and spectral filtering. However, diapason of polarization
phenomena in a DS fibre laser spreads essentially broader. As was found, intrinsic fibre
birefringence (Figure 2) can lead to DS splitting into two independent SOPs [78]. This phe‐
nomenon is used to realize the NPR mode-locking mechanism where a DS SOP evolves (or
remains locked) as a whole during propagation [265-269]. The polarization dynamics can be
fast (≤T ) or slow (>>T) and vary from regular (with possible period multiplication or harmonic
mode-locking) to chaotic one [270,271]. There are evidences of ultrafast SOP evolution when
SOP changes across a DS profile [272].

The specific multiple pulse instability of vector dissipative solitons (VDSs) leads to generation
of the bound states of DSs with different SOPs (vector soliton molecules) which are locked by a
non-linear coupling [273,274] or by a group-velocity locking produced by spectrum shift
between DSs with different SOP [275]. As was shown experimentally (Figure 18) [276], the
dynamics of VDS molecules can be highly non-trivial and demonstrate both fast and slow
periodic switching between fixed SOPs as well as SOP procession, which is especially inter‐
esting for fibre laser telecommunications based on polarization multiplexing.

The important breakthrough in the recent theory of VDSs is the demonstration of insufficiency
of approaches based on the coupled CNGLEs (like (10)) for adequate description of DS
polarization dynamics. It was demonstrated that an active medium polarizability contributes
to DS dynamics substantially [277]. As was shown, the SOP-sensitive interaction between DS
and a slowly relaxing active medium with taking into account the birefringence of fibre laser
elements and light-induced anisotropy caused by elliptically polarised pump field change the
SOP at a long time scale that results in fast and slowly evolving SOPs of VDSs (Figure 19).

The non-trivial contribution of active medium kinetics and polarizability with taking into
account the pump SOP and SPM demonstrates a complex dynamics including spiral attractors
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and dynamic chaos (Figure 20) [278]. One may assume that such a non-trivial polarization
dynamics is of great importance for DS energy scaling, in particular, due to vector nature of
SRS [279]. These topics remain unexplored to date.

Figure 19. Polarization dynamics of VDS with taking into account an Er-fibre polarizability [277]. Both fast and slow
SOP dynamics exist in dependence on fiber laser birefringence strength.

Figure 18. Polarization dynamics of VDS molecules in an Er-fibre laser mode-locked by carbon nanotubes [276]. Top
row demonstrates the evolution of Stokes parameters. The bottom row reproduces this evolution on the Poincaré
sphere (each point corresponds to SOP after one laser round-trip).

Fiber Laser188



and dynamic chaos (Figure 20) [278]. One may assume that such a non-trivial polarization
dynamics is of great importance for DS energy scaling, in particular, due to vector nature of
SRS [279]. These topics remain unexplored to date.

Figure 19. Polarization dynamics of VDS with taking into account an Er-fibre polarizability [277]. Both fast and slow
SOP dynamics exist in dependence on fiber laser birefringence strength.

Figure 18. Polarization dynamics of VDS molecules in an Er-fibre laser mode-locked by carbon nanotubes [276]. Top
row demonstrates the evolution of Stokes parameters. The bottom row reproduces this evolution on the Poincaré
sphere (each point corresponds to SOP after one laser round-trip).
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Figure 20. Dynamics of active fibre inversion components, which are polarization-sensitive (n12 and n22) and non-sensi‐
tive (n0), with the corresponding slow SOP evolution of VDS [278].

6. Conclusion

The recent progress in development of ultrafast fibre lasers and advances in exploring of DS
are interrelated. DSs allowed scoring a great success in ultrashort pulse energy scalability that
is defined by unprecedented stability and robustness of DS. At this moment, it is possible to
achieve over-MW peak powers for sub-100 fs pulses directly from a fibre laser at over-MHz
repetition rates. New spectral diapasons became reachable owing to development of mid-IR
active fibres and using the frequency-conversion directly in a laser. Development of new mode-
locking techniques, especially based on using of SESAMs, graphene and another quantum-
sized structure allowed improving a laser stability, integrity and environment insensitivity. A
great advance has been achieved in the theory of DSs. New powerful analytical techniques
based on extensive numerical simulations and experimental advances extended understand‐
ing of the DS fundamental properties and revealed new prospects in improvement of charac‐
teristics of ultrafast fibre lasers. Based on achieved results, one may outline some unresolved
problems. As was found, there are stability limits for a DS energy scaling imposed by optical
turbulence and SRS. Deeper insight into the nature of these phenomena could allow to
overcome these limits without substantial complication of laser setup. Simultaneously, control
of intra-laser spectral conversion is a direct way to broadening of spectral range. Then, the
dynamics and properties of VDSs remain scantily explored. Recent studies demonstrated a
multitude of polarization phenomena, which cannot be grasped in frameworks of existing
models. In particular, polarizability and kinetics of an active fibre in combination with
birefringence of a laser in a whole can contribute non-trivially to a laser dynamics. As an
additional aspect of further development, one may point at the development of new mode-
locking techniques, which could improve DS stability and integrity of a fibre laser, decrease
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pulse width and extend a diapason of pulse repetition rates. At last, one has to remember that
a fibre laser is an ideal playground for study of complex non-linear phenomena and, undoubt‐
edly, new bridges between different fields of science will be built with a further progress of
ultrafast fibre lasers.
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Abstract

We describe generation and amplification of medium- and high-energy noise-like pulses
(NLPs) using Yb-doped optical fibers. We also demonstrate supercontinuum (SC) genera‐
tion techniques in which NLPs serve as the pump. SC pumped by NLPs has been em‐
ployed successfully in optical coherence tomography systems.

Keywords: Yb-doped fiber laser, laser amplifier, ultrafast laser, noise-like pulse, super‐
continuum generation, nonlinear optics, optical coherence, tomography

1. Introduction

In the past two decades, ultrafast fiber laser has been a field that witnessed rapid development
of the technology and emergent applications. Ultrafast pulses at high average power are useful
in numerous application areas including micromachining and material processing, nonlinear
frequency conversion, biomedical application, and fundamental science. It is generally
recognized that fiber laser is an attractive technology for compact, robust, low cost, and reliable
ultrafast pulse sources. Compared with conventional bulk solid-state lasers, main advantages
of fiber-based laser systems include good beam quality, ease of delivery, and excellent heat-
dissipation properties. The last feature is due to the large surface area-active volume ratio of
optical fibers.

Rare-earth-doped fiber lasers also exhibit much higher efficiency than crystalline solid-state
lasers. Since the first rare-earth-doped fiber laser was invented over 50 years ago [1], many
experimental and theoretical results on silica- and fluoride-doped fiber amplifiers and lasers
with various rare-earth dopants have been reported [2–4]. The commercially available erbium-
doped amplifiers have already established their key role for optical communication networks
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at 1.55-µm. On the other hand, high average power ultrafast laser sources emitting in the 1-
µm wavelength range, i.e., ytterbium-doped fiber laser, have also attracted much attention.

Ultrafast pulsed fiber lasers have been observed to operate in different mode-locking regimes,
such as soliton, similariton, and dissipative soliton. A special regime of repetitively pulsed
fiber laser, i.e., lasers generating the so-called noise-like pulses or NLPs [4–8], was also
reported. NLPs are relatively long (sub-ns) wave packets, which exhibit a fine inner structure
of sub-ps pulses with randomly varying amplitude and duration. Depending on settings of
polarizing components such as the wave plates, fiber lasers can generate both regular mode-
locked pulses (MLPs) and NLPs. The first demonstration of fiber lasers generating NLPs was
that of a ring-cavity Er: doped fiber oscillator [9]. Later on, different cavity configurations and
active media were employed to achieve NLPs with controllable characteristics.

In this chapter, we describe our recent work on generation and amplification of medium- and
high-energy NLPs with Yb-doped fibers. We also demonstrate supercontinuum (SC) genera‐
tion techniques where NLPs serve as the pump. Theoretical aspects as well as discussions about
physical mechanisms, which make NLPs distinguishable from regular MLPs, are also includ‐
ed. SC pumped by NLPs has been employed successfully in optical coherence tomography
(OCT) systems. The advantages of the present approach using NLPs will be discussed herein.

We first describe, analyze, and compare two popular cavity configurations for generating
NLPs: a dispersion-mapped cavity and an all-normal dispersion (ANDi). Simulation results
based on coupled nonlinear Schrödinger equations are supported by experiments. Nonlinear
polarization evolution (NPE) is the main mechanism for pulsed operation in these lasers. We
show that both regular Gaussian pulses and NLPs can be achieved in the same cavity by
choosing proper cavity components and adjustment.

The second part of the chapter is about SC generation. Here, we analyze the possibilities of
efficient SC generation using NLPs propagating in standard silica fibers. It is shown that
unique features of NLPs make them very useful for such a purpose. That is, the central
wavelength of the pump and zero-dispersion wavelength (ZDW) of SC generation media are
not critical. We show that, even if the pump wavelength is deep in the normal dispersion
regime (for example, ~1 µm where ZDW = 1.33 µm), SC can be efficiently generated. Simula‐
tions and experimental results of SC generation by NLPs using different single-mode fibers
(SMFs) are presented. We discuss the optimal selection of fiber types and other characteristics
to generate flat SC in spectral region above 1 µm. The pros and cons of using specialty fibers
such as photonic crystal fibers (PCFs) pumped by NLPs will also be elaborated.

In the third part of the chapter, we consider the application of SC generated by NLPs for
selected applications, i.e., OCT. The SC spectrum is flat with a bandwidth of 365 nm centered
at 1320 nm. The light source is successfully employed in a time-domain OCT (TD-OCT)
scheme, achieving an axial resolution of 2.3 µm. High-resolution fiber-based spectral-domain
OCT (SD-OCT) imaging of bio-tissue (onion skin), comparable to that obtained using a
commercial swept source, is also demonstrated.
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2. NLP generation with fiber lasers

NLPs were first demonstrated by Horowitz et al. from an Er-doped mode-locked fiber laser in
1997 [9]. A NLP is defined as some kind of complicated waveform of relatively long (sub-
nanosecond) duration. It also exhibits a fine inner structure of much narrow sub-pulses (a few
hundred femtoseconds in width) with randomly varying intensity and duration. The inner
structure varies from one waveform to another in the pulse train. On the other hand, the
repetition rate and average duration of the aforementioned waveforms forming a train of
pulses are relatively stable. It was found and demonstrated that such kinds of pulses have
some interesting common features: (1) a very large optical bandwidth (usually of several tens
of nanometers); (2) specific waveforms that exhibit a double-scaled average autocorrelation
trace with a narrow peak riding on a wide pedestal; and (3) low temporal coherence. Moreover,
it was found that NLPs are essentially undistorted even after the pulses have propagated
through a lengthy dispersive medium, e.g., an optical fiber over a long distance.

Thus far, characteristics of fiber-based NLPs have been predominantly assessed only indirectly
by means of numerical simulation or average measurements. There have been many works
published on NLPs generated by fiber laser, but still there is a lack of simple qualitative
explanation of physical mechanisms involved in the formation of NLPs till now. In a paper by
Horowitz et al., it was supposed that NLPs are caused by a polarization-dependent delay effect
due to the birefringence in the laser cavity [9]. Smirnov et al. [10], however, demonstrated that
NLP still can occur in weakly birefringent fiber laser systems. In this paper [10], the authors
introduced three regimes of single pulse generation in an ANDi fiber laser. The same regimes
can also be observed in our dispersion-mapped fiber laser. On the other hand, Tang et al.
concluded that the key physical mechanism of noise-like generation is caused by the combined
effect of the soliton collapse and cavity positive feedback for dispersion managed fiber lasers
[11]. This contradicted with the report that NLPs are generated in an ANDi fiber laser [12].
Aguergaray et al., meanwhile, proposed that NLPs are caused by the Raman-driven destabi‐
lization of mode-locked long-cavity fiber lasers. The destabilization is accompanied by the
emergence of a strong frequency-downshifted stokes signal [13]. Therefore, there are several
mechanisms that can lead to the generation of NLPs. In our dispersion-mapped and ANDi Yb-
doped fiber lasers, we did observe Raman peaks in the output spectra [14]. Hence, Aguergar‐
ay’s model is probably more suitable for our laser systems.

2.1. NLPs generated by a dispersion-mapped fiber laser

The configuration of this laser is shown in Figure 1. It is similar to the design of stretched pulse
mode-locked lasers [15]. The laser cavity comprises a segment of single-mode silica fiber
followed by a length of Yb-doped fiber (Yb1200-10/125DC, Liekki). A set of 915 nm laser diodes
with total power up to 24 W and a power combiner are used for pumping. Nonlinear polari‐
zation rotation (NPE) is implemented by a polarization beam splitter (PBS) and wave plates.
A grating pair in the near-Littrow configuration is placed after the PBS to provide negative
dispersion in the cavity. The grating arrangement functions as a dispersive delay line (DDL).
The net group velocity dispersion (GVD) of the cavity is kept slightly positive. An optical
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isolator is placed in the air space to ensure unidirectional operation of the laser so that the
mode-locking process is self-starting. By adjusting the wave plates, stable mode-locked or
NLPs are readily observed. The output can be taken directly from the NPE ejection port.
Additional information about the laser can be found in Ref. [14].

Figure 1. Schematic of the laser setup: FC, fiber coupler; HWP, half-waveplate; QWP, quarter-waveplate, GP, grating
pair; PI-ISO, polarization-insensitive isolator; M1 and M2, mirrors; MM LD, multimode laser diodes.

After the single-pulse mode-locked operation was obtained in this laser, we tuned one of the
wave plates while holding all the other experimental conditions unchanged. It is possible to
shift the laser operation from the conventional single-pulse mode-locked operation into the
NLP emission regime. This behavior was also reported by previous workers [4, 6]. We observed
self-starting noise-like laser operation for a relatively large range of pumping powers. The
output powers of NLPs can be varied from <0.1 W to >1.6 W. The highest pulse energy obtained
was 45 nJ, with a pumping power of ~13 W. After increasing the pumping power to more than
14 W, one of the fiber couplers was damaged.

Our dispersion-mapped noise-like laser is fairly robust. We attribute this improved stability
to the laser design, where NPE is accompanied by self-amplitude modulation induced by
spectral filter. The role of negative GVD induced by gratings pair is also important. For the
dispersion-mapped fiber laser shown in Figure 1, with a repetition rate of 31.5 MHz [14], the
GVD of grating pair was set at −0.11 ps2. This value is estimated to be slightly smaller than that
of the total net positive GVD due to the fiber (~0.15 ps2) in the cavity.

By translating the iris transversely across the laser axis (Figure 1), it is possible to modulate
the central wavelength of generated pulses. We also found that the diameter of the iris
determining the filter bandwidth also affects the output spectral bandwidth and duration of
generated NLPs. For both narrowband and broadband NLPs, the tuning range for both cases
reached 12 nm [14].
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Figure 2. Oscilloscope trace of the train of noise-likes pulses (a); output power of the NLP laser vs. pumping power (b)
[14].

We also set up a dispersion-mapped fiber laser in which the GVD of grating pair was set at
−0.219 ps2, while the fiber GVD was estimated to be 0.192 ps2. Hence, the net GVD of fiber
cavity became slightly negative in this configuration with a repetition rate of 15.7 MHz. The
active fiber length has been increased from 1.2 m in our previous work to 7 m. Figure 2(a)
shows the oscilloscope trace of the laser output as measured by a fast InGaAs detector. The
behavior is typical for NLP emission state. The output powers of NLPs can be varied from <0.1
W to beyond 1 W (Figure 2(b)). The highest pulse energy obtained was ~6 nJ, with a pumping
power of ~5 W. The tuning wavelength for NLP is from 1057 to 1090 nm, i.e., the tuning range
is as high as 33 nm, more than twice of the previous result [14]. The spectral bandwidth of the
laser output can also be varied from 6 to 54 nm. This is illustrated in Figure 3. The tuning
characteristic could be important for some applications. For example, in the case of further
amplification of generated pulses by fiber amplifiers, it is necessary to match the bandwidth
of the oscillator with the gain spectrum of the amplifier.

Figure 3. Optical spectra of the measured NLPs corresponding to different positions of the iris (a) and width (b).
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In order to understand NLP formation, we have simulated the buildup dynamics of the laser
cavity in the figure with a repetition frequency of 31.5 MHz [14]. This is performed by
recognizing the cavity as consisting of several connected fiber components. Pulse propagation
in each fiber section was described by the corresponding nonlinear Schrödinger coupled-mode
equations [16].
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where Ax and Ay are the field envelope components; γ is the nonlinear coefficient; β2 is the
GVD; g(Epulse) is the gain function for active fiber pieces or zero for passive fiber.

Equation (1) also includes the amplification of NLPs in active optical fibers and filtering effect
due to limited gain bandwidth of the aforementioned active media. If the parameter set
corresponded to the condition of minimal cavity loss for specific modes, then a stable pulse
train of regular (close to Gaussian) shape will be circulated in the oscillator shortly after laser
onset. A negative second-order dispersion term of ~0.02 ps2 was assumed, neglecting high-
order dispersion terms. We used Jones matrices approach to represent different polarization
states as the pulses propagate through the wave plates and the PBS in our calculation. Every
fiber section (active and passive) was modeled using the split-step Fourier method [16]. It was
found that stable NLP waveforms began to circulate in the laser cavity after just a few round-
trips (Figure 4) after pumping starts. We note further that a myriad of nonlinear effects, e.g.,
self-phase modulation, cross-phase modulation, four-wave mixing, etc., contribute to the
generation of NLPs.

Figure 4. Building up dynamics in time (a) and spectral (b) domains of a fiber ring oscillator generating NLPs [17].
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Equation (1) also includes the amplification of NLPs in active optical fibers and filtering effect
due to limited gain bandwidth of the aforementioned active media. If the parameter set
corresponded to the condition of minimal cavity loss for specific modes, then a stable pulse
train of regular (close to Gaussian) shape will be circulated in the oscillator shortly after laser
onset. A negative second-order dispersion term of ~0.02 ps2 was assumed, neglecting high-
order dispersion terms. We used Jones matrices approach to represent different polarization
states as the pulses propagate through the wave plates and the PBS in our calculation. Every
fiber section (active and passive) was modeled using the split-step Fourier method [16]. It was
found that stable NLP waveforms began to circulate in the laser cavity after just a few round-
trips (Figure 4) after pumping starts. We note further that a myriad of nonlinear effects, e.g.,
self-phase modulation, cross-phase modulation, four-wave mixing, etc., contribute to the
generation of NLPs.

Figure 4. Building up dynamics in time (a) and spectral (b) domains of a fiber ring oscillator generating NLPs [17].
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The simulation results for the steady state are in good agreement with experimental observa‐
tions. The estimated iris filter bandwidth, corresponded iris diameter, output bandwidths, and
bunch duration for the laser cavity with a repetition frequency of 31.5 MHz are listed in Table 1.

Iris diameter
(mm)

Iris bandwidth
(THz)

Measured output
bandwidth (THz)

Calculated output
bandwidth (THz)

Measured
autocorrelation trace
half-width (ps)

Calculated
autocorrelation trace
half-width (ps)

1 5 2.1 5 5 7

2 10 5.5 9 20 12

3 20 14 15 90 20

Table 1. Summary of measured and simulated results for NLPs [14].

By inserting an additional 200-m length of SMF inside the cavity (Figure 1), the repetition rate
of the noise-like pulsed fiber laser was found to be reduced to ~928 kHz. The output power of
the laser exceeded 1 W. Thus, the energy of the NLPs directly from the laser oscillator can be
as high as 1.25 µJ (Figure 5).

Figure 5. The pump-power dependence output of a high-energy fiber laser oscillator generating NLPs.

2.2. ANDi fiber laser

Although stable noise-like operation with controllable characteristics can be readily achieved
in a dispersion-mapped fiber laser, such scheme is not practical when the required repetition
rate becomes lower than 10 MHz. This is due to increased dispersion of fibers in the longer
cavity and the corresponding DDL needed. Therefore, we also investigated an ANDi fiber
oscillator for generation of NLPs.
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Figure 6. Schematic of ANDi fiber laser. FC, fiber coupler; HWP, half-wave plate; QWP, quarter-wave plate, PBS, po‐
larization beam splitter; LD, laser diode; ISO, isolator.

The ANDi laser is perhaps one of the simplest designs of mode-locked Yb-doped fiber
oscillators. There is no need for dispersion-compensation components such as the grating pair
[18]. Typically, the dispersion in the cavity of an ANDi laser is managed by a narrow-band‐
width interference filter. We found that after proper alignment of the waveplates, an ANDi
laser can also generate NLPs. In comparison with the dispersion-mapped laser, the achievable
pulse energy at the output is larger. An average power of 850 mW (pumped at 2 W) at a
repetition rate of ~15 MHz, which corresponds to pulse energy of 55 nJ, was obtained for a
cavity length of 13 m. The bandwidth of generated NLP was as high as 21.8 nm. When the
cavity length was increased to 62.5 m or a laser repetition rate of 3.2 MHz, the spectral
bandwidth approaches a value at least fourfold higher than the regular mode-locked pulse.
The central wavelength of the laser is 1096 nm and the spectral bandwidth can reach 83 nm.
The laser can also deliver an average output power of 400 mW (pumped at 1 W) or a pulse
energy of 125 nJ.

Figure 7. Characteristic of ANDi laser. (a) Pulse train and (b) optical spectrum.
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In summary, using cladding-pumped Yb-doped active fibers and high-power multimode laser
diodes, we demonstrated that NLPs with relatively high energies can be generated with either
dispersion-mapped or ANDi cavities. The latter exhibits some advantages over the former,
e.g., ease of alignment, lower threshold, and higher pulse energy. The achieved average power
of NLPs can be as high as ~1 W and, limited only by damage threshold of available fiber
couplers. On the other hand, it is possible to control temporal and spectral characteristics of
NLPs generated by the dispersion-mapped laser over a broad range. This is not possible for
the ANDi laser.

3. SC generation by NLPs

In the past decade, tremendous progress has been made in SC generation (SCG) [19]. Nowa‐
days, SC source has been widely used in many applications such as OCT, frequency metrology,
and wavelength division multiplexing systems [20–22]. Using rare-earth-doped fiber lasers,
especially Yb-doped fiber lasers operating at a high power with a short pulse width as the
pump laser, the spectral bandwidth and the output power of SC sources have increased
dramatically [23–25].

The nonlinear mediums used for SCG have also evolved from bulk media [25, 26] to conven‐
tional optical fibers [27], and then PCFs [28–32] for visible light, near-infrared, and mid-
infrared SCG. The SC generated with PCFs is popular due to the controllable ZDWs and high
nonlinearity [19]. Moreover, very powerful light sources at ~800 nm and ~1 µm can be used
for efficient SC pumping. However, PCFs are still expensive and not widely available.
Furthermore, especially for high-power operations, splicing between PCF and pigtailed fiber
pump source is a significant challenge because of mode field mismatch and the microhole
collapse effect [33]. Standard SMFs for optical communication, on the other hand, are inex‐
pensive and easy to integrate. Pumping standard SMF at ~800 nm or ~1 µm, however, is not
so efficient because these popular pump wavelengths are located in the normal dispersion
region of the SMF. It requires much more pump power to excite SC compared with SCG in the
anomalous regime. Further, in the case of CW or picosecond duration pump sources, the SC
spectrum so generated exhibits very strong oscillations [34]. Recently, it has been demonstrated
that such spectral oscillations can be explained by cascaded Raman scattering [34–36]. Such
modulations in spectrum are not desirable for applications such as OCT.

On the other hand, more broadband pumps have been shown to result in SC with a smoother
spectrum [37]. As reported by Horowitz et al. [9], NLPs can be successfully used for such a
purpose. Besides a very large optical bandwidth, NLPs are capable of propagating without
distortion through a lengthy dispersive medium over a long distance [9]. Later, Hernandez-
Garcia et al. [38] demonstrated flat broadband SCG by pumping SMF in the anomalous
dispersion region with a train of NLP at the central wavelength of 1.5 µm. The energy threshold
was as low as ~12 nJ. Recently [39], we have reported similar desirable characteristics (a low
threshold and a flat spectrum) by pumping SMF in the normal dispersion regime with NLPs.
In contrast to the anomalous case, the physical mechanism of such SCG is cascaded Raman
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scattering that results in significant spectral broadening in the longer wavelength regions of
the SC whereas the Kerr effect is responsible for smoothing the spectrum of generated SC.

Figure 8. Schematic of the experimental setup: FC, fiber coupler; HWP, half-wave plate; QWP, quarter-wave plate; GP,
grating pair; PI-ISO, polarization-insensitive isolator; ISO, Faraday isolator; M1 and M2, mirrors; MM LD, multi-mode
laser diodes.

The experimental setup for SCG is shown in Figure 8. The pump source is a dispersion-mapped
Yb-doped fiber laser based on the ring cavity design that can generate tunable NLPs with
energies as high as ~45 nJ with a central wavelength of ~1 µm [14]. This laser can also be
configured to generate stable mode-locked femtosecond pulses. The use of negative dispersion
delay line and the spatial spectral filter (Figure 8) was found to be important for such a high-
power noise-like operation. In the NLP regime and when pumped at ~7 W, the oscillator
irradiates a pulse train with a repetition rate of ~31.5 MHz, an average power of ~600 mW, and
an average noise-like bunch duration of ~45 ps. Typical spectrum and intensity autocorrelation
trace of the NLP laser are shown in Figure 9. The spectral bandwidth of the NLPs was ~10 nm
full width at half maximum (FWHM). We also simulated the buildup dynamics of our laser
cavity by recognizing it as consisting of several connected fiber components. Assuming a
thermal Gaussian noise as a source of oscillations, we found the conditions where repeated
NLPs begin to circulate in the laser cavity after hundreds of round-trips. Such simulations
yield results (spectra, autocorrelation traces) that are close to experimental measurements [39].
An example of simulated NLP characteristics is shown in Figure 10.

The NLPs from the seed laser described above were boosted up to an average power of ~2 W
in a single 1.2 m-length Yb-doped amplifier stage and used as a pump to excite the SC. Several
different SMFs were investigated for SCG. They were spliced to the output fiber end of the
amplifier. All fibers are single mode at the pump wavelength (~1 µm). They were selected to
examine the effects of nonlinearity on SCG. The parameters of the fiber investigated are
summarized in Table 2. The dispersion coefficients βn at 1060 nm central wavelength and the
ZDW for F1060c were calculated from the Sellmeier equation for 5% GeO2 doped silica [40].
For SMF980A and UHNA3 fibers, the parameters βn and ZDW were calculated from dispersion
curves provided by fiber manufactures.
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Figure 9. The experimentally measured spectrum (a) and intensity autocorrelation trace (b) of NLPs irradiated by the
oscillator in Figure 1.

Fiber Type F1060c (Lightwave Tech) SMF980A (POFC, Taiwan) UHNA3 (Nufern)

Mode-field diameter at 1060
nm

8.4 µm 4.5 µm 2.6 µm

Numerical aperture 0.11 0.21 0.35

Core GeO2 concentration1 ~3 mol.% ~10 mol.% ~20 mol.%

Zero-dispersion wavelength 1330 nm 1570 nm 1900 nm

Nonlinear coefficient at
1060 nm2

3.2 W−1 km−1 13.7 W−1 km−1 52.3 W−1 km−1

Dispersion coefficients at
1060 nm3

β2 = 19.0×10−3 ps2/m,
β3 = 4.5×10−5 ps3/m,

β4 = -5.991×10−8 ps4/m,
β5 = 1.879×10−10 ps5/m,
β6 = −6.890×10−13 ps6/m

β2 = 28.1×10−3 ps2/m,
β3 = 2.154×10−5 ps3/m,
β4 = 8.187×10−8 ps4/m,
β5 = 7.351×10−11 ps5/m,
β6 = −3.965×10−13 ps6/m

β2 = 58.9 ×10−3 ps2/m,
β3 = 2.32×10−5 ps3/m,
β4 = 1.04×10−7 ps4/m,

β5 = 2.078×10−10 ps5/m,
β6 = −5.241×10−13 ps6/m

Spool length 50 m 50 m 10 m

Splicing loss ~0.5 dB ~1.5 dB ~3 dB

1Estimated data;

2Estimated from Eq. (2) assuming n2=3×10−20m2/W for F1060c; n2=3.7×10−20m2/W for SMF980A; n2=4.7×10−20m2/W for UH‐
NA3, respectively;

3For F1060c, fibers were calculated from Sellmeier equation for 5% GeO2 doped silica [41]; for SMF980A and UHNA3,
fibers were calculated from dispersion curves provided by fiber manufactures.

Table 2. Fiber parameter and characteristics.
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3.1. Theoretical analysis and numerical simulation results for SCG

SC generation in an SMF by pumping with NLPs is analyzed by solving the general nonlinear
Schrödinger equation in the frequency domain [19] as follows:

( ) ( ){ } ( ) ( ) ( ) 2

0

,
exp , , ,

A z
i L z F A z T R T A z T T dT

z
w gw w

w

¥

-¥

¢ ì ü¶ ï ï¢ ¢ ¢= - -í ý
¶ ï ïî þ

ò (2)

where A and A′ represent the electric field envelopes and γ is the nonlinear coefficient [16].
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wherein n2 is the nonlinear refractive index and d is the mode-field diameter. F{} denotes the
Fourier transform and R(t) is the full nonlinear response function, which includes instantane‐
ous (Kerr) and delayed (Raman) terms and can be modeled by a single damped harmonic
oscillator [16].
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where fR = 0.18 is the fractional contribution of the delayed Raman response, τ1 is the time
constant related to the phonon frequency, and τ2 is the time constant related to the damping
of the phonons. Θ(t) is the Heaviside step function and δ(t) is the Dirac delta function. From
the Raman gain spectra, it is well known [35, 41, 42] that silica glass and Germanate glass have
very similar phonon frequencies but very different phonon damping times. These time
constants are listed in Table 3.

Figure 10. An example of simulated NLP waveforms.

Fiber Laser222



3.1. Theoretical analysis and numerical simulation results for SCG

SC generation in an SMF by pumping with NLPs is analyzed by solving the general nonlinear
Schrödinger equation in the frequency domain [19] as follows:

( ) ( ){ } ( ) ( ) ( ) 2

0

,
exp , , ,

A z
i L z F A z T R T A z T T dT

z
w gw w

w

¥

-¥

¢ ì ü¶ ï ï¢ ¢ ¢= - -í ý
¶ ï ïî þ

ò (2)

where A and A′ represent the electric field envelopes and γ is the nonlinear coefficient [16].

2 2
2

0 0

2 8 ,
eff

n n
A d
p

g
l l

= = (3)

wherein n2 is the nonlinear refractive index and d is the mode-field diameter. F{} denotes the
Fourier transform and R(t) is the full nonlinear response function, which includes instantane‐
ous (Kerr) and delayed (Raman) terms and can be modeled by a single damped harmonic
oscillator [16].

( ) ( ) ( ) ( )
2 2
1 2

2
2 11 2

1 exp sin ,R R
t tR t f t f tt t

d
t tt t

æ ö æ ö+
= - + - Qç ÷ ç ÷ç ÷ ç ÷

è ø è ø
(4)

where fR = 0.18 is the fractional contribution of the delayed Raman response, τ1 is the time
constant related to the phonon frequency, and τ2 is the time constant related to the damping
of the phonons. Θ(t) is the Heaviside step function and δ(t) is the Dirac delta function. From
the Raman gain spectra, it is well known [35, 41, 42] that silica glass and Germanate glass have
very similar phonon frequencies but very different phonon damping times. These time
constants are listed in Table 3.

Figure 10. An example of simulated NLP waveforms.

Fiber Laser222

Absorption in fiber was neglected. In Eq. (2), L(ω) is the linear operator representing dispersion
of the SMF, given by L(ω) = i(β(ω)−β(ω0)−β1(ω0)(ω−ω0)), where β1 is the first-order dispersion
coefficient associated with the Taylor series expansion of the propagation constant β about ω0.
Up to six high-order dispersion terms were taken into account for simulations (Table 2).The
non-linear coefficient γ was calculated using Eq. (3) at a central wavelength of ~1.06 µm and
using mode-field diameters of fibers according to Table 1. The nonlinear refractive index for
fibers were assumed to be 3×10−20 m2/W, 3.7×10−20 m2/W, and 4.7×10−20 m2/W for F1060c,
SMF980A, and UHNA3, respectively, according to Eq. (6) in Ref. [43]. Finally, the fourth-order
Runge-Kutta algorithm was used to solve Eq. (2). The simulation results for the three different
fiber samples (according to Table 2) are presented in Figures 11–19. For each fiber sample, we
simulated the evolution of three different types of pulses of equal energy propagating through
the fiber. The pulse energy in every case corresponded to the experimental conditions
including splicing loss (Table 2). The first input waveform used in these calculations was a
simulated NLP (Figure 10), of which characteristics (duration and bandwidth) corresponded
to that of our NLP laser (Figure 9). The second input pulse waveform was that of a mode-
locked Gaussian pulse with a duration of 45 ps, which is similar to the duration of our NLPs
(Figures 9 and 10). The third input waveform was that of a mode-locked Gaussian pulse with
a duration of 200 fs. Its spectral bandwidth (~5 THz) is similar to the bandwidth of our NLP
(Figure 9).

Fiber type F1060c (Lightwave Tech), SMF980A (POFC,
Taiwan)

UHNA3 (Nufern)

τ1 12.2 fs [42] 12 fs [35, 41]

τ2 32 fs [42] 83 fs [35, 41]

Table 3. Single damped harmonic oscillator fitting constants.

Figure 11. SC evolution in a 50-m piece of F1060c fiber pumped by NLP with 90-nJ pulse energy.
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Figure 12. SC evolution in a 50-m piece of F1060c fiber pumped by Gaussian pulse with 45-ps duration and 2-kW peak
power.

Figure 13. SC evolution in a 50-m piece of F1060c fiber pumped by Gaussian pulse with 200-fs duration and 350-kW
peak power.

Examining the simulation results (Figures 11–19), we find that SC evolution in the case of NLP
pumping is different from those of mode-locked picosecond or femtosecond Gaussian pulses
for the three fiber samples we studied. Note that picosecond Gaussian pulses (~ 45 ps) can only
generate from one to three clear Raman peaks in its spectrum (Figures 12, 15, and 18). That
situation is explained by cascaded Raman scattering and is typical for narrowband pumping
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with moderate powers in the normal-dispersion region [32–35, 44]. As for the shorter mode-
locked Gaussian pump pulse (200 fs), it can generate broadband SC (Figures 13, 16, and 19) of
which the behavior is dependent on relative positions of pump central wavelength and the
ZDW. In the case when spectral difference between them is small, e.g., in the case of the F1060c
fiber, initial spectral broadening caused by self-phase and cross-phase modulations is suffi‐
cient for the spectrum to approach the ZDW (Figure 13). Then, further spectral evolution is
described by soliton fission, which is typical for SCG by ultra-short pulse [19]. We should

Figure 14. SC evolution in a 50-m piece of SMF980A fiber pumped by NLP with 45-nJ pulse energy.

Figure 15. SC evolution in a 50-m piece of SMF980A fiber pumped by Gaussian pulse with 45-ps duration and 1-kW
peak power.
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mention that efficient femtosecond pulse pumping requires significant peak power (hundreds
of kWs) especially in the cases when ZDW is shifted to the longer wavelength region. Our
simulations show that, for SMF980A and UHNA3 fibers, where the ZDWs are equal 1570 and
1900 nm, respectively, we may not be able to extend the SC to the anomalous dispersion region
(Figures 16–19). Also, 200-fs-wide Gaussian pump pulses excite SC in first tens of centimeters
of the SMF (see inset in Figures 16–19). Afterwards, its spectrum does not change.

It is interesting to note that NLPs, in comparison to mode-locked Gaussian pulses of similar
waveform durations, exhibit the spectral broadening mainly in the longer wavelength (relative

Figure 16. SC evolution in a 50-m piece of SMF980A fiber pumped by Gaussian pulse with 200-fs duration and 200-kW
peak power.

Figure 17. SC evolution in a 10-m piece of UHNA3 fiber pumped by NLP with 21-nJ pulse energy.
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to the pump wavelength) region (Figures 11, 14, and 17). In the case of the UHNA3 fiber, the
distinctive Raman orders can be found in SCG evolution spectrum (Figure 17). The broader
Stokes lines and much smoother SC spectrum can be explained by broadband pumping [37],
which is the feature of NLP [19]. For the two other fibers (F1060c and SMF980A), simulations
suggest that even smoother SC spectra are expected to be generated. This may result from
reduced Germanium concentration of their fiber core compared with that of the UHNA3 fiber.

Figure 18. SC evolution in a 10-m piece of UHNA3 fiber pumped by Gaussian pulse with 45-ps duration and 450-W
peak power.

Figure 19. SC evolution in a 10-m piece of UHNA3 fiber pumped by Gaussian pulse with 200-fs duration and 100-kW
peak power.
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That results in reduced phonon damping times (Table 3) and the suppression of the contribu‐
tion of the Raman term in the full nonlinear response function (Eq. (4)). It is notable that pulse
energy of our NLP, ~90 nJ, is sufficient to generate SC that approaches the ZDW in the case of
the F1060c fiber (Figure 11). In comparison, a mode-locked pulse of a similar duration and
energy can generate only one Stokes line (Figure 12). To reach a similar SC bandwidth,
however, the evolution of NLP-excited SC takes longer distance in the fiber.

Recently, it has been theoretically predicted that Raman-induced spectral shift, which may
happen in the normal dispersion region, is responsible for asymmetry of spectral broadening
[45]. The distinctive Raman orders in Figures 12, 15, and 18 for MLPs suggested that multiple
Raman processes, i.e., cascaded Raman scattering, could be responsible for initial spectral
broadening for NLP pumped SMF. Therefore, we have tentatively attributed our calculated
behavior of the broadband SC emission to Raman amplification of noise in the SMF [19]. Later
on, after the SC spectrum approaching ZDW, further SCG process becomes soliton fission like.

First, we spliced F1060c fiber directly to the output of amplifier. Since the mode-field diameters
of spliced fibers were not too much different, the splice loss was low (<0.5 dB). We measured
a series of SCG spectra with the F1060c pumped at different powers (Figure 20(a)). The
simulated SCG spectrum at an input power of 1500 mW in Figure 20(b) agrees quite well with
our experimental observations.

Figure 20. (a) The experimental spectra of SCG in F1060c fiber at different input powers. (b) The comparison between
experimental and simulated spectra of SCG in F1060c fiber at 1500-mW input power.

Then, we examined SCG in the SMF980A fiber, which has smaller core diameter (Table 2).
Owing to a large difference in mode areas, we used a short piece (~20 cm) of Newport F-SV
fiber in between the connecting fibers. Hence, the total splice loss between the active fiber in
the amplifier and SMF980A was ~1.5 dB. Similar to the previous case, we measured a series of
SCG spectra at different pump powers (Figure 21(a)). The simulated SCG spectrum at an input
power of 1600 mW (Figure 21(b)) again shows good agreement with experimental measure‐
ment. These two simulations and experimental results (for F1060c and SMF980A fibers)
indicate smooth spectra of SC generated this way.
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Raman processes, i.e., cascaded Raman scattering, could be responsible for initial spectral
broadening for NLP pumped SMF. Therefore, we have tentatively attributed our calculated
behavior of the broadband SC emission to Raman amplification of noise in the SMF [19]. Later
on, after the SC spectrum approaching ZDW, further SCG process becomes soliton fission like.

First, we spliced F1060c fiber directly to the output of amplifier. Since the mode-field diameters
of spliced fibers were not too much different, the splice loss was low (<0.5 dB). We measured
a series of SCG spectra with the F1060c pumped at different powers (Figure 20(a)). The
simulated SCG spectrum at an input power of 1500 mW in Figure 20(b) agrees quite well with
our experimental observations.

Figure 20. (a) The experimental spectra of SCG in F1060c fiber at different input powers. (b) The comparison between
experimental and simulated spectra of SCG in F1060c fiber at 1500-mW input power.

Then, we examined SCG in the SMF980A fiber, which has smaller core diameter (Table 2).
Owing to a large difference in mode areas, we used a short piece (~20 cm) of Newport F-SV
fiber in between the connecting fibers. Hence, the total splice loss between the active fiber in
the amplifier and SMF980A was ~1.5 dB. Similar to the previous case, we measured a series of
SCG spectra at different pump powers (Figure 21(a)). The simulated SCG spectrum at an input
power of 1600 mW (Figure 21(b)) again shows good agreement with experimental measure‐
ment. These two simulations and experimental results (for F1060c and SMF980A fibers)
indicate smooth spectra of SC generated this way.

Fiber Laser228

Figure 21. (a) The experimental spectra of SCG in SMF980A fiber at different input powers. (b) The comparison be‐
tween experimental and simulated spectra of SCG in SMF980A fiber at 1600 mW input power.

Figure 22. (a) The experimental spectra of SCG in UHNA3 fiber at different input powers. (b) The comparison between
experimental and simulated spectra of SCG in UHNA3 fiber at 500 mW input power.

We also studied SCG by the UHNA3 fiber using our NLPs. The total splice loss was ~3 dB. The
spectra of SCG generated in this fiber at different input powers are plotted in Figure 22(a).
Spectral oscillators and broadened bandwidth in the SCG spectrum are evident and in good
agreement with the simulated results (Figure 22(b)).

Examining Figures 20-22, we find that SCG spectra are different for the three types of fiber
used and pumping conditions. Obviously, in order to get larger spectral broadening using
SMFs with relatively small nonlinear coefficients, relatively longer fiber length is required (50
m for F1060c and SMF980A). Herein, the fiber with a larger nonlinear coefficient provides more
broadband response (~260 nm vs. ~160 nm width at −10 dB level and ~1.5 W input power for
SMF980A and F1060c, respectively) (Figures 20(a) and 21(a)). Applying UHNA3 fiber with
high nonlinearity (γ = 52.3 W−1 km−1) allows achieving significant spectral broadening (~440
nm at −10 dB level) with a shortened fiber length (10 m) and reduced input average power
(~800 mW) of NLP. But we should mention that the shape of SCG spectra (Figure 22(a))
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becomes modulated. The simulation results also indicate such behavior related with cascaded
Raman scattering. We believe that such behavior can be explained by significantly increased
doping concentration of germanium in UHNA3 fiber (~20 mol.%). This results not only in
nonlinearity enhancement [45] but also in modification of Raman response function [43]. It is
known that Raman gain in Germatate glass is much stronger than that in silica glass. As a
result, the damping time of delayed Raman response in highly doped germanium fiber is
longer (Table 3), which causes spectral oscillations.

In summary, we have reported a study of SCG with a scheme that uses a SMF pumped in the
normal dispersion regime (~1 µm) by NLPs from a dispersion-mapped fiber laser. We showed
SCG results using different SMFs and demonstrated that using a higher doping concentration
of Germanium (~20 mol.%) in SMF results in the enhancement of optical fiber nonlinearity,
reducing SCG threshold, and change in the Raman response function. The last one is found to
be responsible for the appearance of oscillations in the SC spectrum. The achieved SC exhibits
low threshold (21 nJ) and a broadband spectrum over 1030–1470 nm with a relatively short
fiber length (10 m).

We believe that the achieved low energy threshold and flat SC spectrum are caused by unique
properties of NLP (broadband spectral range and ability to propagate over a long distance).
Higher level of spectral oscillation is caused by higher Raman gain in germanium doped fiber,
which results in increasing the damping time of Raman response function.

Naturally, it is possible to use NLPs from the ANDi laser for SCG. Examples of such studies
will be described in Sec. 4 of this chapter.

4. Applications for OCT

OCT is a technique of optical imaging that is extensively used in biomedical and clinical
studies. The first OCT images were demonstrated by Huang et al. [46]. The authors confirmed
that OCT is superior for obtaining images in highly scattering media. In 1993, the first in vivo
OCT images were obtained by Fercher [47] and Swanson [48]. Thereafter, OCT technology
advanced rapidly and was readily accepted for use in ophthalmology. In 1996, the first
commercial ophthalmic OCT instrument by Carl Zeiss Meditec made its appearance [49].
Another significant milestone is the spectral-domain interferometric technique proposed
theoretically in 1995 by Fercher et al. [50]. Soon afterwards, Wojtkowski showed that the
technique was workable by imaging the retina [51]. Comparative studies of TD-OCT and SD-
OCT were first reported by De Boer [52] and Leitgeb [53].

OCTs typically employ near-infrared light in order to achieve deep penetration in biological
samples or scattering media. The axial resolution of an OCT is determined by the width of the
field autocorrelation function, or the inverse of the spectral bandwidth of the light source.
Thus, a broadband light source is required for ultra-high-resolution OCT.

Superluminescent diode (SLD), amplified spontaneous emission (ASE), and SC sources have
been widely used as the light source for OCT systems. OCTs with SLDs typically have an axial
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resolution of 10–15 µm, due to the limited gain bandwidth (~100 nm or less). The bandwidth
of ASE sources is also around several tens of nanometers. Thus, ultra-high-resolution OCT
typically employs SC sources. In 2001, Hartl et al. reported the first OCT system based on SC
generated with a PCF pumped by a femtosecond Ti: sapphire laser [54]. They achieved an axial
resolution of ~2.5 µm for OCT imaging using the 370-nm-wide broadband source.

In addition, the operation wavelengths for OCT are also critical. For applications of OCTs in
ophthalmology, light sources with central wavelength around 800 nm are widely used. As a
result of the relatively short wavelength, ultra-high-resolution OCT can be easily obtained.
However, a longer wavelength is desirable for increasing the penetration depth of the OCT.
Ultra-high-resolution OCT in bio-tissue has been demonstrated with the SC source at the
central wavelength of approximately 1, 1.3, 1.5, and 1.7 µm [55–57]. Water exhibits a broad
absorption peak at 1.5 µm. Since biological materials are water rich, 1.5-µm light sources,
highly developed for the optical communication industry, are not so suitable for OCT. In
vivo OCT imaging in bio-tissues is thus typically performed at 1300 nm to take advantage of
reduced scattering and enhanced penetration depth.

Moreover, for imaging of the cornea and anterior segment of the eye, OCT operated at 1300
nm has important potential advantages for glaucoma evaluation and refractive surgery [58].
The window around 1300 nm is particularly well suited for evaluation in detail of the response
of the angle structures to light accommodation, which is an important part of the glaucoma
workup.

Using rare-earth-doped fiber lasers, especially Yb-doped fiber lasers operating at high pulse
energy with ultrashort pulse width (from tens to hundreds of femtoseconds) as the pump laser,
new SC sources with a broad spectral bandwidth and high output power were reported by
several groups [23–25]. Typically, PCF or highly nonlinear fiber is employed to generate SC in
these schemes. The former approach provides higher nonlinearity and allows one to blue-shift
the zero-dispersion wavelength [19].

Later, our group and others demonstrated [38, 39] that amplified NLPs could be successfully
used for SCG through standard SMFs. NLPs [5, 9, 10, 59–62] exhibit attractive features such as
a very smooth and broadband spectrum, a double-scaled autocorrelation trace with a sub-
picosecond peak riding, and a wide sub-nanosecond pedestal, suggesting their low temporal
coherence. It is conceivable that a SC source based on NLPs is potentially attractive for
applications based on low-coherence interferometry such as OCT. In this work, we report for
the OCT imaging with a new and improved SC source pumped by NLPs from a compact ANDi
Yb-doped fiber laser.

NLPs from the ANDi Yb-doped fiber laser with an average power of 200 mW (pulse energy
of 62.5 nJ) are first amplified through an Yb-doped fiber amplifier. The amplified NLPs are
then used to excite the SC in a 50-m length of the standard SMF. At a pump power of 4.5 W,
we are able to generate a flat SC spectrum at the central wavelength of 1320 nm with a spectral
bandwidth of up to 420 nm (in 3-dB bandwidth), as shown in Figure 23. The average output
power reaches up to 560 mW (pulse energy of 175 nJ).
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Figure 23. The SC spectra generated by an all-normal dispersion fiber laser system.

4.1. Time-domain OCT

To test whether our SC source is applicable to ultra-high-resolution OCT, we set up a simple
OCT system. The system setup is similar to the Michelson interferometer as shown in Figure
24(a). There is a movable mirror in the reference arm, which directly reflects the light and
changes the relative optical path length compared with the sample arm. Finally, the detector
will receive the reflected light from two arms. At the sample arm, we assume the sample to
have an inner structure with many layers, i.e., different refractive index variations, so the light
will reflect back to the beam splitter and then be focused to the photodetector by focusing lens
with different time delays. Using a pulse as the light source, we can observe the interferogram
by oscilloscope. The interferogram provides the information about the position of the interface
of the sample by different time delays corresponding to different positions of a movable mirror.
The measured results can be understood from Figure 24(b).

4.2. Spectral-domain OCT

The spectral-domain approach for detection of OCT images is also referred to as the Fourier-
domain OCT. The schematic of a spectral-domain OCT in shown in Figure 25(a) [49]. It can be
immediately recognized that the movable mirror in TD-OCT is replaced by a stationary one.
The photodetector is replaced by the spectrometer. The interferogram will be spectrally
modulated and the wavelength dependence can be measured using a spectrometer (Figure
25(b)). We note that the optical path length mismatch ΔL must not be equal to zero during
detection.
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Figure 25. (a) The interferometer within an OCT system, and (b) the interferogram from an OCT system in spectral-/
Fourier-domain detection.

4.3. OCT performance

Coherence length is a critical parameter for the OCT light source. The coherence length can be
defined as the maximum path difference between reference and sample arms for which signals
from both arm can interfere with each other. The coherence length of a source is related to the
axial resolution of the OCT through

2 2
0 02 ln 2 0.44cl
l l

p l l
= »

D D
(5)

where Δλ is the 3 dB bandwidth of optical spectrum and λ0 is the central wavelength.

In this experiment, the SC light source generated an output power of around 345 mW, which
is much higher than that of typical SC sources. With the SC source operated at a bandwidth
of 365 nm center around 1320 nm, the theoretical axial resolution of the instrument is estimated
to be ~2.1 µm. Figure 26(a) shows A-scan result of the TD-OCT. This corresponds to a measured

Figure 24. (a) The interferometer within an OCT system, and (b) the interferogram from an OCT system in time do‐
main detection.
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axial resolution of ~2.3 µm (Figure 26(b)). In spite of the ultra-high axial resolution provided
by the TD-OCT, its signal-to-noise ratio (SNR) was only 12.5 dB. SD-OCT, on other hand,
provides much better SNR and stability and quick scanning speed. Figure 27(a) shows the
point-spread function (PSF) of the SD-OCT. An axial resolution of ~2.8 µm was achieved. In
Figure 27(b), we show the PSFs of a free-space SD-OCT obtained at different depths. The data
indicate that the system can provide OCT images at a depth of ~800 µm.

Figure 26. (a) A-scan result of the TD-OCT and (b) PSF.

Figure 27. (a) PSF of SD-OCT and (b) PSFs at different depths.

Comparing with the free-space OCT, the fiber-based OCT is more compact and stable. Thus,
results for the fiber-based spectral domain OCT system are also presented herein. Configura‐
tion of the fiber-based SD-OCT is shown schematically in Figure 28. The SC source was sent
into a fiber coupler where it had a splitting ratio of 1:99. After the first fiber coupler, two optical
fiber circulators are used in each arm. One arm serves as the reference, while the other arm
delivers the signal to the sample. Afterwards, reflected light from the reference mirror and the
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sample combine together using a second fiber coupler with a splitting ratio of 1:1. Finally, the
interference signal is detected using an optical spectrum analyzer.

Our broadband SC source can achieve an ultra-high-resolution of ~ 2 µm. That of the all-fiber
SD-OCT is limited, however, by the optical bandwidth of fiber components of the OCT system,
such as optical circulators and optical couplers designed for the central wavelength of 1310
nm. Owing to that limitation, the effective spectral bandwidth for the fiber OCT system was
only 102 nm. Therefore, the theoretical axial resolution of our all-fiber SD-OCT is ~5.3 µm.
Figure 29(a) shows the PSF with and without dispersion compensation. The resolutions are
18.6 and 6.4 µm, respectively. It is apparent that the resolution is improved by dispersion
compensation. Figure 29(b) shows the A-scan results obtained at different depths. The data
were processed by applying the inverse Fourier transform to the measured interferograms.
Our results indicate that the scanning depth can reach 1 mm. The SNR also improved signif‐
icantly, reaching as high as 126.7 dB.

Figure 28. The schematic of SD-OCT system. PC, polarization controller; OSA, optical spectrum analyzer.

Figure 29. (a) The PSF with and without dispersion compensation. (b) A-scans at different depths.
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4.4. OCT images

The surface tomography of a part of the one-dollar (new Taiwan dollar) coin is shown in Figure
30. In this case, the wavelength range of the source was ~45 nm, and the axial resolution was
experimentally determined to be <17 µm. The OCT resolution is sufficient to get a clear image
of the Chinese character, meaning “middle”. The scanning step was 50 µm.

Figure 30. Image of a Chinese character “” on the coin of new Taiwan dollar.

Figure 31. (a) SD-OCT image of an onion skin using a NLP laser. (b) SS-OCT image using a commercial swept source
made by Santec. The scale bars represent 200 µm.
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made by Santec. The scale bars represent 200 µm.
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Figure 31 shows the OCT images of a layer of peeled onion skin using different light sources.
Figure 31(a) is an image obtained with the fiber-based SD-OCT system using our noise-like SC
light source, for which spectral bandwidth was limited by the fiber components as 108 nm.
For comparison, Figure 31(b) is the OCT image obtained using the swept-source OCT (SS-OCT)
system with a commercial swept source by Santec. The 2-D depth profile of the onion skin is
obtained using both light sources. Several cell walls on onion skin can be easily identified. The
best OCT images of the onion cell were obtained when we applied noise-like SC as a scan light
source. The result of Figure 31(a) is the original image without dispersion compensation. This
showed that higher image quality can be achieved through further data processing.

5. Summary

In this chapter, we describe our work on generation and amplification of medium- and high-
energy NLPs with Yb-doped fiber laser systems. In the dispersion-mapped fiber laser system,
the central wavelength and spectral bandwidth can be tuned. The tuning range was 33 nm and
the bandwidth can be varied from 6 to 54 nm. Stable NLPs can be generated with output power
from 0.1 to 1.6 W, limited by damage of the optical fiber components used. Pulse energy as
high as 1. 25 µJ can be generated directly from the laser oscillator with a repetition rate of ~1
MHz. On the other hand, the ANDi noise-like fiber laser is more compact and can generate
broadband NLPs with a bandwidth as high as ~80 nm. We also demonstrate SCG pumped by
NLPs in easily available single-mode optical fibers. SC with a flat spectrum can be generated
over 420 nm in 3-dB bandwidth, centered around 1.3 µm. Such broad spectrum arises from
cascaded stimulated Raman scattering and self-phase modulation in the optical fibers. SMFs
with high nonlinearity can be used to generate even broader spectra. Significant modulations
due to the nonlinear effects rendered such sources unsuitable OCT. Experimental results are
in good agreement with theoretical analysis and numerical simulation results. SC pumped by
NLPs has been employed successfully in OCT systems. An ultra-high axial resolution of 2.3
µm was demonstrated. High-resolution fiber-based spectral domain OCT is also demonstrat‐
ed. Scanned images show that a SC source pumped by NLPs is a viable alternative to SLD and
SC pumped by femtosecond lasers as the broadband light source for applications such as OCT.
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Abstract

This chapter reviews the recentachievements of 45°-tilted fiber gratings (45°-TFGs) in all
fiber laser systems, including the theory, fabrication, and characterization of 45° TFGs
and 45° TFG-based ultrafast fiber laser systems working in different operating regimes at
the wavelength of 1 µm, 1.5 µm, and 2 µm.

Keywords: Tilted fiber grating, nonlinear polarization rotation, mode-locked fiber laser

1. Introduction

Recently, ultrafast fiber lasers giving rise to ultrashort light pulses have attracted much more
attention in modern scientific and industrial communities owing to their wide applications
and unique advantages, such as compact configuration, high reliability, high output power,
better beam quality, and low cost. It is a complex physical mechanism to generate ultrashort
pulses, which is a result of the interplay of group velocity dispersion (GVD), self-phase
modulation (SPM), gain saturation, cavity loss, and higher-order dispersion in the laser cavity.
Especially, in a passively mode-locked ultrafast fiber laser system, the key to achieve ultrashort
output is to implement a saturated absorption mechanism (SAM) in the laser cavity. There are
two main SAMs: (1) saturated absorption material-based physical intensity SAM (semicon‐
ductor- or nano-material-based saturable absorber) and (2) fiber nonlinearity-based artificial
SAM (nonlinear polarization rotation (NPR), nonlinear optical loop mirror (NOLM)). Com‐
pared with the other techniques, NPR overcomes the limitation on optical damage threshold
and modulation capability of those physical absorbers. In the early development stage, most
of the fiber laser systems used some bulk components which greatly affected the integration
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and stability and also induced extra insertion loss. With the advent of multifarious in-fiber
components, fiber laser systems with all-fiber configuration are becoming possible, which have
boomed the development of ultrafast fiber lasers. Moreover, fiber laser system constructed by
in-fiber devices benefits from advantages such as no collimation, low insertion loss, high
stability, and zero maintenance. In-fiber components are hence of critical importance for
ultrafast fiber lasers in order to exhibit the above-mentioned plethora of merits. The most used
in-fiber devices in a fiber laser include rare-earth doped gain fiber [1], fused silica-based in-
fiber beam combiner [2], and fiber grating-based components [3–5]. In NPR technique, it is
important to employ a linear polarizer to induce polarization-dependent loss in the laser
cavity. As an effective in-fiber polarizer, 45°-tilted fiber grating (45°-TFG) was first reported
by Zhou et al. in 2005 [6]. Compared with other commercial in-fiber polarizers, 45°-TFGs own
many unique advantages such as high polarization extinction ratio (PER), broadband respon‐
sivity, low insertion loss, flexible wavelength adjustability, and simple fabrication method,
and it can be adapted to most types of fiber [7].

Because of their high PER and broadband response, fiber lasers constructed using 45°-TFGs
exhibit desirable features, including high signal-to-noise ratio (SNR), good stability, and
particularly high degree of polarization (DOP) output laser beam. The first trial of using a 45°-
TFG as an in-fiber polarizer in fiber laser application was demonstrated by Mou et al. in 2009
[8], in which the grating was applied to achieve a single polarization continuous wave (CW)
output with high DOP (>99%). Use of a 45°-TFG as the main functional device to achieve mode-
locked fiber laser was reported in 2010 [9]. To date, several types of pulsed fiber laser systems
utilizing 45°-TFGs with various operation regimes and wavelength ranges have been reported,
which are listed in Table 1.

Year Achievements Authors References

2010
Conventional soliton pulse with 600 fs duration, ~1 nj output pulse energies and
10.34 MHz repetition rate in passively mode-locked erbium-doped fiber laser

Mou et al. [9]

2012
Dissipative soliton pulse with 4 ps duration, 29.5 MHz repetition in normal-
dispersion passively mode-locked ytterbium-doped laser at 1 µm

Liu et al. [10]

2013
Bound dissipative pulse with 5.7 ps duration and 29.6 MHz repetition rate in the
all-normal dispersion mode-locked ytterbium-doped fiber laser

Liu et al. [11]

2013
Stretched pulse with 90 fs duration, 1.68 nJ pulse energy, and 47.8 MHz
repetition rate in passively mode-locked erbium-doped fiber laser

Zhang et al. [12]

2014
Conventional soliton pulse with 2.2 ps duration, 74.6 pJ pulse energy, and 1.902
MHz repetition rate in mode-locked Thulium-doped fiber laser

Li et al. [13]

2015 Single polarization, dual-wavelength mode-locked Yb-doped fiber laser Liu et al. [14]

2015
Dissipative soliton pulses with 96.7 fs duration and 251.3 MHz repetition rate in
passively mode-locked erbium-doped fiber laser

Zhang et al. [15]

Table 1. List of 45°-TFG-based all-fiber mode-locked laser systems
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Conventional soliton pulse with 2.2 ps duration, 74.6 pJ pulse energy, and 1.902
MHz repetition rate in mode-locked Thulium-doped fiber laser

Li et al. [13]

2015 Single polarization, dual-wavelength mode-locked Yb-doped fiber laser Liu et al. [14]

2015
Dissipative soliton pulses with 96.7 fs duration and 251.3 MHz repetition rate in
passively mode-locked erbium-doped fiber laser

Zhang et al. [15]

Table 1. List of 45°-TFG-based all-fiber mode-locked laser systems
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This chapter will review the theory, fabrication, and characterization of 45°-TFGs and their
applications in all fiber mode-locked laser systems. The chapter will include three main parts.
The first part will give a general introduction and fundamental background on the develop‐
ment of 45°-TFGs with a particular emphasis on fiber laser applications; second, the theory,
fabrication, and characterization of 45°-TFGs will be discussed; finally, 45°-TFG-based mode-
locking fiber laser systems will be reviewed including mode-locked fiber laser working at
different operation regimes [9, 12, 15] and mode-locked fiber lasers operating at the wavelength
ranges of 1 µm, 1.5 µm, and 2 µm [10, 13].

2. Theory, fabrication, and spectral characteristics of 45°-TFGs

Ultraviolet (UV)-inscribed fiber grating devices that have been mostly developed during the
last two decades show many advantages, such as simple and mature fabrication process, wide
availability in a range of optical fibers and broad operating wavelength range from visible to
mid-IR [16]. The periodic structure of a fiber grating offers unique function to control light
from the forward propagating core mode into the backward propagating core/cladding modes
or to the forward propagating cladding and radiation modes, depending on the grating
structure. As a mature technique, UV inscription has been used for producing many types of
in-fiber grating devices, including standard fiber Bragg grating (FBG)-based reflectors [17],
chirped fiber Bragg grating (CFBG)-based dispersion compensator [18], long period grating
(LPG)-based mode convertor [19], and tilted fiber grating (TFG)-based polarizer and polari‐
zation-dependent loss equalizer [20].

2.1. Theory

The tilted fiber  grating with asymmetric  structure can induce high polarization-depend‐
ent mode coupling among core, cladding, and radiation modes. The 45°-TFG allows strong
coupling  of  s-polarization  (TE)  from the  forward  propagating  core  mode  into  radiation
modes, while the residual p-polarization (TM) light propagates along the fiber core with a
minimal loss,  which forms an ideal in-fiber polarizer.  The physical principle behind this
phenomenon may be well explained by the Brewster’s law. As we know, the light incident
at Brewster’s angle on an optical interface will partially cease its TE component. In a typical
UV-inscribed fiber grating structure, the UV-induced refractive index modulation is very
small  (Δn  ∼  10−1),  far  less  than  the  index  of  fiber  core.  The  Brewster  angle  for  a  UV-
inscribed grating plane may be calculated as θBrewster=arctan(ncore/(ncore + Δn)) ≅ 45°. Thus,
when the grating structure inscribed into a fiber core at 45° with respect to the normal of
fiber axis could be regarded as a series of optical interfaces at Brewster’s angle, the grating
will totally radiate TE light out from the fiber core, similar to the pile-of-plate polarizer,
acting as an in-fiber polarizer (Figure 1).

In ref. [6], the transmission spectra of TFGs with various tilting angles for TE and TM light
have been simulated (see Figure 2). The transmission loss of TM is almost zero, when the tilted
angle of grating is at 45°.
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Figure 2. (a) Simulated transmission spectra of TFGs with various tilting angles. TM-light (dashed curves); TE-light
(solid curves); (b) simulated transmission losses of TFGs versus tilting angles for s-light (TE) and p-light (TM). The
peak wavelength is set as 1.55 µm and the grating period is varied accordingly[6].

2.2. Theoretical analysis of 45°-TFG

2.2.1. Phase matching condition

The phase matching condition (PMC) originates from the conservation of momentum, which
provides a clear way to understand the mode coupling mechanism of the fiber grating. Under

Figure 1. Schematic of 45°-TFG-based in-fiber polarizer.
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PMC, the energy of one mode in the optical fiber can be transferred to another mode by a fiber
grating structure. The general vector expression of PMC of a fiber grating can be written as
follows:

core G

core core G core

     
2 2 2;   ;   cos

x

x x

K K K

K n K n K np p p q
l l

= +

= = =
L

r r r

r r r (1)

where subscript x represents core/cladding/radiation mode, θ is the tilt angle of fiber grating,
ncore is the refractive index of the fiber core.

In Equation 1, the refractive index difference between fiber core and cladding could be
neglected due to the weakly guiding condition. Hence, the strongest coupling wavelength of
a 45°-TFG occurs at

G
strongest cos45

n
l

L
=

°
(2)

where n is the modal index of fundamental core mode and ΛG is the normal period of the
grating.

2.2.2. Numerical simulation of 45°-TFG

So far, there are three main theories that can be used to simulate the TFG spectral response:
(1) coupled mode theory (CMT) [21, 22], (2) volume current method (VCM) [23], and (3) beam
tracing method (BTM)[24]. Each method has its own pros and cons: BTM is the simplest method
and better understood by the readers, but it only gives a rough estimation, because the impact
of the waveguide structure has been ignored in this method; CMT is more accurate, but the
simulation procedure can be quite complex, and analytical solutions are usually required.
Above all, VCM is a better method especially in calculation of the distribution of radiation
modes in the near and far fields a 45°-TFG, although from which the cladding boundary of
waveguide is neglected. These distributed radiation modes are of great interest due to the
intrinsic mode-coupling feature from the tilted fiber grating structure. From VCM theory, the
loss coefficient per unit length of a 45°-TFG can be expressed as follows [6, 23]:
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where k0 = 2π⁄λ0 is the wave vector of light in vacuum, δn and n are the modulated and original
refractive indices of the fiber core, a is the core radius and u and w are the waveguide param‐
eters, J and K are the first kind Bessel function and the second kind modified Bessel function,
respectively.

In Equation 3, Rs = (Rt
2 + k0

2ncl
2 sinξ2 + 2Rtk0ncl sinξ × cosφ) 1/2, where ξ is the angle between the

radiation beam and the fiber axis, which satisfies Rg−ieffk0 + k0nclcosξ = 0; χ denotes the polari‐
zation of the core mode; Rt and Rg are wave vectors of grating along the fiber axis and across
the fiber cross section and are defined as Rt = 2π/Λgsin45° and Rg = 2π/Λgcos45°, where Λg is
the period of grating.

For a specific type of fiber, the waveguide parameters of fiber are fixed; thus the loss coefficient
per unit length will solely depend on the UV-induced index change and azimuthal angle of
polarization state. So, the transmission loss of a 45°-TFG may be calculated as follows:

( )( )Exp ,  n, *T la f d l= - (4)

where l is the length of grating, λ is the wavelength of incident light, and φ denotes the
polarization state of incident light. According to the coordinator system in the analysis, when
φ = 0⁰, T represents the transmission loss of TM polarization light; when φ = 90⁰, T represents
the transmission loss of TE polarization light.
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Figure 3. The simulation results of the transmission loss against the wavelength for TM polarization (black line) and TE polarization 
(red line) of a 45°-TFG with 24-mm length. 

Figure 3 displays the simulated transmission spectra of a 45°-TFG with 24-mm length, which clearly shows that the TM 
polarization light has near-zero loss when passing through the 45°-TFG, while the TE polarization light has a very broad 
loss band with a maximum loss of 27 dB at 1520 nm. In the simulation, the fiber parameters were set the same as the 
SMF-28 single-mode fiber; the period and the length of grating, and the refractive index modulation were 748 nm, 24 
mm, and 0.0013, respectively. 

2.2.3. The design of tilt angles 

In contrast to the inscription of FBG, the interference fringes of UV beam are tilted at an angle with respect to the fiber 
axis during the inscription of TFGs. Due to the cylindrical shape of optical fiber, the tilt angle of the interference fringes 
outside of the fiber is different from that inside of the fiber, as depicted in Figure 6. 

 

Figure 4. Illustration of fringes of a TFG outside and inside of the fiber with external angle θext and internal angle θint. 

The relationship between θext and θint is given by ref. [29] as follows: 
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where nUV is the refractive index of the fiber at wavelength of UV laser (here, it is around 1.52). According to Equation 4, 
to inscribe 45°-TFGs, the tilted angle of interference pattern outside the fiber is 33.7° with respect to the fiber axis. As 
shown in the relation between the period of internal interference fringe and external fringe can be given as: 

Figure 3. The simulation results of the transmission loss against the wavelength for TM polarization (black line) and
TE polarization (red line) of a 45°-TFG with 24-mm length [7].
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Figure 3 displays the simulated transmission spectra of a 45°-TFG with 24-mm length, which
clearly shows that the TM polarization light has near-zero loss when passing through the 45°-
TFG, while the TE polarization light has a very broad loss band with a maximum loss of 27 dB
at 1520 nm. In the simulation, the fiber parameters were set the same as the SMF-28 single-
mode fiber; the period and the length of grating, and the refractive index modulation were 748
nm, 24 mm, and 0.0013, respectively.

2.2.3. The design of tilt angles

In contrast to the inscription of FBG, the interference fringes of UV beam are tilted at an angle
with respect to the fiber axis during the inscription of TFGs. Due to the cylindrical shape of
optical fiber, the tilt angle of the interference fringes outside of the fiber is different from that
inside of the fiber, as depicted in Figure 6.

Figure 4. Illustration of fringes of a TFG outside and inside of the fiber with external angle θext and internal angle θint.

The relationship between θext and θint is given by ref. [29] as follows:

1
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pq

q
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where nUV is the refractive index of the fiber at wavelength of UV laser (here, it is around 1.52).
According to Equation 4, to inscribe 45°-TFGs, the tilted angle of interference pattern outside
the fiber is 33.7° with respect to the fiber axis. As shown in the relation between the period of
internal interference fringe and external fringe can be given as:
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where ΛG and Λext are the periods of grating and the UV interference fringes, respectively, and
Λext is half of the period of phase mask (ΛPM). The relationship between the strongest coupling
wavelength of a 45°-TFG and the period of phase mask is given as follows:

PM
strongest 2cos33.7

n
l

L
= o (7)

2.3. Fabrication of 45-TFGs

There are three main grating fabrication methods: two-beam interferometric technique
(holographic method)[25], point-by-point inscription [26], and phase mask scanning technique
[27, 28]. Among them, due to the limitation of UV beam size, the point-by-point technique is
not suited for short-period grating inscription, the holographic method has the grating length
limitation, and only the phase-mask scanning technique is more suitable for the fabrication of
longer and stronger 45°-TFGs. A typical 3-D schematic of the grating inscription system is
shown in Figure 4, which includes a 244-nm CW frequency doubled Ar+ laser with computer-
controlled high-precision air-bearing stage. The phase mask used for 45°-TFG fabrication has
33.7° tilted pattern with respect to the fiber axis, so as to make sure the grating pattern inside
of the fiber core will have a 45° tilt angle [7].
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Air-bearing stage

Figure 5. Typical fiber grating inscription system using the phase-mask scanning technique

To enhance the photosensitivity of standard single-mode fiber, the fiber samples are usually
hydrogen loaded at 150 bar at 80°C for two days. The phase mask for inscribing 45°-TFG has
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To enhance the photosensitivity of standard single-mode fiber, the fiber samples are usually
hydrogen loaded at 150 bar at 80°C for two days. The phase mask for inscribing 45°-TFG has
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a uniform pitch and 33.7° tilted angle with respect to the fiber axis (can be purchased from
Ibsen Photonics). For standard FBGs with 30-mm length, a very small refractive index
modulation (~10–4–10–5) can produce 40-dB reflectance. However, for 30-mm-long 45°-TFGs,
to achieve 40 dB PER, the refractive index modulation induced by UV beam needs to be greater
than 10–3. The refractive index modulation level depends on the intrinsic photosensitivity of
fiber and the UV exposure condition. For normal nonphotosensitive fiber, to induce higher
index modulation, the fiber needs to be exposed under high dose of UV radiation for longer
time. Figure 5 shows the micro-image of a 45°-TFG inscribed into SMF-28 single-mode fiber
with 8.65-µm fiber core diameter. Ten pitch periods of the grating is 7.59 µm, which indicates
the central response wavelength of this 45°-TFG is at ~1550 nm.

Figure 6. The micro-image of the grating structure of a UV-inscribed 45°-TFG in SMF-28 fiber

2.4. PER characterization

As a polarization-dependent device, the PER is a key parameter to be evaluated for a 45°-TFG,
which is the peak-to-peak difference in transmission with respect to all possible states of
polarization [30]. Quantitatively, the PER is the ratio of the transmission with respect to all
polarization states. For a 45°-TFG, the PER is the ratio of the transmission of the TM and TE
polarization states, which can be expressed as follows:

( )TM

TE

PER 10 log 10 (0 ) (90 ) log( ) 
T l e
T

a a= ´ = ´ ° - ° (8)

From Equations 3 and 9, the PER of 45°-TFG is linearly proportional to the length of grating
and the square of index modulation.

As an ideal in-fiber polarizer, the PER, operation bandwidth, and output polarization state are
very important parameters. The typical experimental setup for measuring PER is shown in
Figure 7, which usually consists of a light source, a power meter (or an optical spectrum
analyzer), and a commercial fiber polarizer and polarization controller (PC). The light source
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is usually a single-wavelength source; the polarizer is used to generate polarized light with a
high degree of polarization (it is not necessary to use a polarizer, if the light source gives out
polarized light) and the PC is employed to change the polarization state for the output. The
maximum and minimum transmission through the component can directly be measured using
this system by adjusting PC. The PER can then be calculated using Equation 9.

light source
OSA

Polarizer

PC 45°  TFG

Figure 7. The experiment setup of PER measurement

Figures 8 (a) and (b) show the typical PER results of a 24-mm-long 45°-TFG measured by the
difference of maximum and minimum transmission loss using a 1530-nm single-wavelength
laser with respect to all polarization states. It can be seen from these figures that the entire PER
profile is near-Gaussian-like and covers a broad wavelength range. During the fabrication, one
may observe that under the same UV inscription condition, the PER increases monotonically
with the grating length. Figure 8(c) plots the PERs of four 45°-TFGs with different lengths (5,
15, 24, and 48 mm), clearly showing that the PER is near-linearly proportional to the grating
length, which is in good agreement with previous numerical analysis. The degree of linear
polarization of a 45°-TFG can be evaluated by measuring its polarization distribution. Figure
8(d) shows the polarization distributions for three 45°-TFGs with PERs of 10 dB, 20 dB, and 40
dB and a bare fiber for comparison. As shown in the figure, the higher the PER, the lower the
output power at the azimuth angles of 90° and 270°, and a strong 45°-TFG has a near-perfect
figure of “8” shape with a very narrow waist indicating an ultra-high PER, while the bare fiber
gives a circular shape without showing any polarization dependency.

3. 45°-TFG-based all-fiber ultrafast laser systems

Ultrafast fiber laser is defined as the pulsed laser with duration from picoseconds to femto‐
seconds that are usually derived from a mode-locked fiber laser. Mode-locked fiber laser could
be sorted as active and passive mode locking. The former relies on a physical phase modulator
and the latter utilizes a saturable absorption mechanism-based modulation, from which the
high-intensity pulse center experiences low loss while the low-intensity pulse wing experien‐
ces high loss. Passive mode-locking techniques are efficient to generate ultrafast pulses, simply
due to the fast perturbation of the cavity. The ultra-short pulses result from the interaction of
various physical effects, including GVD, SPM, saturable gain, filtering effect, and cavity loss.
By using an artificial saturable absorber, the NPR-based mode-locked fiber laser was first
demonstrated by K.Tamura in 1992 [32].
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3.1. NPR effect

In a more physical description, NPR can be regarded as the “interference” of right- and left-
hand circular polarization light experiencing different nonlinear phase shifts induced by Kerr
effect. The working principle of NPR is similar to that of nonlinear optical loop mirror(NOLM)
both of them are based on interference between two non-equal intensity light beams that
induce different nonlinear phase shifts. The phase shift in NOLM is induced from a non-
balanced coupler, while in NPR it is generated from an elliptical polarization light, which
resolves into two orthogonal circularly polarized components with different intensities. The
NPR-based configuration usually consists of a linear polarizer and two PCs, in which the
transmission intensity through the linear polarizer will be power dependent.

In the NPR-based laser system, a linear polarizer is a critical element. So far, there are two
types of commercial in-fiber linear polarizer: (1) the evanescent field coupling-based in-fiber
linear polarizer which is made by coating the exposed guiding region with a birefringent
material (TM pass polarizer) [33], or a metal film (TE pass polarizer) [34], or an anisotropic
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absorption material (TM pass polarizer) [35]; (2) polarizing fiber-based linear polarizer which
is actually a high birefringence polarization-maintaining fiber [36]. Both types of in-fiber
polarizer have been applied to construct mode-locked fiber lasers [37]. Recently, a picosecond
mode-locked fiber laser has been reported using a micro-fiber-based polarizer [38]. However,
all these types of in-fiber polarizers have their intrinsic disadvantages, such as low power
tolerance, complex fabrication process for evanescent field absorption-based in-fiber polarizer,
and long fiber requirement and narrow operation bandwidth and limitation of operation fiber
type. As aforementioned, a 45°-TFG is an ideal in-fiber polarizer, and it can overcome the most
disadvantages associated with the two mentioned conventional types of polarizer. In this
section, a detailed review of recent achievements in 45°-TFG-based all-fiber ultrafast fiber
lasers will be given.

The most reported mode-locked fiber lasers using 45°-TFGs are based on a common ring laser
cavity structure as shown in Figure 9, in which the pump laser is combined into laser cavity
by a fiber combiner; the gain fiber could be chosen to ytterbium-/erbium-/thulium-doped fiber
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The mode-locked fiber laser in the 1.5-µm region is very important due to the potential
applications in modern optical fiber communication and microwave photonics, which is also
a convenient experimental platform for nonlinear science research because of wide availability
of various components and types of fibers at 1.5 µm. Based on different cavity dispersion
mappings, the mode-locked fiber laser could operate in the regime of conventional soliton, the
stretched pulse, the similariton, and the dissipative soliton, and operating in this regime
depends on the net cavity dispersion (anomalous or normal dispersion). So far, 45°-TFG-based
mode-locked fiber lasers at 1.5 µm have been demonstrated as the conventional solitons, the
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stretched pulses, and the dissipative solitons, which will be described in detail in the following
sessions.

3.2.1. Conventional soliton pulse mode-locked fiber laser

One of the features of conventional soliton pulses is that they preserve their shape during
propagation over very long distance and the pulses are still reproducible even after various
perturbations, which have been used in a range of applications. The generation of conventional
soliton pulses results from the balance of nonlinearity and dispersion. The first NPR-based
soliton mode-locked fiber ring laser was reported by Tamura in 1992 [32]. The first 45°-TFG-
based soliton fiber mode-locking laser was demonstrated in 2010 [9], in which the ring laser
cavity consists of an ~6-m erbium-doped fiber (EDF) with nominal absorption coefficient of
~12 dB/m at 1530 nm and nominal dispersion –8.6 ps/nm/km, a 12-m SMF-28 fiber with an
anomalous dispersion of ~+18 ps/nm/km, and a 0.5-m B/Ge fiber with dispersion of ~+10
ps/nm/km. The net cavity GVD of the cavity is around –0.0143 ps2, which guarantees the laser
working at soliton regime. The mode-locked short pulses can be achieved by properly
adjusting the two PCs in the cavity (shown in Figure 9).

One of  the  features of conventional soliton pulses  is  that  they preserve  their shape during 

propagation over very long distance and the pulses are still reproducible even after various 

perturbations,  which  have  been  used  in  a  range  of  applications.  The  generation  of 

conventional soliton pulses results from the balance of nonlinearity and dispersion. The first 

NPR‐based soliton mode‐locked fiber ring  laser was reported by Tamura in 1992 [32]. The 

first 45°‐TFG‐based soliton fiber mode‐locking laser was demonstrated in 2010 [9], in which 

the ring laser cavity consists of an ~6‐m erbium‐doped fiber (EDF) with nominal absorption 

coefficient of ~12 dB/m at 1530 nm and nominal dispersion 8.6 ps/nm/km, a 12‐m SMF‐28 

fiber  with  an  anomalous  dispersion  of  ~+18  ps/nm/km,  and  a  0.5‐m  B/Ge  fiber  with 

dispersion of ~+10 ps/nm/km. The net cavity GVD of the cavity is around 0.0143 ps2, which 

guarantees  the  laser  working  at  soliton  regime.  The  mode‐locked  short  pulses  can  be 

achieved by properly adjusting the two PCs in the cavity (shown in Figure 9). 

 

 Figure 10. Measured characteristics of 45º-TFG-based all-fiber soliton mode-locking 

laser: (a) optical spectra of mode-locked fiber laser under different polarization status; 

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 200 400 600 800
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

(c)

V
o
lta
g
e
 (
a
.u
)

Tim e(ns)

-3 -2 -1 0 1 2 3

0.0

0.2

0.4

0.6

0.8

1.0

 Autocorrelation Trace

 Sech
2
 Fit Curve

 A
u
to
co
rr
e
la
tio
n
 I
n
te
n
si
ty
 (
a
.u
.)

Tim e(ps)

(a)

1530 1540 1550 1560 1570 1580
-50

-40

-30

-20

-10

0

(b)

S
p
e
ct
ra
l I
n
te
n
si
ty
 (
d
B
m
)

W avelength(nm )

1545 1548 1551 1554 1557 1560 1563

200

400

600

800

1000

1200

1400 (d)  pulse duration

 T
im
e
 B
a
n
d
w
id
th
 P
ro
d
u
ct
 (
a
.u
.)

P
u
ls
e
 D
u
ra
tio
n
 (
fs
)

W avelength(nm )

 Tim e Bandwidth Product

Figure 10. Measured characteristics of 45°-TFG-based all-fiber soliton mode-locking laser: (a) optical spectra of mode-
locked fiber laser under different polarization status; (b) recorded autocorrelation trace; (c) output pulse train; and (d)
pulse width and time-bandwidth products as a function of the wavelength [9]
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Figure 10(a) shows the spectra of stable soliton pulse at different central wavelengths, from
which we can observe the Kelly sidebands on the spectrum that are caused by periodic
perturbation during the cavity trip. The stable soliton pulses can only be sustainable at
relatively low pump power. With the increasing pump power, the pulses become unstable,
and the Kelly sideband becomes much stronger. Figure 10(b) shows that the pulse duration of
soliton mode-locking laser at the central wavelength of 1553 nm is ~600 fs. The pulse train was
recorded by an oscilloscope as shown in Figure 10(c), which indicates the pulse separation is
~90 ns and the repetition rate is calculated around 11.1 MHz, which agrees very well with the
value calculated from the total cavity length (18.5 m). Figure 10(d) shows the duration and
time–bandwidth product (TBP) of soliton pulses at different central wavelengths. In the
experiment, 12 mW average output power was obtained giving an ~1-nJ peak pulse energy [9].

3.2.2. Stretched pulse mode-locked fiber laser

Most important applications of ultrafast lasers are the supercontinuum generation and
micromachining. The high-energy ultrashort pulses are preferred in these applications.
However, the periodic perturbation for solitons may limit the duration of pulse and energy
scalability. Using low anomalous dispersion fiber could overcome the periodic perturbation-
induced pulse instability, but the low anomalous dispersion fiber limits the pulse energy [39].
To overcome these restrictions, one of the most efficient methods is to construct laser cavity
with both normal and anomalous GVD segments, in which the pulses will be compressed at
the normal GVD segment and broadened at the anomalous GVD segment. Such pulses
experience something like the soliton “breathing” during the cavity round trip, so they are also
called as stretched pulses [40]. In 2013, Zhang et al. reported a sub-100-fs stretched pulse by
using a 45°-TFG-based ring laser system [12]. The configuration of this laser is similar to the
one in Figure 9, which has a net cavity GVD of ~0.013 ps2, contributed by an ~1.16-m EDF with
nominal absorption coefficient of ~80 dB/m at 1560 nm and normal dispersion ~–53.4
ps/nm/km, 2.65-m SMF-28 fiber with anomalous dispersion ~18 ps/nm/km and 0.43 m HI1060
fiber with anomalous dispersion ~5.5 ps/nm/km.

Similarly, the mode locking in Zhang’s laser was achieved by adjusting the PCs in the cavity.
The pulse duration was measured by a commercial optical autocorrelator with <1 fs resolution,
and the result shows an ~90-fs Gaussian fit trace (see in Figure 11(a)). From Figure 11(b), we
see ~54 nm pulse spectra centered at 1575 nm that gives a TBP of ~0.58, indicating that the
compressed Gaussian pulse is a little beyond the transform limit. From Figure 11(b), it is also
noticed that the output spectra from the different ports have almost the same profile and width.
Figures 11(c) and (d) show the pulse train is with an ~21-ns interval between two adjacent
pulses and mode-locked pulse laser has a fundamental repetition rate of ~47.8 MHz, which are
in good agreement with the 4.24-m cavity length. The 55-dB SNR shows that the mode-locked
laser is working at a stable state [12]. It is also believed that with further optimization of the
cavity parameters, shorter pulse duration could be obtained.
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3.2.3. Dissipative soliton pulse mode-locked fiber laser

In theory, the generation of the dissipative soliton pulse is not only the balance of nonlinearity
and dispersion but also the balance between gain and loss. The concept of dissipative soliton
is thought as a fundamental extension of conventional soliton theory. However, there is a
significant difference between conventional solitons and dissipative solitons, as the latter owns
a nonuniform phase, whereas the phase of the former is constant. The nonuniform phase of
dissipative pulses is caused by the fact that solitons continually exchange energy with the
environment [41]. In contrast to the conventional solitons, dissipative solitons are largely
positively chirped with high pulse energy. Adapting external cavity compression, <100 fs
duration is easily achieved.

In 2015, Zhang et al. demonstrated a 250-MHz high fundamental repetition rate dissipative
soliton laser using a 5-cm-long 45°-TFG as an intra-cavity mode locker [15]. The total cavity
length of this laser is around 0.8 m, which is constituted by a 0.3-m-long EDF with normal
dispersion ~–53.4 ps/nm/km at 1560 nm and peak absorption of around 150 dB/m at 1530 nm
used as the gain medium, and 0.5-m SMF-28 fiber included 5-cm-long 45°-TFG with anomalous
dispersion ~18 ps/nm/km. The net GVD of the laser cavity is ~0.009 ps2. Two 976 nm laser
diodes combined via a polarization beam combiner are injected into the pump port to generate
enough nonlinearity. When pump power was greater than 700 mW, the stable, self-start
dissipative soliton mode locking was achieved by adjusting the PCs to an appropriate
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Figure 11. Characterization of 45°-TFG-based stretched pulse laser: (a) autocorrelation trace (black line) and its Gaussian fitting (red 
dotted line); (b) optical spectra of both output (black line) and monitor (red dotted line) ports; (c) pulse trains; (d) RF spectrum[12] 
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polarization state. When the pump power was <700 mW, the laser was operating at a Q-
switching regime. As shown in Figure 12(a), the full width at half maximum (FWHM) of output
pulse spectra is around 37.5 nm and with increasing pump power, the FWHM of the spectra
becomes broader. At 900 mW, maximal pump power, the 3-dB spectral bandwidth reaches to
41.2 nm. During the whole pump power range, no multiple pulse phenomena occurred. Once
the mode-locked pulse has been generated, the laser was stable and the average output power
was 43.4 mW. The output pulse train was measured by an oscilloscope, which has shown 4 ns
pulse interval and 250 MHz repetition rate which agree very well with the values calculated
from the cavity length (see in Figure 12 (b)). The pulse duration was measured by autocorre‐
lation and assumed from Gaussian fitting, showing the durations were 1.8 ps and 96.7 fs before
and after out-cavity compression with SMF, respectively. The obtained results were limited
by the available pump power; it is expected that with higher pump power, high repetition rate
fiber laser system up to GHz with increased output and shortened pulse width may be
achievable.

3.3. 45°-TFG-based YDF mode-locked fiber laser at 1 µm

Ytterbium-doped fiber (YDF) has a number of interesting properties, such as simple electronic
level structure, less quantum defect, upper-state lifetimes, and relative broad gain bandwidth

 

Figure 12. (a) Output spectra at different pump powers; (b) pulse train of the mode-locked pulses, (c) and (d) autocorrelation traces 
before and after out-cavity compression (red dashed lines are Gaussian fitting)[15]. 
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Figure 12. (a) Output spectra at different pump powers; (b) pulse train of the mode-locked pulses, (c) and (d) autocor‐
relation traces before and after out-cavity compression (red dashed lines are Gaussian fitting)[15].
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Figure 12. (a) Output spectra at different pump powers; (b) pulse train of the mode-locked pulses, (c) and (d) autocor‐
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[42, 43]. Such properties potentially allow YDF-based laser systems to have very high slope
efficiency, low thermal effect, high output power, and ultrashort pulses. YDF-based laser
systems have been widely applied in micro-machining area due to their high photon energy,
extra high power output, easy beam delivery, and a robust setup. In contrast to the EDF-based
laser system, both active and passive fibers at the 1-µm region have normal dispersion. Recent
research has reported that the hollow core fiber has an anomalous dispersion at ~1 µm and
been employed in a laser cavity to achieve dispersion management [44]. By using the NPR
technique, ultrashort, self-starting mode-locking laser operating at ~1-µm region could be
achieved by using YDF and 45°-TFG. According to the phase matching condition, 45°-TFG
could also work at 1-µm region by properly designing the period of tilted grating. Figure
13(a) shows the transmission spectra of a 50-mm-long 45°-TFG with 563 nm pitch period at
two orthogonal polarization states at 1055.7 nm. The PER of 45°-TFG is quite high, at around
34.9 dB at 1055.7 nm. Figure 13(b) shows the simulated full PER profile of a 45°-TFG at the
central wavelength of 1 µm, in which the FWHM is around 180 nm that is far broader than the
gain bandwidth of YDF.
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3.3.1. Dissipative soliton mode-locked fiber laser

In 2012, Liu et al. for the first time demonstrated a 45°-TFG-based all-fiber normal-dispersion
mode-locked laser at the 1-µm region [10]. In this system, a 48-mm-long 45°-TFG with 33 dB
PER at 1040 nm was used to build up NPR mechanism and generate dissipative soliton pulses.
The all-fiber laser structure was based on a ring cavity oscillator (similar to the one in Figure
9), in which the total laser cavity length was 7 m including 0.7-m-long YDF with an absorption
coefficient of 500 dB/m at 976 nm and 20 ps2/km nominal dispersion and 6.3 m HI1060 fiber
with 22.1 ps2/km at 1050 nm. The net GVD was 0.153 ps2. The 45°-TFG-based NPR technique
was employed as a mode locker to generate the dissipative soliton pulses.
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The stable mode-locking state was achieved when the pump power reached the threshold of
196 mW. Figure 14(a) shows the optical spectrum with 9 nm FWHM at the central wavelength
of 1050 nm. The steep spectrum profile edges are caused by the effect of gain spectral filtering
and the physical filter bandwidth. The uniform pulse train measured by an oscilloscope with
pulse–pulse separation of 33.7 ns (see in Figure 14 (b) and the radio frequency (RF) show that
the mode-locked laser was working under fundamental mode with 29.646 MHz repetition rate,
which is in good agreement with the value calculated from the total cavity length. The RF
spectra in the range of 300 MHz bandwidth have shown there is no Q-switching or harmonic
solitons. Figure 14(d) represents the pulse profile and phase in temporal domain, in which the
pulse duration evaluated from the Gaussian fit is around 4 ps. The TBP of around 10 and
parabolic phase profile indicated that the pulses have positive linear chirp. The DOP of output
pulse was also measured around 26 dB, which indicated the output pulse was nearly single
polarization state [10].

Figure 14. Characteristics of a 45°-TFG-based dissipative soliton YDF mode-locked fiber laser: (a) the optical spectra,
(b) pulse train measured by an oscilloscope, (c) radio frequency spectra and (d) pulse duration and phase profile of
output pulse at 196 mW pump power[10].

3.3.2. Bound-state mode-locked fiber laser

Soliton mode-locked lasers with multiple pulse output have attracted more interests in optical
communications, plasma accelerators, and cosmetic surgery. There are two main operation
regimes to generate multiple pulses: soliton interaction [45] and pulse splitting [46]. The former
has been investigated for the limitation of soliton application in long-distance fiber optic
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communications. As for specific multiple-pulse solitons, the bound-state solitons have fixed
and discrete soliton separations, which have been extensively investigated in anomalous
dispersion EDF-based fiber laser systems. Recent research work has shown that the bound-
state solitons also exist in the normal-dispersion lasers. Ortaç et al. have reported a two-soliton
molecule in an all-polarization-maintaining YDF fiber laser operating in the normal dispersion
regime [47]. The bounded dissipative pulses in 45°-TFG-based all-fiber YDF laser were also
observed [11], in which the design of laser cavity is the same as the one described in the
previous section (see in section 3.3.1). Using the coupled Ginzburg–Landau equation (GLE)
model, the theoretical analysis has indicated that the dissipative pulses in the normal disper‐
sion domain also follow the energy quantization effect. The mechanism of formation of
multiple pulse is based on soliton interaction through the dispersive waves in the all-normal
dispersion region, in which the dispersive waves with discrete spectra can be generated when
the propagating soliton in the laser cavity experiences periodical loss and amplification. In this
YDF laser, the physical filtering of isolator also plays a critical role in the formation of bound-
state pulses. Due to the soliton energy quantization effect, the bound-state solitons have the
identical parameters, that is, the peak-to-peak separation is fixed and will not change with the
pump power.

Figure 15. (a) Optical spectrum and (b) autocorrelation trace of bound-state dissipative mode-locked laser at pump of
249 mW; (c) the pulse separation influence as the pump power changes from 288 mW to 249 mW[11].
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Since the dispersive waves in a laser system are pump strength dependent, by increasing the
pump power, stable bound-state pulses could be formed. In the experiment, when the pump
power reached to 214 mW, the stable single pulse was first generated by adjusting the PCs.
After the pump power increased to 260 mW, the bound-state pulses (multiple pulses) were
observed, which resulted from the peak power clapping effect under the stronger pump power.
Once the formation of multiple pulses was established, by changing the pump power between
249 mW and 288 mW, the bound state of the pulses was still sustained. Reducing the pump
power to 249 mW, the laser output reverted to the stable single pulse, and increasing the pump
power above 288 mW, the laser operation evolved to CW regime. A pump power of 249 mW
was verified as the threshold for bound-state pulse operation in this laser configuration. Figure
15(a) shows the output spectrum of bound-state pulse at the pump power of 249 mW. The
pulse duration trace is shown in Figure 15(b), in which the Gaussian shape fitted pulse has a
4.2-ps duration and 21.6-ps separation (5 times larger than the pulse duration). As shown in
Figure 15(b), three pulse peaks with a height ratio of 1:2:1 indicate that there are two identical
bound-state pulses. By changing the pump power between 249 mW and 288 mW, the pulse
separation remains almost unchanged as shown in Figure 15(c)).

3.3.3. Dual-wavelength mode-locked fiber laser at 1 μm

As shown in Figure 13(b), the 45°-TFG with central response around 1µ m also has a very broad
PER profile. By using a 45°-TFG in the ring cavity, a dual-wavelength YDF mode-locked fiber
has also been demonstrated [14]. The configuration of this dual-wavelength fiber laser consists
of a segment of 45°-TFG in HI1060 fiber, a 980/1053-nm wavelength-division-multiplexed
(WDM) coupler, a 0.73-m-long YDF with an absorption coefficient of 500 dB/m at 976 nm and
20 ps2/km, an OC)with 30% output, two PCs, and 5.57-m HI1060 fiber with 22.1 ps2/km at 1050
nm. The net GVD of the cavity is ~0.14 ps2, which indicates the laser working in the dissipative
regimes.

The stable self-started dual-wavelength mode-locked dissipative soliton was easily obtained
by adjusting two PCs at a pump power higher than the mode-locking threshold. Figure 16(a)
clearly shows the spectrum of the dual-wavelength mode-locked laser at the pump power of
339 mW, in which the two-peak central wavelengths are at 1033 nm and 1053 nm with
approximately 10 nm FWHM. Due to the different round trip times, the dual-wavelength
pulses have different repetition rates. The pulse train spectra of dual-wavelength pulse
measured by a 6-GHz bandwidth oscilloscope had a very slightly different separation, making
it difficult to measure the pulse train gap difference. As shown in Figure 16(b), there are two
pulse trains, when one pulse train is triggered, the other is still moving. The uniform intensity
pulse train shown in Figure 16(b) denotes that the dual-wavelength pulses have equal pulse
energy. The RF spectrum in Figure 16(c) shows clearly that the dual-wavelength mode-locked
laser has a 6-kHz difference of fundamental repetition rate, as one pulse at 1033 nm has 32.804
MHz repetition rate and the other at 1050 nm has 32.798 MHz repetition rate (see in Figure
16(c). The 65-dB SNR measured from RF spectrum indicates the laser was working at stable
mode-locked state. The average power of pulse was 31 mW under 339 mW pump power. To
further confirm pulse performance, the output port was connected with a filter to filter out the
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pulse at 1033 nm. The optical spectrum, pulse train in oscilloscope, and RF spectra corre‐
sponding to the pulse at 1033 nm all disappeared, only the ones for the 1053-nm pulse
remained, as can be seen in Figures 17(a), (b), (c). The average pulse power at 1053 nm
measured was 15 mW, which is half of the dual-wavelength pulse power, further proving that
the two pulses have the same pulse energy. The pulse duration shown in Figure 17(d) is ~4.3
ps fitted with Lorentz shape, and the corresponding TBP of pulse is calculated as 12.5,
indicating that the pulse is highly chirped.

Through further investigation, it was observed that the dual-wavelength pulse laser was only
sustainable at the pump power between 339 mW and 389 mW. Once the pump power increased
to above 389 mW, the operation at short wavelength became CW. With further increase in
pump power to 441 mW, the CW emission totally ceased and the fiber laser operated in stable
single-wavelength mode locking [14].

3.4. 45°-TFG-based mode-locked fiber laser at 2 µm

Recently, as several types of thulium-doped fiber (TDF) are available, the all-fiber mode-locked
fiber lasers have attracted increasing interest in the 2-µm region, as mid-IR fiber lasers are
desirable not only for military applications in guidance and light detection and ranging
(LIDAR) systems, but also for civil applications in biology, remote gas sensing, and free-space
communication. Ultrafast fiber laser at 2 µm also serves as the seed source to generate the

Figure 16. (a) Output spectrum, (b) oscilloscope trace, and (c) RF spectrum of dual-wavelength mode-locked laser
at 1µ m [14].
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supercontinuum in the mid-IR region. There are a good number of reports on 2-µm mode-
locked fiber lasers utilizing nanomaterial-based SA, NOLM, and NPR techniques [13, 48, 49].
Sun et al. have recently reported the fabrication of FBGs and 45°-TFGs in the 2-µm region.
Figure 18 shows that a 25-mm-long 45°-TFG with 980-nm period has a strong PER response
with FWHM over 400 nm and a peak value of PER around 25 dB at the central wavelength of
2 µm. By using the 45°-TFG-based NPR technique, Li et al. have demonstrated a TDF fiber
mode-locked laser working at conventional soliton and noise-like soliton regimes [13].

The ring cavity of TDF laser emitting light around 2µ m reported by Li et al. has a total of 105-
m-long cavity length, constructed by 7-m double-clad Tm3+-doped fiber (Coractive, DCF-
TM-10/128) with –84 ps2/km at 2 µm, 95.0-m SM2000 fiber with –84 ps2/km, and 3.0-m SMF-28e
pigtail fiber from the pump combiner, isolator, and coupler estimated to be −80 ps2/km. The
use of 95-m SM2000 is to increase the nonlinearity of the cavity as the 2-µm fiber has a low
nonlinear coefficient. The fiber combinations give a total net GVD of ~−7.76 ps2, indicating this
laser is operating at a large anomalous dispersion. The TDF 2-µm laser was pumped by two
793-nm diode lasers (Lumics, Germany) combined by a (2 + 1) × 1 pump combiner (ITF,
Canada).

3.4.1. Conventional soliton mode locking

The conventional soliton results from the balance between nonlinearity and dispersion of laser
cavity. The optical fiber at 2 µm has relatively low nonlinear coefficient. To enhance the

Figure 17. (a) the output spectra, (b) pulse train, (c) radio frequency and (d) autocorelation of output dual-wavelength
pulse after a 1033-nm filter [14].
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nonlinear effect of laser cavity, the laser system, as mentioned above, has employed extra 95-
m SM2000 in the ring cavity. However, due to the anomalous dispersion of active and passive
fibers at 2 µm, the net GVD of the laser cavity is quite large.

During the experiment, the stable single pulse was not self-started, and the laser was first
operating at multi-pulse mode-locking regime at the pump power of 1.320 W. Upon reducing
the pump power to 1.232 W, a stable single-pulse mode-locked output was achieved. In the
experiment, it was found that the single-pulse mode locking was working at a very narrow
pump power range between 1.230 W and 1.232 W. Below 1.230 W, the laser operation evolved
to CW regime, while above 1.232 W, the laser came back to multi-pulse operation. Figure
19(a) shows the output spectrum under single-pulse operation. As shown in the figure, there
are very strong Kelly sidebands on the soliton spectrum, and the intensity of +/–1 sideband is
even higher than the intensity of center value of the soliton. The Kelly sidebands are generated
from the interference between the soliton and dispersive waves and usually exist in the fiber
laser system associated with high dispersion and nonlinearity. The appearance of strong Kelly
sidebands also indicates that the pulse duration may be close to the minimum possible value.
The pulse train recorded by oscilloscope is shown in Figure 19(b). The fundamental repetition
rate of mode-locked pulse was measured at 1.902 MHz by an RF spectrum analyzer, which
matches well with the theoretically cavity length dependent value, and also indicates only one
pulse was generated per round trip (see in Figure 19(c). Figure 19(d) displays the autocorre‐
lation trace of the mode-locked pulses with a scanning range of 10 ps, in which the FWHM is
about 3.4 ps corresponding to the pulse duration of 2.2 ps when using sech2-pulse fitted.
According to 2.2-nm FWHM of the optical spectrum of soliton mode-locked laser at central
wavelength of 1992.7 nm, the TBP is calculated to be around 0.335, which is almost the
transform-limited value (0.315 for sech2 shape pulse).
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3.4.2. Noise-like mode locking

In contrast to the stable soliton mode-locked laser, the noise-like mode-locked laser emits a
group of pulses with randomly varying duration and peak power, which was first reported
by Horowitz et al. in 1997 [50]. The feature of low coherence length and broad spectral
bandwidth of noise-like pulse lasers may make them useful for optical spectrum slicing and
fiber optical sensing. Due to the weak distortion after propagating in the dispersion medium,
the noise-like pulse may also be utilized for supercontinuum generation [51].

Li et al. observed noise-like pulse emission from the stable soliton mode-locked laser when the
pump power increased to 1.82 W. The autocorrelation trace they observed showed a narrow
peak riding on a broad pedestal extended over 150-ps measurement window, as shown in
Figure 20(a). The relative broad and smooth output spectrum of noise-like pulse shown in
Figure 20(b) reveals the central wavelength is at 1994.2 nm and FWHM is quite broad, around
18.1 nm. Both output and autocorrelation trace have indicated clearly the laser operates at the
noise-like mode-locked regime. The RF spectrum has shown a repetition rate of 1.902 MHz,
which proves the noise-like pulse operated at the fundamental mode-locking regime. Com‐
paring with the stable soliton mode-locked laser, the noise-like laser showed a lower SNR
around 47.3 dB. The noise-like mode-locking state could be still sustained at the maximum
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Figure 19. Thulium-doped fiber-based mode-locked fiber laser at conventional soliton 

regime: (a) output optical spectrum; (b) pulse train on oscilloscope; (c) RF spectrums 
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Figure 19. Thulium-doped fiber-based mode-locked fiber laser at conventional soliton regime: (a) output optical spec‐
trum; (b) pulse train on oscilloscope; (c) RF spectrums with scanning range of 10 kHz to 20 MHz (inset); (d) intensity of
autocorrelation with sech2-pulse fitting [13].
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3.4.2. Noise-like mode locking

In contrast to the stable soliton mode-locked laser, the noise-like mode-locked laser emits a
group of pulses with randomly varying duration and peak power, which was first reported
by Horowitz et al. in 1997 [50]. The feature of low coherence length and broad spectral
bandwidth of noise-like pulse lasers may make them useful for optical spectrum slicing and
fiber optical sensing. Due to the weak distortion after propagating in the dispersion medium,
the noise-like pulse may also be utilized for supercontinuum generation [51].

Li et al. observed noise-like pulse emission from the stable soliton mode-locked laser when the
pump power increased to 1.82 W. The autocorrelation trace they observed showed a narrow
peak riding on a broad pedestal extended over 150-ps measurement window, as shown in
Figure 20(a). The relative broad and smooth output spectrum of noise-like pulse shown in
Figure 20(b) reveals the central wavelength is at 1994.2 nm and FWHM is quite broad, around
18.1 nm. Both output and autocorrelation trace have indicated clearly the laser operates at the
noise-like mode-locked regime. The RF spectrum has shown a repetition rate of 1.902 MHz,
which proves the noise-like pulse operated at the fundamental mode-locking regime. Com‐
paring with the stable soliton mode-locked laser, the noise-like laser showed a lower SNR
around 47.3 dB. The noise-like mode-locking state could be still sustained at the maximum

low  nonlinear  coefficient.  The  fiber  combinations  give  a  total  net  GVD  of  ~−7.76  ps2, 

indicating this laser is operating at a large anomalous dispersion. The TDF 2‐m laser was 

pumped by  two 793‐nm diode  lasers  (Lumics, Germany) combined by a  (2 + 1) × 1 pump 

combiner (ITF, Canada).

3.4.1.  Conventional soliton mode locking 

The  conventional  soliton  results  from  the  balance  between  nonlinearity  and dispersion  of 

laser cavity. The optical fiber at 2 μm has relatively low nonlinear coefficient. To enhance the 

nonlinear effect of  laser  cavity,  the  laser  system, as mentioned above, has employed extra 

95‐m SM2000  in  the  ring cavity. However, due  to  the anomalous dispersion of active and 

passive fibers at 2 μm, the net GVD of the laser cavity is quite large. 

1980 1990 2000 2010

-60

-50

-40

-30

-20

-10

In
te

ns
ity

 (d
B

m
)

Wavelength (nm)

FWHM=2.02 nm

1.893 1.896 1.899 1.902 1.905
-210

-195

-180

-165

-150

-135

0 5 10 15 20

-200

-180

-160

-140

Si
gn

al
 (d

B
m

)

Frequency (MHz)

S
ig

na
l (

dB
m

)

Frequency (MHz)

63.5 dB

-5 -4 -3 -2 -1 0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

A
C

 s
ig

na
l (

a.
u.

)

Time delay (ps)

 Interferometric
 Intensity

3.4 ps

(c) (d)

(b)(a)

 

Figure 19. Thulium-doped fiber-based mode-locked fiber laser at conventional soliton 
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Figure 19. Thulium-doped fiber-based mode-locked fiber laser at conventional soliton regime: (a) output optical spec‐
trum; (b) pulse train on oscilloscope; (c) RF spectrums with scanning range of 10 kHz to 20 MHz (inset); (d) intensity of
autocorrelation with sech2-pulse fitting [13].
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launched pump power of 7.56 W with a 7.5% slope efficiency and the maximum output power
of 475.8 mW, corresponding to 250.1 nJ pulse energy. Such high pulse energy could be used
to generate mid-IR supercontinuum.

Overall, the above-described mode-locked lasers at 2 µm have shown good stability under
laboratory conditions within 24 hours. Further investigation of cavity length has revealed that
adding or reducing the length of SM2000 fiber has not improved the condition to revert to
soliton state mode locking. In fact, upon reducing the SM2000 fiber length from 95 m to 85 m,
even higher pump power was required to generate noise-like pulses, while increasing the
SM2000 fiber length to 120 m, the laser system was operating at the CW regime and no longer
supported the mode-locking regime[13].

4. Summary and future work

In summary, we have presented the detailed theory, fabrication, and characterization of 45°-
TFGs, which reveal clearly their high polarization function. 45°-TFGs as ideal in-fiber polar‐
izers have many advantages, such as high PER performance, broad working bandwidth, low
insertion loss, and high handling power. We have also reviewed the recent achievements of

1900 2000 2100
-60

-50

-40

-30

-20

-10

0

10

In
te

ns
ity

 (d
B

m
)

Wavelength (nm)

FWHM=18.1 nm

10ns/div

2.5μs/div

(a) (b)

(d)

1.893 1.896 1.899 1.902 1.905

-200

-190

-180

-170

-160

-150

0 5 10 15 20

-200

-180

-160

-140

Si
gn

al
 (d

Bm
)

Frequency (MHz)

S
ig

na
l (

dB
m

)

Frequency (MHz)

47.3 dB

(c)

-75 -60 -45 -30 -15 0 15 30 45 60 75
0.0

0.1

0.2

0.3

0.4

0.5
A

C
 s

ig
na

l (
a.

u.
)

Time delay (ps)

 

Figure 20. Thulium-doped fiber-based mode-locked fiber laser operating at the noise-

like regime: (a) autocorrelation trace; (b) optical spectrum; (c) RF spectra; (d) output 

pulse train recorded by oscilloscope [13]. 
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applications of 45°-TFGs in all-fiber ultrafast fiber lasers at three distinctive wavelength ranges
(1 µm, 1.5 µm, and 2 µm) operating in different mode-locking regimes. For future applications,
we foresee that 45°-TFGs may be utilized in fiber laser systems to extend the operation
wavelength to visible and deeper mid-IR range. One significant property of 45°-TFGs is their
fiber compatibility and low insertion loss; thus they could be suitable in-fiber devices for high
power all-fiber ultrafast laser systems. Overall, we expect the 45°-TFG-based fiber laser
systems to play an important role to generate frequency comb and multi-wavelength operation
for potential applications in high-speed optic communications, gas and environment sensing,
social security, and medical diagnosing and treatment systems.

Author details

Zhijun Yan1,2*, Chengbo Mou1, Yishan Wang2, Jianfeng Li3, Zuxing Zhang4, Xianglian Liu5,
Kaiming Zhou1,2 and Lin Zhang1

*Address all correspondence to: yanz3@aston.ac.uk

1 Aston Institute of Photonic Technologies (AIPT), School of Engineering and Applied
Science, Aston University, Aston Triangle, Birmingham, United Kingdom

2 State Key Laboratory of Transient Optics and Photonics, Xi’an Institute of Optics and
Precision Mechanics, Chinese Academy of Sciences, Xi’an, China

3 State Key Laboratory of Electronic Thin Films and Integrated Devices, School of Optoelec‐
tronic Information, University of Electronic Science and Technology of China (UESTC),
Chengdu, China

4 School of Optoelectronic Engineering, Nanjing University of Posts and Telecommunica‐
tions, Nanjing, China

5 Key laboratory of Advanced Transducers and Intelligent Control system, Ministry of Edu‐
cation, College of Physics and Optoelectronics, Taiyuan University of Technology, Taiyuan,
China

References

[1] Miniscalco, W.J.. Erbium-doped glasses for fiber amplifiers at 1500 nm. Journal of
Lightwave Technology. 1991;9 (2): 234–250.

[2] Kawasaki, B.S., Hill, K.O., Lamont, R.G.. Biconical-taper single-mode fiber coupler.
Opt. Lett. 1981;6 (7):327–328.

Fiber Laser270



applications of 45°-TFGs in all-fiber ultrafast fiber lasers at three distinctive wavelength ranges
(1 µm, 1.5 µm, and 2 µm) operating in different mode-locking regimes. For future applications,
we foresee that 45°-TFGs may be utilized in fiber laser systems to extend the operation
wavelength to visible and deeper mid-IR range. One significant property of 45°-TFGs is their
fiber compatibility and low insertion loss; thus they could be suitable in-fiber devices for high
power all-fiber ultrafast laser systems. Overall, we expect the 45°-TFG-based fiber laser
systems to play an important role to generate frequency comb and multi-wavelength operation
for potential applications in high-speed optic communications, gas and environment sensing,
social security, and medical diagnosing and treatment systems.

Author details

Zhijun Yan1,2*, Chengbo Mou1, Yishan Wang2, Jianfeng Li3, Zuxing Zhang4, Xianglian Liu5,
Kaiming Zhou1,2 and Lin Zhang1

*Address all correspondence to: yanz3@aston.ac.uk

1 Aston Institute of Photonic Technologies (AIPT), School of Engineering and Applied
Science, Aston University, Aston Triangle, Birmingham, United Kingdom

2 State Key Laboratory of Transient Optics and Photonics, Xi’an Institute of Optics and
Precision Mechanics, Chinese Academy of Sciences, Xi’an, China

3 State Key Laboratory of Electronic Thin Films and Integrated Devices, School of Optoelec‐
tronic Information, University of Electronic Science and Technology of China (UESTC),
Chengdu, China

4 School of Optoelectronic Engineering, Nanjing University of Posts and Telecommunica‐
tions, Nanjing, China

5 Key laboratory of Advanced Transducers and Intelligent Control system, Ministry of Edu‐
cation, College of Physics and Optoelectronics, Taiyuan University of Technology, Taiyuan,
China

References

[1] Miniscalco, W.J.. Erbium-doped glasses for fiber amplifiers at 1500 nm. Journal of
Lightwave Technology. 1991;9 (2): 234–250.

[2] Kawasaki, B.S., Hill, K.O., Lamont, R.G.. Biconical-taper single-mode fiber coupler.
Opt. Lett. 1981;6 (7):327–328.

Fiber Laser270

[3] Lee, B.. Review of the present status of optical fiber sensors. Optical Fiber Technolo‐
gy. 2003;9 (2):57–79.

[4] Rao, Y.J.. In-Fibre Bragging grating sensors. Meas. Sci. Technol. 1997;8:355–375..

[5] Bennion, I., Williams, J.A.R, Zhang, L., Sudgen, K., Doran N. J.. UV-written in-fibre
Bragg gratings. Optical and Quantum Electronics. 1996;28 (2):93–135.

[6] Kaiming Zhou, G.S., Xianfeng Chen, Lin Zhang, Ian Bennion. High extinction ratio
in-fiber polarizers based on 45° tilted fiber Bragg gratings. Opt. Lett.. 2005;30 (11):
1285–1287.

[7] Yan, Z., Mou, C., Chen, X., Zhou, K., Zhang, L.. UV-Inscription, Polarization-De‐
pendant Loss Characteristics and Applications of 45°Tilted Fiber Gratings. J. Light‐
wave Technol. 2011;29 (18):2715–2724.

[8] Chengbo Mou, Kaiming Zhou, Lin Zhang, Ian Bennion. Characterization of 45°-tilted
fiber grating and its polarization function in fiber ring laser. Journal of Optical Soci‐
ety of America. 2009;26 (10):1905–1911.

[9] Mou, C., Wang, H., Bale, B.G., Zhou, K, Zhang, L, Bennion, I. All-fiber passively
mode-locked femtosecond laser using a 45°-tilted fiber grating polarization element.
Optics Express. 2010;18 (18):18906–18911.

[10] Liu, X., et al.. All-fiber normal-dispersion single-polarization passively mode-locked
laser based on a 45°-tilted fiber grating. Optics Express. 2012;20 (17):19000–19005.

[11] Xianglian, L., et al.. Bound dissipative-pulse evolution in the all-normal dispersion fi‐
ber laser using a 45° tilted fiber grating. Laser Physics Letters. 2013;10 (9):095103.

[12] Zhang, Z., et al.. Sub-100 fs mode-locked erbium-doped fiber laser using a 45 degree-
tilted fiber grating. Optics Express. 2013;21 (23):28297–28303.

[13] Li, J., et al.. Thulium-doped all-fiber mode-locked laser based on NPR and 45° tilted
fiber grating. Optics Express. 2014;22 (25):31020–31028.

[14] Xianglian, L., et al.. Single-polarization, dual-wavelength mode-locked Yb-doped fi‐
ber laser by a 45°-tilted fiber grating. Laser Physics Letters. 2015;12(6):065102.

[15] Zuxing, Z., et al.. All-fiber 250 MHz fundamental repetition rate pulsed laser with
tilted fiber grating polarizer. Laser Physics Letters. 2015;12 (4):045102.

[16] Hill, K.O, Fujii Y., Johnson, D. C., Kawasaki, B.S.. Photonsensitivity in optical fibre
waveguides: Application to reflection filrer fabrication. Appl. Phys. Lett..
1978;32:647–649.

[17] G. Meltz, W.W.M., W.H.G. 1990. TuG1. In-Fibre Bragg grating tap. Optical Fibre
Communications, San Francisco, California, USA, 1990 OSA Technical Digest Series
1. 1990;:TuG1.

45°-Tilted Fiber Gratings and Their Application in Ultrafast Fiber Lasers
http://dx.doi.org/10.5772/61739

271



[18] Williams, J. A. R., Sugden, I.B., K., Doran, N. J.. Fibre dispersion compensation using
a chirped in-fibre Bragg grating. Electronics Letters. 1994;30:985–987.

[19] Ramachandran, S., Wang, Z., Yan, M.. Bandwidth control of long-period grating-
based mode converters in few-mode fibers. Opt. Lett.. 2002;27 (9):698–700.

[20] Mihailov, S. J., R.B.W., Lu, P., Ding, H., Dai, X., Smelser, C., Chen, L.. UV-Induced
polarisation-dependant loss(PDL) in tilted fibre Bragging gratings: application of a
PDL equaliser. IEE Proc. Oproelectronics. 2002;149:211–216.

[21] Sipe, T.E., J.E.. Tilted fibre phase gratings. J. Opt. Soc. Amer. A. 1996;13:296–313.

[22] Brown, Y.L., T.G.. Radiation modes and tilted fiber gratings. Journal of Optical Soci‐
ety of America. 2006;23 (8):1544–1555.

[23] Yufeng Li, M.F., T.E.. Volume Current Method for Analysis of Tilted Fibre Gratings.
Journa of Ligthwave Technology. 2001;19(10):1580–1591.

[24] Yoshino, T.. Theoretical analysis of a tilted fiber grating polarizer by the beam tracing
approach. J. Opt. Soc. Am. B. 2012;29(9):2478–2483.

[25] G. Meltz, W.W.M., W.H.G.. Formation of Bragg Grating in optical fibres by a trans‐
verse holographic method. Optics letters. 1989;14:823–825.

[26] Hill, K.O., et al.. Photosensitivity in Eu2+ :Al2O3-Doped-Core Fiber: Preliminary Re‐
sults and Application to Mode Converters. Optical Society of America. 1991;

[27] Hill, K. O., B.M., Bilodeau, F., Johnson, D. C., Albert, J.. Bragging gratings fabricated
in monomode photosensitive optical fibre by UV exposure through a phase mask.
Appl. Phys. Lett. 1993;62:1035–1037.

[28] Anderson, D. Z., V.M., Erdogan, T., White, A.. Production of in-fibre gratings using a
diffractive optical element. Electron. Lett.. 1993;29:566–567.

[29] Mihailov, S. L., R.B.W., Stocki, T. J., Johnson, D. C.. Fabrication of tilted fibre-grating
polarisation-dependent loss equliser. Electron. Lett.,. 2001;37:284–286.

[30] Technologies, A.. Polarization Dependent Loss Measurement of Passive Optical
Components. Application Note. 2001;5988–1232EN.

[31] Yan, Z., Zhou, K., Zhang, L.. In-fiber linear polarizer based on UV-inscribed 45o tilt‐
ed grating in polarization maintaining fiber. Opt. Lett.. 2012;37 (18):3819–3821.

[32] Tamura, K., Haus, H.A., Ippen, E.P. Self-starting additive pulse mode-locked erbium
fibre ring laser. Electronics Letters. 1992;28:2226–2228.

[33] Bergh, R.A., Lefevre, H.C., Shaw, H.J.. Single-mode fiber-optic polarizer. Opt. Lett..
1980;5 (11):479–481.

[34] Feth, J.R., Chang, C.L.. Metal-clad fiber-optic cutoff polarizer. Opt. Lett.. 1986;11 (6):
386–388.

Fiber Laser272



[18] Williams, J. A. R., Sugden, I.B., K., Doran, N. J.. Fibre dispersion compensation using
a chirped in-fibre Bragg grating. Electronics Letters. 1994;30:985–987.

[19] Ramachandran, S., Wang, Z., Yan, M.. Bandwidth control of long-period grating-
based mode converters in few-mode fibers. Opt. Lett.. 2002;27 (9):698–700.

[20] Mihailov, S. J., R.B.W., Lu, P., Ding, H., Dai, X., Smelser, C., Chen, L.. UV-Induced
polarisation-dependant loss(PDL) in tilted fibre Bragging gratings: application of a
PDL equaliser. IEE Proc. Oproelectronics. 2002;149:211–216.

[21] Sipe, T.E., J.E.. Tilted fibre phase gratings. J. Opt. Soc. Amer. A. 1996;13:296–313.

[22] Brown, Y.L., T.G.. Radiation modes and tilted fiber gratings. Journal of Optical Soci‐
ety of America. 2006;23 (8):1544–1555.

[23] Yufeng Li, M.F., T.E.. Volume Current Method for Analysis of Tilted Fibre Gratings.
Journa of Ligthwave Technology. 2001;19(10):1580–1591.

[24] Yoshino, T.. Theoretical analysis of a tilted fiber grating polarizer by the beam tracing
approach. J. Opt. Soc. Am. B. 2012;29(9):2478–2483.

[25] G. Meltz, W.W.M., W.H.G.. Formation of Bragg Grating in optical fibres by a trans‐
verse holographic method. Optics letters. 1989;14:823–825.

[26] Hill, K.O., et al.. Photosensitivity in Eu2+ :Al2O3-Doped-Core Fiber: Preliminary Re‐
sults and Application to Mode Converters. Optical Society of America. 1991;

[27] Hill, K. O., B.M., Bilodeau, F., Johnson, D. C., Albert, J.. Bragging gratings fabricated
in monomode photosensitive optical fibre by UV exposure through a phase mask.
Appl. Phys. Lett. 1993;62:1035–1037.

[28] Anderson, D. Z., V.M., Erdogan, T., White, A.. Production of in-fibre gratings using a
diffractive optical element. Electron. Lett.. 1993;29:566–567.

[29] Mihailov, S. L., R.B.W., Stocki, T. J., Johnson, D. C.. Fabrication of tilted fibre-grating
polarisation-dependent loss equliser. Electron. Lett.,. 2001;37:284–286.

[30] Technologies, A.. Polarization Dependent Loss Measurement of Passive Optical
Components. Application Note. 2001;5988–1232EN.

[31] Yan, Z., Zhou, K., Zhang, L.. In-fiber linear polarizer based on UV-inscribed 45o tilt‐
ed grating in polarization maintaining fiber. Opt. Lett.. 2012;37 (18):3819–3821.

[32] Tamura, K., Haus, H.A., Ippen, E.P. Self-starting additive pulse mode-locked erbium
fibre ring laser. Electronics Letters. 1992;28:2226–2228.

[33] Bergh, R.A., Lefevre, H.C., Shaw, H.J.. Single-mode fiber-optic polarizer. Opt. Lett..
1980;5 (11):479–481.

[34] Feth, J.R., Chang, C.L.. Metal-clad fiber-optic cutoff polarizer. Opt. Lett.. 1986;11 (6):
386–388.

Fiber Laser272

[35] Bao, Q., et al.. Broadband graphene polarizer. Nat Photon. 2011;5(7):411–415.

[36] Okamoto, K., Hosaka, T., Noda, J.. High-birefringence polarizing fiber with flat clad‐
ding. Journal of Lightwave Technology. 1985;3 (4):758–762.

[37] Villanueva, G.E. Pérez-Millán, P.. Dynamic control of the operation regimes of a
mode-locked fiber laser based on intracavity polarizing fibers: Experimental and the‐
oretical validation. Opt. Lett.. 2012;37 (11):1971–1973.

[38] Zhang, Z., et al.. All-fiber mode-locked laser based on microfiber polarizer. Optics
Letters. 2015;40(5):784–787.

[39] Tamura, K., et al.. 77-fs pulse generation from a stretched-pulse mode-locked all-fi‐
berring laser. Optics Letters. 1993;18(13):1080–1082.

[40] Turitsyn, S.K., Bale, B.G. Fedoruk, M.P.. Dispersion-managed solitons in fibre sys‐
tems and lasers. Physics Reports. 2012;521(4):135–203.

[41] Grelu, P. Akhmediev, N.. Dissipative solitons for mode-locked lasers. Nat Photon.
2012;6 (2):84–92.

[42] DeLoach, L.D., et al.. Evaluation of absorption and emission properties of Yb3+ doped
crystals for laser applications. Quantum Electronics, IEEE Journal of. 1993;29(4):1179–
1192.

[43] Payne, S.A., et al.. Ytterbium‐doped apatite‐structure crystals: A new class of laser
materials. Journal of Applied Physics. 1994;76(1):497–503.

[44] Ruehl, A., et al.. Similariton fiber laser with a hollow-core photonic bandgap fiber for
dispersion control. Optics Letters. 2007;32 (9):1084–1086.

[45] Smith, K., Mollenauer, L.F.. Experimental observation of soliton interaction over long
fiber paths: discovery of a long-range interaction. Optics Letters. 1999;14(22):1284–
1286.

[46] Ranka, J.K., Schirmer, R.W., Gaeta, A.L.. Observation of Pulse Splitting in Nonlinear
Dispersive Media. Physical Review Letters. 1996;77(18):3783–3786.

[47] Ortaç, B., et al.. Observation of soliton molecules with independently evolving phase
in a mode-locked fiber laser. Optics Letters. 2010;35 (10):1578–1580.

[48] Li, J., et al.. All-fiber passively mode-locked Tm-doped NOLM-based oscillator oper‐
ating at 2-µm in both soliton and noisy-pulse regimes. Optics Express. 2014;22 (7):
7875–7882.

[49] Solodyankin, M.A., et al.. Mode-locked 1.93 µm thulium fiber laser with a carbon
nanotube absorber. Optics Letters. 2008;33 (12):1336–1338.

[50] Horowitz, M., Barad, Y., Silberberg, Y.. Noiselike pulses with a broadband spectrum
generated from an erbium-doped fiber laser. Optics Letters. 1997;22 (11):799–801.

45°-Tilted Fiber Gratings and Their Application in Ultrafast Fiber Lasers
http://dx.doi.org/10.5772/61739

273



[51] Zaytsev, A., et al.. Supercontinuum generation by noise-like pulses transmitted
through normally dispersive standard single-mode fibers. Optics Express.
2013;21(13):16056–16062.

Fiber Laser274



[51] Zaytsev, A., et al.. Supercontinuum generation by noise-like pulses transmitted
through normally dispersive standard single-mode fibers. Optics Express.
2013;21(13):16056–16062.

Fiber Laser274

Chapter 12

Numerical Simulation of Fiber Laser Operated in
Passively Q-Switched and Mode-Locked Regimes

Sorin Miclos, Dan Savastru, Roxana Savastru and Ion Lancranjan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61882

Abstract

The aim of this chapter is to highlight the role of simulation methods as tools for analysis
of low and medium average power fiber laser operated in passively Q-switched and/or
mode-locking regimes into the design of various applications such as materials micro-
processing of sensor applications. The chapter’s purpose consists in making available to
specialists in the field of lasers, electro-optics and even nano-photonics improved proce‐
dures for designing high-accuracy remote sensors dedicated to large range of laboratory,
industrial and military applications. The reason that this chapter deals with passive opti‐
cal Q-switching and mode-locking techniques tailored for fiber lasers is the high percent‐
age of sensing devices operating in this regime. Numerical simulation results obtained
for this class of laser emitters can be used for other types of lasers, such as optical fiber
lasers. There are briefly presented the two main mathematical methods used to analyze
solid laser oscillators in passive optical Q-switching regime: the coupled rate equations
approach and the iterative approach. The validation of the presented numerical simula‐
tion methods is done by comparison with experimental results.

Keywords: Fiber laser, all-fiber passive optical Q-switching, all-fiber mode-locking nu‐
merical simulation

1. Introduction

Erbium, ytterbium and ytterbium/erbium co-doped fiber lasers operated in mode-locking
regime (ML) are an extremely useful tool for an increasing number of researches, medical and
industrial applications. Their main characteristic is their output consisting of a phase coherent
train of very short pulses, less than a picosecond. The application range of ML-operated fiber
lasers spans from micro-machining metals [1] all the way to the most precise frequency
measurements ever made [2]. Based on the many proposals for new technologies that utilize
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mode-locked lasers [3, 4], it is clear that these lasers will be an invaluable tool for future
technologies.

Here, we present simulation results obtained in analyzing a particular type of mode-locked
fiber laser, namely those using erbium (Er), ytterbium (Yb) or ytterbium/erbium-doped or co-
doped single-mode (SM) optic fiber as active medium and/or saturable absorber [5-13]. These
types of lasers are intensively investigated because of their advantages, i.e. low cost, low power
consumption, long term of use, robustness, and ease of long-distance transmission (through
single-mode fiber). The performed analysis is pointing to a special topic of such lasers, namely
the stabilization of the repetition frequency of these lasers. Initial demonstrations of these lasers
showed large amounts of high frequency noise in these systems [14, 15]. We then turned our
attention towards investigation of reduction of frequency noise in these systems for design
improvement, synchronizing remotely located fiber lasers using this fast actuator in conjunc‐
tion with a stabilized fiber link.

The performed simulation of Er, Yb or Yb/Er fiber lasers operated in ML regime has the scope
of developing a software toolbox dedicated to an optimal laser design for micromachining
glass and bare SM optic fiber.

2. Theory

The ML technique is based on phase locking many different frequency modes of a laser cavity.
For practical reasons, as their bulk solid state counterparts fiber lasers are used in many
applications which require high peak power and pulse energy [16-23]. There are two most
well-established techniques for pulsing fiber lasers: Q-switching and mode locking in either
active or passive form [17, 19-21]. Because of its “in principia” simplicity, one of the most used
device for pulsing fiber lasers is the passive Q-switch cell manufactured, in essence, of a
saturable absorber material. Q-switching is an effective method to obtain giant short pulses
from a laser by spoiling the cavity loss periodically with a modulator inside the resonator cavity
[17, 19]. In this technique, the pump delivers constant power all time, where the energy is
stored as accumulated population inversion during the OFF times (high loss). During the ON
time, the losses are reduced and the accumulated population difference is released as intense
pulse of light. Q-Switching allows the generation of pulses of mJ energy, ns duration and few
Hz to hundreds of kHz repetition rate [17-21]. For shorter pulses in picoseconds or sub-
picoseconds ranges, mode- locking is the main mechanism [21-23]. The phase locking of
different frequency modes of a fiber laser cavity imposes the laser to produce a continuous
train of extremely short pulses rather than a continuous wave (CW) of light [16-18]. In principle,
a continuous train of extremely short pulses can be generated from a passively Q-switched
laser. It is also possible that the laser generates a continuous train of extremely short pulses
which have amplitude modulated by the saturable absorber and having an envelope of the
laser pulses peaks similar to Q-switched pulses [21-23]. The difference between these two
scenarios of fiber laser emission obtained under continuous pumping of doped optic fiber
active media lies in the optical phase of the pulses. The mode-locked pulses are phase-coherent
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with each other, while the Q-switched pulses are not [24-26]. This simple fact has massive
consequences regarding the application of these two types of lasers. This technique induces a
fixed phase relationship between the longitudinal modes of the laser cavity. Interference
between these modes causes the laser light to produce a train of pulses. Locking of mode phases
enables a periodic variation in the laser output which is stable over time, and with periodicity
given by the round trip time of the cavity [27-33].

To understand the mode-locking process, even if it appears too basic, it is useful to begin by
investigating a CW pumped fiber laser, which is supposed to have a CW output in the
frequency domain. For a single longitudinal mode CW laser, considered as having a Fabry-
Perot cavity and a frequency defined as

n =
2

c
nL

(1)

it can be considered that one resonant mode of the laser cavity overlaps in frequency with the
gain medium. Thus, this hypothetical fiber laser emits a CW beam with a narrow range of
frequencies defined as

( ) ( )w jé ù= +ë û1 1 1expE t E i t (2)

In general, however, the gain medium could overlap with several modes. We can describe the
output of such a laser in the time domain as

( ) ( )w jé ù= +ë ûå
1

exp
N

n n nE t E i t (3)

where the sum is over all of the lasing cavity modes, En is the amplitude of the nth mode, ωn

is the angular frequency of the nth mode, and ϕn is the phase of the nth mode. For the single-
mode laser, this sum just has one term as given above. As we will see, the phase term plays
the key role in the difference between incoherent multimode lasing and mode locking. It can
be considered an increasing range of overlap between the gain bandwidth and with fiber laser
cavity modes. In this case, there are N terms in Equation (3). The output of such a laser depends
critically if there is a well-defined phase relationship between the N modes. If each mode has
a randomly varying phase with respect to the other modes, then a time domain detector on
the output would show us that the laser is emitting a CW beam with a large amount of intensity
noise, while a frequency domain detector would show us that the energy was contained in
narrow spikes (with lots of intensity noise) spaced evenly by the free spectral range (FSR) of
the cavity. However, if we can fix the relative phases to a clearly defined value, then the
situation changes dramatically. With fixed phase relationships, the N modes can combine to
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interfere in such a way as to constructively interfere at multiples of the roundtrip time of the
cavity, while they destructively interfere elsewhere. This process creates shorter pulses as the
number of phase-locked modes increases [27-33].

An obvious question to be asked concerns how this well-defined relation between fiber laser
cavity longitudinal modes is exactly obtained, implicitly how the phase locking of the longi‐
tudinal modes is obtained. The answer to this question could be obtained from the time domain
picture of mode-locking. It is clearly experimentally established that a mode-locked laser
produces ultra-short pulses at a rate equal to the round trip time of the optical cavity. The
explanation of this experimental observation is that there has to be some part of the fiber laser
that allows the pulse emission over CW radiation. This statement equates to say that there is
needed of some element providing high loss at low intensity (CW radiation) and lower loss at
high intensity (pulsed operation). Such a device is a saturable absorber. The operational
principles of atoms or molecules as saturable absorbers are straightforward: low-intensity light
is absorbed by the atoms and re-emitted into 4π steradians (i.e. out of the laser cavity), while
high-intensity light fully excites the atoms and passes most of its photons through the medium.
The main feature of the saturable absorber is its decreasing loss with increasing intensity. As
is seen immediately, this behavior can be mimicked with optical processes that have nothing
to do with actual atomic or molecular resonance absorption.

It is interesting to note that the history of mode-locked lasers began not long after the first
demonstration of a continuous wave lasing in 1960, and it is intimately connected with search
for obtaining substances having a saturable absorption. Maiman’s [34] ruby laser was created
at Hughes Research Laboratory in California; the creation of the first mode-locked laser would
occur at Bell Laboratories in New Jersey. In 1964, Hargrove et al. [35] used an extremely clever
acousto-optic technique to provide a loss modulation in a helium-neon laser cavity, which led
to the laser being actively mode locked. In 1965, Mocker and Collins showed that they could
achieve transient locking of the modes of a multimode Q-switched laser using a saturable Q-
switching dye (cryptocyanine in methanol) [17]. Since only a few modes were involved in this
process, the pulse widths were on the order of tens of nanoseconds. Their technique, however,
required no active modulator, and thus was the first demonstration of passive mode locking.
The drawback of this dye was that it required the laser to be Q-switched in order to saturate
and thus the laser emitted mode-locked pulses only at the Q-switched intervals. The transient
nature of the mode locked pulses proved to be problematic in practical applications (ultrafast
spectroscopy, nonlinear optics, etc.). This problem was solved in 1972 when Ippen et al.
introduced a laser based on the saturable dye (Rhodamine 6G) that could mode lock contin‐
uously [18]. The pulses from this laser were found to have pulse widths of only 1.5 picoseconds.
After this demonstration, many researcher efforts were done in order to push the gain
bandwidth further with other types of saturable absorbers, including, in the first stages,
different types of dyes, and after that period, solid-state saturable absorbers such as the ones
made of semiconductor materials (SESAM) and of crystals or glasses doped with different
types of ions such as Co2+, Cr4+, Zn2+ and others. In the case of fiber laser, one newly appearing
mode-locking technique consists of using optic fiber doped with Sm or Tm ions or even with
the same type of ions as the optic fiber active medium.
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Regarding the ML operation of fiber laser, it is worth to analyze with a type of saturable
absorber known as an effective saturable absorber. It is a special class of saturable absorbers,
using processes other than atomic/molecular absorption. These saturable absorbers do not
have to rely only on actual atomic transitions. This means that the recovery time for the
saturable absorber can be much faster than for atomic transitions. Slow saturable absorbers
can produce pulses with duration less than a picosecond by shortening the leading edge of the
pulse via saturable absorption and the trailing edge via gain saturation. However, if the atomic
transition of saturable absorber recovers fast enough, it can shorten both sides of the pulse
using the saturable absorber effect which is achieved by exploiting the intensity- dependent
index of refraction defined as

( ) = +0 2n I n n I (4)

where n0 is the index of refraction, n2 is the nonlinear index coefficient and I is the optical
intensity. The recovery time for a saturable absorber based on this effect is essentially instan‐
taneous because non-resonant optical processes are extremely fast inducing a nonlinear index
to respond on the order of a few optical cycles. Two types of mode locking based on effective
saturable absorbers are mostly used and reported in literature: Kerr lens mode locking (KLM)
and additive pulse mode locking (APM).

KLM is based on lens creation into the gain medium as an effect of the nonlinear index of
refraction, lens which causes self-focusing of the beam [36, 37]. KLM is combined with an intra-
cavity aperture, this effect creates a situation where the cavity prefers pulsed operation because
if the laser is in CW operation, there is a high loss due to the aperture, while in pulsed operation
the beam focuses through the aperture with minimal loss.

APM is realized by interference of circulating pulses. In the first realization of APM [38, 39],
this interference was between pulses propagating in two coupled cavities. The main cavity has
the gain medium and an output coupler, while the secondary cavity has a nonlinear section,
an optical fiber. Pulses that are coupled to the nonlinear cavity experience an intensity-
dependent phase shift. When these pulses are coupled back to the main cavity they can be
made to overlap with the normal pulses in such a way as to constructively interfere at their
peaks, while destructively interfering at their wings. Thus, the addition of multiple pulses
results in pulse shortening on every round trip, just like a real saturable absorber. One special
type of APM is based on nonlinear polarization rotation (P-APM) [39] and is particularly useful
in a fiber laser cavity. The basic idea is that the added pulses are not from separate cavities,
but are co-propagating with different polarization. Elliptically polarized pulses propagate in
a Kerr medium to produce nonlinear polarization rotation. Experimentally, this situation can
be produced by inserting a quarter-wave plate into the fiber cavity, so that linear polarization
can be turned into elliptical. The highest intensity part of the pulse (i.e. the peak) undergoes a
nonlinear phase shift and thus rotates its polarization some amount. The wings of this pulse,
which have low intensity, do not undergo this phase shift and thus experience no rotation. A
quarter-wave plate and linear polarizer at the output of the Kerr medium (fiber) turn the
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intensity-dependent polarization into an intensity-dependent transmission. This type of mode
locking can produce pulse widths that are close to the gain bandwidth limit of Er (≈100 fs) [39].

Mode-locked Er or Yb/Er fiber lasers have many advantages to be considered regarding
various applications. One main advantage consists in the fact that an all fiber cavity needs no
realignment. Also, the components needed to build a mode-locked all fiber laser are relatively
cheap due to their mass production in the telecommunications industry. As an example, a
nonlinear polarization mode-locked all fiber laser could be built for an expense of less than 4,
000 USD. For comparison, a typical solid-state titanium doped sapphire mode-locked laser
could be purchased from a vendor for around 100, 000 USD. While the typical output power
of a Ti:Sapphire system is roughly an order of magnitude larger than that of a mode-locked Er
fiber laser, it is straightforward and inexpensive to build an Er amplifier that allows the Er-
based system to reach average power levels close to those of the mode locked Ti:Sapphire
oscillator. Using a frequency doubling crystal, one can even transform the 1, 550 nm centered
Er laser to Ti:Sapphire wavelengths around 750 nm. Finally, the relatively small gain band‐
width of the Er gain medium can easily be converted into an octave of spectrum using highly
nonlinear fiber. All of these factors have played a part in the rapid emergence of fiber lasers
in the world of ultrafast physics in the past 10 years. Erbium-doped fiber is particularly useful
over other rare-earth doped fibers (i.e. ytterbium, neodymium, thulium, etc.) due to silica
glass’s low loss window in the telecommunications C band (conventional band: 1, 530−1, 565
nm).

In order to obtain a better understanding of the operation of an Er or Yb/Er-doped mode-locked
fiber laser, the rate equation approach is useful. This approach starts with the Yb and Er ions
energy level diagrams, schematically presented in Figure 1. The Er ion is a quasi-3 level system,
meaning that although the lowest state in the lasing scheme is not the true ground state, it is
still low energy enough that it has some population due to thermal excitation.

Figure 1. The Yb and Er active ions energy levels diagrams.

The pumping of Er ions is accomplished by either 980 nm or 1, 450 nm light generated by a
semiconductor diode laser. In Figure 2, an example of mode-locked Er or Yb/Er-doped all-fiber
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laser is presented. Here, pumping diodes are laser pumping diodes with CW or pulsed-
chopped emission at 976 nm at powers up to 25 W, combiner and WDM are coupling the pump
power into a double clad Yb-doped fiber used as active medium, Yb-DCF is Yb-doped double
clad fiber active medium with 15 µm diameter core and 15 m length, HR-FBG is a high
reflectivity (99 %) FBG used as rear laser mirror and OC-FBG is a low reflectivity (15 %) FBG
used as laser output coupler.

Figure 2. Configuration diagram of passively Q-switched all-fiber laser using an “excess” of fiber.

Regarding the pumping efficiency using 980 nm diode laser radiation, Yb/Er co-doped has
better performances in comparison with simple Er-doped fiber laser. The role of Yb ions is the
one of absorbing the pump radiation at 975-980 nm and due to its intense fluorescence at
wavelength 980 nm, a wavelength closed to Er ions absorption band, to transfer optical
excitation to Er ions. For single Er-doped optic fiber active medium, the 980 nm and the 1, 450
nm schemes result in similar efficiencies.

The trivalent erbium ion, when pumped with 980 nm light, is excited to the 4I11/2 state, which
decays to 4I13/2 (see Figure 1). The decay between 4I11/2 and 4I13/2 is non-radiative (multiple phonon
decay) and occurs within a few µs, while the metastable state (4I13/2) has a lifetime of about 10
ms. Since the 4I11/2 state has such a short lifetime, we can make the approximation that this
highest excited state has zero steady-state population (i.e. no population accumulates). This
approximation reduces the number of participating energy levels to two. We can now write
down the relevant rate equations that describe the number of erbium ions in the upper (N2)
and lower (N1) energy levels

( ) ( ) ( ) ( )( ) ( ) ( )( )s s s s
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where A21 is the Einstein A coefficient (inverse lifetime) for spontaneous emission, σa
s is the

cross section for stimulated absorption at the signal wavelength, σa
s is the cross section for

stimulated emission at the signal wavelength, σa
p is the cross section for stimulated absorption

at the pump wavelength, σa
p is the cross section for stimulated emission at the pump wave‐

length, Is is the signal intensity, Ip is the pump intensity, hνs is the energy of each individual
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signal photon and hνp is the energy of each individual pump photon. By dividing the beam
intensity by the photon energy of that beam, we get the total number of photons passing
through a given area (i.e. photon flux).

To achieve lasing, we must have population inversion such that N2 > N1. The threshold for this
condition occurs when the ion density in N2 just equals N1. By setting the Equations (5) and (6)
equal and solving for the pump intensity, we find the threshold intensity for population
inversion

( )
n

t s s

×
=

-
p

pth p p
a e

h
I (7)

For a pump wavelength of 980 nm, this intensity is roughly 6 kW/cm2. Since the mode field
area of a single-mode Er fiber is around 20 µm2, the pump power needed to achieve inversion
is on the order of a few mW. This calculation is for a lossless cavity, however. Due to losses in
fiber splices, the output coupler and losses in the coupling of the pump diode to the fiber, the
actual pump power required for lasing threshold is of the order of tens of mW (typical 980 nm
pump diodes reach average powers beyond 600 mW). It is also instructive to look at the
evolution of the signal beam as it propagates through the gain (amplifying) section of the laser
cavity. A simple differential equation governs the signal in the presence of a 2-level gain
medium

( ) ( ) ( )( ) ( )s s= × - × ×2 1
s s s

e a s

dI z
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dz
(8)

with the solution
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where I0 is the intensity entering the gain section, l is the total length of the gain section and g
is the gain defined as
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s s
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For our analysis, we will consider the absorption of the signal beam to be zero, thus
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For a pump wavelength of 980 nm, this intensity is roughly 6 kW/cm2. Since the mode field
area of a single-mode Er fiber is around 20 µm2, the pump power needed to achieve inversion
is on the order of a few mW. This calculation is for a lossless cavity, however. Due to losses in
fiber splices, the output coupler and losses in the coupling of the pump diode to the fiber, the
actual pump power required for lasing threshold is of the order of tens of mW (typical 980 nm
pump diodes reach average powers beyond 600 mW). It is also instructive to look at the
evolution of the signal beam as it propagates through the gain (amplifying) section of the laser
cavity. A simple differential equation governs the signal in the presence of a 2-level gain
medium
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( ) ( ) s= ×2
s
eg t N t (12)

The gain is then dependent only on the density of excited atoms N2 and the emission cross
section of the excited Er atoms at the signal wavelength σa

s. The emission cross section is a
constant, thus to determine the gain we only have to find N2. Using Equation (8), we have
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In the small signal limit, the pump intensity is much larger than the signal intensity (Ip >> Is).
Using this approximation along with the fact that we are analyzing a steady-state scenario (d/
dt → 0), we can ignore the Is term and set the left-hand side of Equation (13) equal to zero.
Solving for N2 yields
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where τ is the lifetime of the excited state, defined as

t =
21

1
A (17)

and R is excitation rate which is defined as
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I
R N t
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This equation shows that the density of excited atoms in the small-signal limit is simply given
by the lifetime of the exited state (τ) multiplied by excitation rate R. Using the fact that g is
defined as
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the small signal gain is g0 is defined by the relation

( ) ( )t s= × × ×0 2
s
eg t N t R (20)

As the signal beam is increased to higher intensity, however, we must take into account the
term in Equation (13) that involves Is. Solving for N2 yields
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And the large signal gain is thus
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where Isat is the saturation intensity defined as
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=

1
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e

I (23)

And finally, the differential change in signal intensity per length of gain in the strong pump
regime is
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The picture of the signal evolution is now complete. At low signal levels, there is an exponential
increase in the number of signal photons in the gain medium. However, as the signal level is
increased further, the gain begins to saturate and asymptotically approaches a value defined
by

( ) » × =0satg t I g R (25)
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Thus, as expected, at high signal levels, the signal intensity increases linearly with the pump
intensity. The fundamental characteristics of lasing, namely, the small-signal gain and the gain
saturation have now been covered.

It is worth to mention an important aspect related to the mode-locking theory, namely, the
frequency comb. With the advent of the frequency comb [40] in the late 1990s, mode-locked
lasers, including the fiber ones, began to receive much attention concerning the frequency
metrology applications. The frequency comb appears as a simultaneous solution for two
important purposes separated by a vast gap to be achieved using mode-locking laser, espe‐
cially fiber lasers. These two purposes are: on one side, the field of precision measurements
imposes creation of actuated lasers that would have the narrowest possible spectral linewidth
and, on the other side, the field of ultrafast spectroscopy was mainly interested in creating
extremely short time domain bursts of electric field, which necessarily require that the pulses
have a large spectral bandwidth. These two goals, which seem to be in direct opposition of
each other, can be achieved simultaneously with a frequency comb.

As was mentioned, the frequency comb is based on mode-locked lasers [40-42]. In fact, mode-
locking and frequency comb are definitions used interchangeably. This is not quite right,
however, since technically a frequency comb really refers to a mode-locked laser that has been
carrier-envelope phase stabilized. The frequency comb can be understood by using and by
combining its description in time and frequency domains [40-42]. The time domain output of
the laser can be viewed as the multiplication of the fast electric field oscillations and an
envelope function, representing a modulation of electric field amplitude by the envelope
function. The ultimate limit on the width of this envelope would be an envelope that encom‐
passes only 1 cycle of the electric field, in other words, corresponding to one round trip along
laser cavity. It can be shown that the envelope travels at a speed known as the group velocity
vg defined as

l
l

=
-

g
cv

dnn
d

(26)

while the electric field fast oscillations travel at the phase velocity vp defined as

=p
cv
n

(27)

These two velocities are, in general, not equal and thus lead to a walk-off or slippage between
the two entities, known as carrier-envelope offset phase. Using the shift theorem of Fourier
transforms [42], we see that the Fourier transform turns this time domain phase slip into a
frequency offset, f0. Thus, the optical frequencies of the comb can be defined in terms of two
frequencies as
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n = × + 0n repn f f (28)

where νn is the optical frequency of the nth comb mode and frep is the repetition frequency of
the laser, which is related to the optical length of its cavity. Clearly, a random variation of the
offset frequency would smear out the comb in frequency space and make it useless for any
sort of precision measurement. An analogy to this sort of measurement would be like trying
to measure the length of something with a ruler that is always moving back and forth slightly.
Thus, it is clear that to do any sort of precision measurement with a mode-locked laser, we
need to stabilize this offset frequency (and thereby produce a frequency comb).

The first technique that achieved the ability to measure (and thus stabilize) f0 relied on the so-
called f-2f interferometer, a complicated experimental setup which is quite a technical ach‐
ievement by itself. This technique is based on a simple manipulation of Equation (28). In this
scheme, light from a Ti:sapphire laser was sent through a highly nonlinear fiber with low net
dispersion to broaden the bandwidth of the pulses to an octave [40]. The octave spanning
pulses were then coupled into an interferometer where in one arm the light was passed through
a second harmonic crystal and underwent sum-frequency-generation (SFG). The two beams
were then recombined on a beam-splitter, sent through an optical filter, and detected onto a
photodetector to produce a heterodyne beat at f0. The octave spanning pulse bandwidth
ensures that we have optical frequencies present in a range from νn to ν2n, while the second
harmonic arm converts the νn light to ν2n light via SFG. Filtering out the highest frequencies
with the optical filter, and using the frequency comb equation, we can thus write the frequen‐
cies present in the two arms as

n n= × + × = × +2 0 02 2 2 2n rep n repn f f n f f (29)

Once these two beams form a heterodyne beat on the photodetector, we can take the difference
frequency which is

( ) ( )n n- = × + - × + =2 0 02 2 2 2n n rep repn f f n f f f (30)

The first demonstration of this method [40] opened the door for experiments involving the
frequency comb. Precision metrology benefited dramatically from the compact all-in-one
nature of the frequency comb, while new techniques such as broadband cavity-ring down
spectroscopy [43-44] have been developed based on the comb.

Another theoretical issue of mode-locked fiber laser concerns the consequence of nonlinear
effects produced in the optic fiber during ultrashort light pulses propagation. It can be noticed
that Equations (5–25) describe what should be defined as the energetic part of the mode-locked
ultrashort laser propagation phenomena. In Equations (5–25), the cycle pump absorption –
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population inversion – light energy at the laser wavelength is analyzed. Equations (26–29) are
helpful for defining the aspects related to the repetition frequency of ultrashort light pulses. It
is to be observed that because of the fiber optic guiding effect, the ultrashort light pulses
propagation, even with energies on the nJ scale and full width half measure time duration of
ps or fs is happening through core transverse area, meaning extremely large light intensity.
Due to the square variation law of light intensity versus its electric field amplitude, it can be
concluded that nonlinear effects can be produced. Quantitatively, all these qualitative com‐
ments can be developed starting from the system of Maxwell equations describing electro‐
magnetic pulses propagation through optic fibers. In the system of Maxwell equations, the
polarization vector of the dielectric propagation medium can be split into two terms, one linear
and the other corresponding to its nonlinear variation.

b b g¶ ¶ ¶
+ + =

¶ ¶ ¶

2 2
1 2 22

A A i A i A A
z t t

(31)

where A represents the propagating electromagnetic field potential, the β1-term is responsible
for the group velocity (with the transformation T=t-β1z which transforms to the moving frame
of the pulse), β2 is often called the group-velocity dispersion (GVD) parameter. This equation
is an example of the nonlinear Schrödinger equation (NLSE).

3. Simulation Results

As previously mentioned, the simulation of the Er- or Yb/Er-doped all-fiber laser was per‐
formed aiming to the development of a set of toolbox useful for evaluation of passively Q-
switched and/or mode-locked laser dedicated to glass and optic fiber micro-processing. For
accomplishing this task, sense previous experience in this field constitutes an advantage
[45-47]. The simulation scripts can be grouped into two sets: the first one developed on the
bases of Equations (1-3) and describing the parameters of a ML fiber laser at the first level and
the second, the more complex one, using Equations (5-22) which treats the propagation of ultra-
short laser pulses through laser resonator. The second set is an attempt to solve nonlinear
Schroedinger equation.

In Figures 3, 4, 5 and 6 are presented results obtained in investigation of the noise factor
role in definition of mode-locked laser pulses emitted by an Yb/Er fiber laser as schemati‐
cally presented in Figure 2, using the simulation codes of the first set. A CW pump power
of 55 W was considered. The simulated mode-locked Yb/Er laser is composed of a double
clad fiber having a length in excess (9 m). The value of noise factor, d, is increased from
zero up to 1.5.  Figures 3 to 6 represented the overlapping between gain bandwidth and
fiber laser resonator modes. In Figure 3 d is considered as zero and the mode-locked laser
pulses are clearly defined.
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Figure 3. Laser pulse intensity versus time simulated for an Yb/Er fiber laser with 9 m length, “excess” of fiber, consid‐
ering a noise factor d = 0.

Figure 4. Laser pulse intensity versus time simulated for an Yb/Er fiber laser with 9 m length, “excess” of fiber, consid‐
ering a noise factor d = 0.05.
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In Figure 4, a small increase of d value, up to 0.05 was considered and some noise appearing
on the wings of the mode-locked pulses can be observed. In Figure 5, the d factor has a value
of 0.5 and the noise on the wings of mode-locked pulses is more evident. In Figure 6, the noise
factor is increased up to 1.5 and its effects on the wings of mode-locked pulses are visible. This
process creates shorter pulses as the number of phase-locked modes increases.

In Figures 7, 8 and 9, the simulation results are obtained using the second set of codes in the
case of the same previously defined mode-locked Yb/Er all-fiber laser. In Figure 7, as can be
observed, the mode-locked laser pulses are presented as analyzed in time domain. In Figure
8 results of the same analysis obtained in defining the fiber laser pulse spectrum are presented
considering frequency as input are presented. In Figure 9, the simulated pulse spectrum is
presented but considering wavelength as the argument.

Figure 5. Laser pulse intensity versus time simulated for an Yb/Er fiber laser with 9 m length, “excess” of fiber, consid‐
ering a noise factor d = 0.5.

In each Figure (7 to 9), the simulation was performed for three moments: t0 – the initial moment,
t0 + 40 tr and t0 + 80 tr, where tr is the laser cavity round trip time.

Simulations of the propagation equation (nonlinear Schrödinger equation) presented in
Figures 7, 8 and 9 are helpful for the understanding of pulse propagation in optical fibers.
Especially chromatic dispersion, nonlinear effects and their interplay, leading to physical
phenomena like solitons, can be investigated with these simulations. The possibility to take a
characterized pulse and to let it propagate through various fibers (as long as the fiber param‐
eters are known) is helpful for the understanding of the pulse compression after the amplifier.
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Figure 6. Laser pulse intensity versus time simulated for an Yb/Er fiber laser with 9 m length, “excess” of fiber, consid‐
ering a noise factor d = 1.5.

Figure 7. Laser pulse intensity analyzed in time domain in the case of an Yb/Er fiber laser with 9 m length, “excess” of
fiber.
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ering a noise factor d = 1.5.

Figure 7. Laser pulse intensity analyzed in time domain in the case of an Yb/Er fiber laser with 9 m length, “excess” of
fiber.
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Figure 8. Laser pulse spectrum simulated for an Yb/Er fiber laser with 9 m length, “excess” of fiber, considering fre‐
quency as input.

Figure 9. Laser pulse spectrum simulated for an Yb/Er fiber laser with 9 m length, “excess” of fiber, considering wave‐
length as input.
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The simulation also made it possible to investigate the spectral broadening of an ultrashort
laser pulse in a highly nonlinear fiber. The results show that it is theoretically possible to create
an octave spanning supercontinuum with the pulse from our laser system. The simulation
makes possible the design of a measuring system for the carrier-envelope frequency based on
a f-2f interferometer. It is possible to investigate the spectrum that barely spans a factor of two
into an attempt to detect a carrier-envelope set frequency beat above the noise.

The performed simulation has as a future objective, the construction of mode-locked Er all-
fiber  laser  using  a  special  technique,  the  polarization  additive-pulse  mode  locking  (P-
APM) procedure. It is based on the fact that due to the nonlinear refraction of the optic
fiber,  different  intensities  see  a  different  index  of  refraction.  For  elliptically  polarized
radiation, the net result is polarization rotation. The investigated P-APM mechanism works
like this: a pulse with a strongly elliptic polarization is sent into a Kerr-medium; depend‐
ent  on  the  intensity  there  will  be  more  or  less  polarization  rotation;  combined  with  a
polarizer  which only  transmits  the  rotated part  (higher  intensity),  this  acts  as  a  "pulse-
shortener". The mode-locking elements are located in the free-space path of the fiber laser.
The polarizer is  represented by a polarizing beam-cube and a Faraday-isolator or by an
optic fiber polarization controller. The quarter-wave plate (QWP) right, or the optic fiber
which have this function, makes the polarization elliptical; the other two wave plates change
the polarization to maximize the transmission at pulsed operation. It can be noticed that
the  mode-locking  is  self-starting,  meaning  that  the  pulse  builds  up  from  initial  CW
fluctuations, just as it is the case of an excess Er fiber laser (see Figure 2) and is analyzed
in Equations (1-3).

4. Conclusions

The main purpose of this chapter is to present a possible development of simulation codes
applicable for Er or Yb/Er all-fiber lasers operated in mode-locking regime with glass and fiber
optic micro-machining application. In this sense, the basic theoretical notions are defined in
Section 2: Theory and examples of simulation codes use could be observed in Section 3:
Simulation Results. A fairly good agreement between the simulated data and the similar ones
reported in literature can be noticed.
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Abstract

This chapter describes the determination of amplifying parameters in rare–earth–doped
optical fiber laser amplifiers. In the context of this review, the system will be analyzed
under both continuous–wave (CW) and pulse conditions. A comprehensive analysis has
been implemented using the set of coupled propagation rate equations based on the
atomic energy structure of dopant as well as the absorption and emission cross sections.

Regarding the spectral line broadening associated with a suitable amplification relation,
gain and saturation can be acquired for various pumping schemes including co– or coun‐
ter–propagation and the bidirectional modes.

It was shown that the gain and saturation properties are strongly dependent on the pump
power, dopant concentration, and fiber length mainly due to the dominant effect of the
overlapping factor of dual–clad fibers.

Keywords: Gain, Saturation, ASE parasitic noises, Broadening, Amplification relation,
Filling (overlapping) factor

1. Introduction

Recently, intense activities have been devoted to characterize rare–earth–doped double–clad
fiber laser amplifiers. Owing to their compactness, superb beam quality, great thermal control,
and high efficiency, they demonstrate to be important light sources in medicine, modern
telecommunication [1], and industries [2, 3]. Progress has been made in developing a fiber–
based source in which the mean power scales up to several kilowatts.

The purpose of the fiber amplifier is to intensify a less powerful optical beam, which propagates
either inside another fiber or in free space. In this way, the amplifier is “seeded” with a low–
power laser beam. As it is known from the main principles of laser physics, the laser oscillator

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



is a device that contains an optical amplifier and puts inside a resonator to provide positive
feedback.

The fiber amplifiers are fundamentally divided into core–pumped and cladding–pumped [4]
according to the environment of the pump propagation. In the former classification, the
amplifying light propagates in the same volume where laser gain media is located, while in
the latter, the pump is coupled and propagates outside the core of the doped fiber. The same
classification is valid for fiber laser oscillators. Cladding–pumped amplification technique is
a hot topic in laser science and technology for high–power regimes, which is the focus of this
chapter.

After the invention of the dual–clad fibers, the output powers of the doped fiber lasers have
been lifted by several orders of magnitude, and immense activities have been devoted to
relevant topics. These systems demonstrate several inherent features including [5] non–
uniformly distributed population inversion due to end pumping as well as very high gain even
in single–pass amplification by a large ratio of gain length to cross–sectional area.

In addition, both neodymium (Nd) and ytterbium (Yb) are suitable doping elements for high–
power regime. Despite the fact that Nd has a relatively low laser threshold, Yb–doped double–
clad fiber amplifiers present the prospects for a number of interesting applications due to the
broad gain bandwidth with excellent beam quality, renowned as potential sources accessible
to high–pump absorption, leading to ultimate efficiency [5, 6]. Furthermore, the benefits from
efficient performance, small quantum defects, and superb spectroscopic characteristics as well
as free competition processes are competitive with other rare–earth dopants. Particularly, the
capability of generating high powers makes them very attractive wherein the output power
up to 10/50 kW at CW single–mode/multi–mode schemes has been recently reported.

Besides, a fiber amplifier is characterized by a couple of significant coefficients, i.e., the small
signal gain and the saturation quantity. In this chapter, a theoretical consideration of the CW
and pulsed fiber arrays is reviewed, followed by the derived main formulas that are important
for practical design. In Section 2, a brief description has been devoted to various types of laser
amplifiers, operating based on the stimulated emission and optical nonlinearities. An extensive
analysis is given in Section 3, regarding the set of coupled propagation rate equations accom‐
panied with the effect of amplified spontaneous emission (ASE) parasitic noises for various
pumping modes based on the atomic energy structure of dopants. The serious spectral line
broadening mechanisms of gain media is described in Section 4. Eventually, the main issue of
relevant amplification relation has been investigated in order to find the corresponding gain
saturation parameters.

2. Various types of fiber laser amplifiers

Different kinds of laser amplifiers operate based on the stimulated emission amplification
principle, or established upon optical nonlinearities, e.g., Raman or Brillouin amplifiers as well
as optical parametric amplifiers (OPAs).
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Raman–based fiber laser amplifier is one approach that has attracted several groups [7–13].
Here, the governed amplification process is the stimulated Raman scattering (SRS) in the fiber
which causes an energy transfer from the pump to the signal. In fact, the vibrational spectrum
of core material defines the Raman shift. If the wavelength of laser beam signal is known, then
the optimum wavelength for pump signal can be calculated.

Commonly, Raman fiber lasers and amplifiers are not considered as ways for generating high–
power narrow–linewidth lasers. For high–efficient operations, typically hundreds of meters
of fiber are necessary to provide enough gain.

On the contrary, the optical gain is obtained by stimulated Brillouin scattering (SBS) in the
Brillouin fiber amplifiers. It is also pumped optically, and a part of the pump power is
transmitted to the signal through SBS. Physically, each pump photon creates a signal photon,
and the remaining energy is used to excite an acoustic phonon [14]. Classically, the pump beam
gets scattered from an acoustic wave moving through the medium at the speed of sound.

Moreover, the fiber–based OPA is a well–known technique offering a wide gain bandwidth
using only a few hundred meters of fiber [15]. This phenomenon is strictly operated based on
four–wave mixing (FWM) and phase–matching nonlinearities [16] in which a couple of
interacting photons over two wavelength bands, also called pump and idler, usually travel
collinearly through a nonlinear optical crystal, creating signal and idler output photons.
During this phenomenon, pump light beam becomes weaker and amplifies the idler wave.

For birefringent nonlinear crystals, the collinear incident beams may non–collinearly scatter
outside the crystal. Non–collinear OPAs were developed to have additional degree of freedom
for central wavelength selection, allowing constant gain up to second order in wavelength.

3. Theory

3.1. Absorption and emission cross sections

All rare–earth–doped fiber amplifiers intensify the seed signal light through stimulated
emission. The local rate equations describe the dynamics of the emission and absorption
processes of doping ions within its host material by making use of its atomic energy structure
as well as spectroscopic properties [17]. The relation between the emission and absorption
cross sections for two energy–level gain media is determined using McCumber theory, which
satisfies the following formula [18]:
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where σa and σe are the absorption and emission cross sections, h , ν, KB,  and T  depict the
Planck constant, frequency of light, Boltzmann constant, and the absolute temperature in
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Kelvin, respectively. Moreover, ε(T ) shows the mean transition energy between two manifolds
at temperature T . This quantity, which depends on the temperature but not on the optical
frequency, can be calculated from the energies of the single Stark levels. Otherwise, one can
obtain an estimation regarding the assumption that the energy levels within each Stark
manifold are equidistant [19]. Alternatively, ε(T ) can be calibrated, e.g., using the reciprocity
method or the Füchtbauer–Ladenburg equation. On the contrary,

( ) 1 2 1

B 2 B

exp exp
T Z E E

K T Z K T
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=ç ÷ ç ÷ç ÷ç ÷ è øè ø
(2)

where Z1 and Z2 are the partition functions, and E1 (E2) is the first (second) energy level. For
Yb–doped gain mediums, ε(T ) is often close to the photon energy of the zero–phonon
transition, i.e., the transition between the lowest sublevels of both manifolds. Furthermore, at
λ =975 nm, ε(T )=hν becomes equal to 1.27 eV, which leads to σe =σa. An additional formula is
provided by the McCumber analysis, linking the radiative lifetime and the emission cross
section as follows:
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Here, τ indicates the lifetime of the excited state level of atoms, n is the refractive index of the
gain media, and C denotes the speed of light in vacuum. As an example, Figure 1 demon‐
strates a model for the Yb3+ ions energy–level structure, consisting of two manifolds: a ground
state 2F7/2 (with four Stark levels labeled L0, L1, L2, and L3) and a well–separated excited state 2F5/2

(with three Stark levels labeled U0, U1,  and U2), which is seated ~10000 cm−1 above the ground
level. This is the reason why there is no excited state absorption (ESA) at either the pump or
laser wavelengths [6]. This large energy gap also precludes the concentration quenching and
the nonradiative decay via multiphonon emission from 2F5/2 even in a host of high phonon energy
such as silica. The energy band diagram for the lasing material is a quasi–three–level system [20].

The first transition between two Yb manifolds is the absorption and emission of the pump.
Afterward, the spontaneous decay from the 2F5/2 manifold, as well as the absorption, and
stimulated emission of the signal simultaneously appear.

Absorption and stimulated emission cross sections of Yb–doped silica glass optical fibers are
shown in the spectroscopic diagram in Figure 2. The absorption or fluorescence peak at 975
nm (A) represents the zero–line transition between the lowest energy levels of the ground state
(L0) and the excited state (U0) in the manifold. The laser operation at 975 nm is a three–level
process because the emission is due to a transition to the lowest Stark level. The absorption
peak at shorter wavelength (B) corresponds to a transition from the ground level L0 to either
of the excited level U1 and U2. The absorption peak at longer wavelength (C) is attributed to
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the transition from level L1 which can produce reabsorption and leads to higher thresholds in
the Yb3+ laser systems working around 1 µm.

Figure 2. Typical absorption and emission spectra of Yb3+ ions in germanosilicate host [21]

In addition, the emission spectrum peak (D) corresponds to the energy transfer from level U0

to the levels L1, L2,  and L3, while that at (E) belongs to the transition from level U1, generating
weak emissions around 900 nm. The broad absorption spectrum of Yb3+ ions enables the easy
configuration of the pump wavelength. Depending on the requirement of the laser system, the
laser signal wavelength can be configured in the range from 970 nm to 1200 nm due to the
wide emission spectrum of Yb.

Figure 1. Energy–level diagram of Yb:silica glass
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3.2. Rate equations

Amplifier characteristics, comprising the operating wavelength and the gain bandwidth, are
determined by the dopants rather than by the host medium. However, because of the tight
confinement of light provided by guided modes, fiber amplifiers can provide high optical gains
at moderate pump intensity levels over relatively large spectral bandwidths, making them
suitable for many telecommunications and signal–processing applications [22].

Currently, the rate equations are known as the most powerful tools to foresee the laser
amplifier features associated with the non–uniform pumping along the laser length [23–31].
Here, the rate equations for the quasi–three–energy–level structures are typically introduced
with the definition of the relevant parameters. Using the fourth–order Runge–Kutta method,
the effect of ASE parasitic noises and gain can be considered to assess the efficiency. The
performance of amplifiers also depends on the rates of radiative and nonradiative decays
caused by several mechanisms related to lattice vibrations, ion–ion interactions, and cooper‐
ative up–conversion to higher levels [32].

In the case of fiber amplifier as a single–pass array without reflectors, the backward signal
intensity, I −(z, t , λ), is equal to zero. Therefore, the set of coupled propagation rate equations
accompanied with ASE in the pulsed regime can be organized as follows [33–35]:
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where the superscripts “±” describe the traveling directions of the light waves along the fiber
propagation axis (z). Furthermore, p, s, and A subscript indexes define the parameters at the
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where the superscripts “±” describe the traveling directions of the light waves along the fiber
propagation axis (z). Furthermore, p, s, and A subscript indexes define the parameters at the
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pump, laser, and ASE wavelengths. The notation I  denotes the intensity of the pump, lasing,
or ASE radiations, and I tot(z, t , λ), which stands for the total intensity, is the summation of
forward, I +(z, t , λ), and backward, I −(z, t , λ), beams. Hence, some pumping modes are
considered, including co–propagation, since both the signal and pump intensities are injected
at z =0 and propagate in the same direction or counter–propagation since the pump intensity
is entered at z = L  (the signal and pump propagate in the opposite directions). When the pump
injects in both fiber ends, it results in the bidirectional configuration.

Furthermore, N1(z, t , λ) and N2(z, t , λ) represent the population of the ground state as well as
the upper lasing level of atoms, accordingly. N (z, t , λ)= N1(z, t , λ) + N2(z, t , λ) describes the
dopant concentration per unit volume, σ tot is equal to (σa + σe), and λ is the wavelength of the
light. The absorption of excited state level at the pump wavelength is indicated by σ24 which
is independent on the population of the upper level of laser.

In order to solve these equations, the cooperative up–conversion coefficient (Cup) must be
known. According to the model mentioned in [36], it can be expressed as

6
0

up 3
4
3

RC
R

p
t

= (8)

where R shows the average separation between various uniformly distributed ions, R0

demonstrates a critical interaction distance, and τ =1 / A21. Neglecting the formation of ion pairs,
we can approximately consider

up6
0 2

doped ions

9
16

C
R

N
t

p
= (9)

On the contrary, the local intensity per unit wavelength, I0(λ)≅2mh C 2(1 / Acore)Δλs /λs
3 [37], is

a constant parameter accounting for the contribution of the spontaneous emission into the
propagating single transverse laser mode with the spectral bandwidth Δλ, where the factor
two arises from a couple of orthogonal polarization directions. The parameter m exhibits the
number of transverse modes inside the fiber which is unity for monomode fibers.

In low–power communication fiber amplifiers, the core and cladding structures are centro‐
symmetric having circular cross sections. In order to remove this power limitation, an
intelligent solution was proposed in 1988 by Snitzer and coworkers, namely double–clad
fibers. At this model, the fiber core is off–centered or the inner cladding form is triangular,
rectangular, hexagonal, elliptical, D–shaped, and so on, where the rays scatter in many
accessible directions [25, 38, 39]. Hereupon, the pump light helically propagates through the
clad and interacts with the active core. The pump overlapping factor (Γp) states that how much
of the pump mode intensity actually coupled to the gain media. Assuming a spatially uniform
pump distribution over the inner clad cross section, Γp can be estimated approximately by
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where a stands for the core radius of active fiber and Acore and Aclad for the mode field area of
the core and the multimode first cladding, respectively. On the contrary, the signal filling factor
provides a figure of interaction between the optical modes at the signal radiation and the
dopant ions profile. The spatial overlap integral due to the signal indicates that [25, 40, 41]
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For single–clad fibers, the dimensionless coefficient Γs(λ) is equal to unity, while it is smaller
than unity (0.6–0.86) in double–clad fibers. Apparently, Γs is a function of the pump intensity
which approaches a saturated value at high pumping rates [42]. Furthermore, I core and I clad

are defined as the intensity confined in the core and inner cladding, respectively [25], which
can be theoretically expressed as follows [41]:

( ) ( )core 2 2

core 0

1 /
a

I J U r a J U rdr
A

-é ù= ë ûò (12)

( ) ( )clad 2 2

core

1 /
a

I K W r a K W rdr
A

¥
-é ù= ë ûò (13)

Here, ψ(r , φ, λ) shows the normalized transverse envelope of the modal field intensity, and
J (K ) demonstrates the Bessel function (modified Bessel function) inside (outside) the fiber core.
Parameters U  and W  are determined by the characteristic equations that satisfy the boundary
conditions at r =a, namely [43]:

2 2 2
core 0U a n k b= - (14)

2 2 2
clad 0W a n kb= - (15)

where ncore and nclad denote the refractive indices of the fiber core and inner cladding, respec‐
tively. The propagation constant β of any mode of fiber is limited within the interval
ncorek0 ≥β ≥ncladk0 which can be defined as β =neffk0. In this equation, neff is the effective refractive
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index and k0 =2π /λ0 is the wave number in free space. The intensity profile |ψ(r , φ, λ)| 2

resembles the linearly polarized L Plm modes. In terms of normalized electromagnetic field
distribution of the fiber [44], we find that

( ) ( ) ( )
2 2

*

0 0 0 0

, , , ˆ, , , .  1r rdrd Re E r H r z rdrd
p¥ p¥

y j l j j l j l j
é ù

= ´ =ê ú
ê úë û

ò ò ò ò (16)

where E and H depict the electric and magnet fields of the propagation mode, respectively,
and the versor of the z propagation direction is indicated by ẑ. In the case of a Gaussian
envelope approximation [45], the distribution of signal overlapping factor is as follows:

( ) ( )

2

s
s

1 exp 2 bl
w l

é ùæ öê úG @ - - ç ÷ç ÷ê úè øë û
(17)

where b shows the radius of doped area, and ωs(λ) is 1 / e 2 of the intensity profile radius at the
given wavelength calculated from the polynomial form [46]:

( ) ( ) ( )1.5 6
s 1 2 3/ /a A A V A Vw l l lé ù= + +ë û (18)

On the one hand, the normalized frequency is defined as V =2πa.NA /λs, where NA represents
the corresponding numerical aperture. For single–mode fibers, V  could be smaller than 2.405
which hints that the core supports only the fundamental transverse L P01 mode.

On the other hand, along with the signal, the spontaneous emission is also intensified. In fact,
the parasitic ASE noises cause the degradation of the signal–to–noise ratio (SNR) [47–49]. It is
due to the lack of reflectors such as fiber Bragg gratins (FBGs) or dichroic mirrors in the
amplifier stage, while the selective wavelength oscillates in the oscillator. The evolution
formula for the ASE intensities propagating in a given direction is written according to Eq.
(7). The total ASE noise at point z along the fiber is the consequence of the intensity of ASE
from the previous sections of the fiber accompanying the local intensity I0(λ) due to sponta‐
neous emission. The modified population inversion deals with the ASE terms too.

The positive scattering parameter αRS(λ)= B /λ 4 includes the losses due to Rayleigh scattering.
The Rayleigh scattering coefficient B of pure silica is found to be ~0.63 dBµm4/km, and S
denotes the capture fraction by the fiber, such that a fraction S .αRS(λ)=1.3×10−7m−1 [50] is
recaptured by the fiber. The capture fraction is defined as the proportion of the total energy
scattered at z which is recaptured by the fiber in the return direction that increases with (NA)2

[48, 51, 52].
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In addition, ΓA is defined as ASE filling factor which arises from the interaction between ASE
modes and core dopant concentration, and αA displays the ASE scattering loss. For simplicity,
ΓA and αA for various ASE peaks presume to be identical to the main signal in the vicinity of
λs. The ASE spectrum is divided into several channels with spectral width Δλ, whereas the
signal channel width Δλs is much smaller than the former, i.e., Δλs ≪Δλ. The ASE intensities

IA
±(z, t , λj) actually propagate in the positive and the negative z –directions, both in co– and

counter-propagation with the signal. Hence, the total ASE parasitic noise is stated by intro‐
ducing forward and backward ASE components at any point of the fiber, namely

( ) ( ) ( )tot
A j A A j, , , , , ,jI z t I z t I z tl l l+ -= + (19)

It is worth noting that the boundary conditions for the ASE channels are given by
IA

+(0)= IA
−(L )=0.

Furthermore, Rayleigh backscattering (RBS) is another important issue that affects the
performance of the signal source, unless the optical isolators are well employed [48, 49, 53].
When ASE and RBS are intense enough, these may restrict the amplifier gain leading to a drop
in the efficiency in many applications. In the case of strongly pumped condition, RBS at the
ASE wavelengths can be ignored mainly due to the reduction of ASE to get significantly weaker
than the signal [54]. Here, we assume that

( ) ( ) ( )s s, , ,I z t I z tl d l l± ±@ - (20)

( ) ( ) ( ),dI z t I z I tn
dz z C t

± ± ±¶ ¶
º ±

¶ ¶
(21)

Thus, the rate equations at signal wavelength can be simplified as follows:
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However, in the case of CW fiber amplifiers, disregarding ESA and cooperative up–conversion,
the set of first–order coupled nonlinear time–independent steady–state (∂/∂t →  0) differential
equations of an end–pumped configuration is realized by [28, 34, 37]
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It is worth mentioning that there are no significant nonlinear optical effects such as SBS and
SRS as well as thermal damages up to 50 W–CW single–mode pump powers [5]. In addition,
the dipole–dipole interaction, clustering, and quenching are serious only in highly doping
elements.

3.3. Gain saturation

Tremendous efforts were made to develop the fiber amplifiers during the recent decade.
Indeed, the amplifier is characterized by very important and unique gain and saturation
parameters [55–60] that are often used to analyze and compare different gain mediums in
certain applications.

Gain Saturation in Optical Fiber Laser Amplifiers
http://dx.doi.org/10.5772/62136

307



The advantages of operating in the gain saturation regime are mainly summarized as follows [4]:

1. Small fluctuations in the input signal do not reflect the same extent in the output amplified
signal.

2. The fiber amplifier, which has multiple spectrally close input signals with varied intensity,
may work as a gain equalizer because smaller input signal powers have higher gain
(through less saturation), and higher input powers have lower gain (due to a higher degree
of saturation).

3. A saturated optical amplifier demonstrates a high–energy extraction efficiency; therefore,
the overall efficiency of the system is high.

According to theoretical analysis, high–input optical fluence does not increase indefinitely in
an amplifier but rather saturates, leading to amplifier gain reduction. Obviously, even from
the general consideration of energy conservation, the gain of the amplifier has to saturate,
because one cannot extract more power from the amplifier than it was excited (pumped) with.

The emission and absorption cross sections are used to introduce the gain coefficient. Accord‐
ing to Eq. (28), the gain for signal radiation after simplification can be defined as follows:

( ) ( ) ( )s s es 2 as 1z N z N zg s sé ù= G -ë û (30)

In a fiber amplifier, it depends on the distance z from its input end. By substituting Eq. (26)
into Eq. (30) and ignoring ASE noises, the gain is rearranged in the following formalism:
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( ) ( ) ( )
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G G - - G
=

G + + G
(31)

Due to high signal power, which saturates the gain, the first term of the dominator is small
enough with respect to others. Assuming σas ≪σes in the numerator, γs(z) is given by [5, 26]

( ) ( )( ) ( ) ( )
( ) ( )
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p ap p s p s s as
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s l l s
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(32)

where the signal saturation power is introduced as follows:

( ) ( )
sat core

s
s s as es

hCAP z
l s s t

=
G + (33)

It decreases the small–signal gain by a factor of one–half equivalent to a 3 dB reduction in gain
[49]. It is worth mentioning that not only Ps

sat(z) relies on the photon energy of the seed signal,
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where the signal saturation power is introduced as follows:
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It decreases the small–signal gain by a factor of one–half equivalent to a 3 dB reduction in gain
[49]. It is worth mentioning that not only Ps

sat(z) relies on the photon energy of the seed signal,
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the mode field area, the upper state lifetime, the absorption, and stimulated emission cross
sections of the gain media, but it also strongly correlates to the signal overlapping factor.
Combining Eqs (11) and (33), we imply that Ps

sat(z) is a linear function of pump and signal
powers in CW regime, namely

( ) ( )
core clad

sat core
s core

s as es

hCA P PP z
Pl s s t

+
=

+
(34)

From another point of view, the gain coefficient in the steady–state condition can be explained
by

( ) ( )
( ) ( )

0
s sat

s s1 /
z

z
P z P z

g
g

+
=

+
(35)

where γ0(z) is the small–signal gain. The role of the term Ps
+(z) / Ps

sat(z) is to reduce the gain as
signal power increases in the fiber. This phenomenon is common to all amplifiers and is
referred to as gain saturation. If the amplifier operates at power levels such that
Ps

+(z) / Ps
sat(z)≪1 for all z, the amplifier is said to operate in the unsaturated regime. Moreover,

by comparing Eqs (32) and (35), the theoretical term for the maximum value of the gain at
distance z is given by [5, 26]

( ) ( ) ( ) ( )tot sat
0 p ap p s p s s as/ /z N P z P z Ng s l l sé ù= G - Gë û (36)

Let us assume a doped dual–clad fiber amplifier with length L ,  such that pumping light is
injected into the inner clad, and the laser seed is transmitted into the active medium. In strongly
pumped single–pass fiber amplifier, N2(z) is presumed to be much smaller than N  over a
significant part of the cavity length, such that Eq. (27) becomes analytically integrable to yield
the axial backward and forward propagation pump powers along the fiber core according to
the Lambert–Beer (L–B) law:

( ) ( ) ( ) ( ) ( ) ( )tot
p p p p p0 z LzP z P z P z P e P L eaa -+ - + - -= + = + (37)

where Pp
+(0) and Pp

−(L ) are the pump powers injected in both fiber ends at z =0 and z = L ,
respectively. In fact, the total attenuation α includes the scattering and pump absorption losses,
namely

p p apNa a s= + G (38)
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Here, αp depicts the absorption coefficient of the core at the pump wavelength due to scattering
loss. Taking average over the fiber length, the effective small–signal gain coefficient per unit
length is written in terms of α consequently [56]:

( )0 0
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1 L

z dz
L

g g= ò (39)
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(40)

In the general case of the varied inversion along the gain fiber, the absolute gain factor should
be integrated along the entire fiber length [4]:

( )0
0

exp
L

g z dzg
æ ö

= ç ÷ç ÷
è ø
ò (41)

Accordingly, the gain and saturation properties are strongly dependent on the pump power,
dopant concentration, fiber length, as well as the pumping modes (co–/counter–propagation
and bidirectional pumping) mainly due to the dominant effect of the filling factors [26, 61, 62].

In return, if optical pulses are amplified, the gain coefficient associates with the elapsed time
t due to N2(z, t). Therefore, the gain can be expressed as follows:

( ) ( )
( ) ( )

0
s sat

s s1 /
z

z
I z I z
g

g
+

=
+

(42)

where Is
+(z) is the amplified light intensity, and Is

sat(z) is the so–called gain saturation param‐
eter, defined as an intensity of the amplifying beam in active medium at which the small–signal
(unsaturated) gain coefficient is reduced by 50% (i.e., half). In turn, the gain saturation
parameter with good approximation can be clarified as the following general formula:

( ) ( )
sat
s

s s as es

hCI z
l s s t

=
G + (43)

4. The spectral line broadening

The nature of spectral line broadening plays a very important role in the performance of the
fiber laser amplifiers. The stimulated emission cross section is conventionally rewritten by
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Here, αp depicts the absorption coefficient of the core at the pump wavelength due to scattering
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In the general case of the varied inversion along the gain fiber, the absolute gain factor should
be integrated along the entire fiber length [4]:
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Accordingly, the gain and saturation properties are strongly dependent on the pump power,
dopant concentration, fiber length, as well as the pumping modes (co–/counter–propagation
and bidirectional pumping) mainly due to the dominant effect of the filling factors [26, 61, 62].

In return, if optical pulses are amplified, the gain coefficient associates with the elapsed time
t due to N2(z, t). Therefore, the gain can be expressed as follows:
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where Is
+(z) is the amplified light intensity, and Is

sat(z) is the so–called gain saturation param‐
eter, defined as an intensity of the amplifying beam in active medium at which the small–signal
(unsaturated) gain coefficient is reduced by 50% (i.e., half). In turn, the gain saturation
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where g(ν) indicates the spectral line shape. Using Eqs (33), (40), and (43), one can realize that
the amplifying parameters, i.e., the small–signal gain and the saturation intensity/power are
believed to be correlated to the line shape and the consequent broadened linewidth.

The spectral line broadening at room temperature (300 K) smooths the overall line shape, which
becomes resolved only at low temperatures [4]. With a temperature decrease, Stark level
structure becomes more and more evident and determines the line shape characteristic profile.

In the case of rare–earth–doped fiber oscillator and amplifier, different types of broadenings
exist. These include strong homogeneous as well as the inhomogeneous broadenings [56, 63].
The designation of whether the transition line shape is homogeneously or inhomogeneously
broadened is based on whether the lines are from the same type of centers or from different
sorts.

Usually, a homogeneous broadening is explained by the random perturbation of a similar type
of optical centers, while that from different kinds is responsible for inhomogeneously broad‐
ened lines [4]. Such kinds of interaction result in the shortening of the excited state lifetime of
the optical center.

Therefore, the homogeneous broadening is inherent to each atom in a medium as depicted in
Figure 3(a). It can be spontaneous broadening, Stark broadening, collision broadening, thermal
and dipolar, and so on. The spontaneous broadening is a primary broadening yielded from
the lifetime of a pumping level and the frequency uncertainty. The Stark broadening is due to
the degeneration of energy level caused by external electric field, making the lifetime very
short and the spectral width very large. Moreover, the collision broadening is dominant for
gas lasers as excimer lasers operate with high gas pressure discharge.
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Figure 3. (a) Homogeneous and (b) inhomogeneous broadenings

Conversely, the inhomogeneous broadening of the optical center’s line shape during a
transition between energy levels originates from a local site–to–site variation in the optical
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center’s surrounding field in the lattice environment. The strength and symmetry of the field
around the rare–earth ion determine the spectral properties of the optical transitions, as well
as the transition strength. According to Figure 3(b), in the case of inhomogeneous broadening,
the overall shape of the spectral line is a superposition of all individual, homogeneously
broadened lines corresponding to different types of the optical centers. Hence, this is a
phenomenon that various frequencies are generated by a variety of influences, and the
spectrum is broadened.

The inhomogeneous broadening can be a strain caused by lattice defect or inhomogeneity of
magnetic or electric field (crystalline field) for solid–state lasers and Doppler broadening for
gas lasers.

In a crystal of solid–state laser, the crystalline field is not uniform since the crystal is imperfect.
As a result, a large inhomogeneous broadening is yielded. In a glass doped with rare–earth
ions, the inhomogeneous width is relatively largely broadened compared with the crystalline
solid–state laser. The amorphous nature of the glass, random distribution of dopants, and host
material imperfection lead to site–to–site variations of the local electric field, producing a
degree of inhomogeneous broadening in the system which results in spectral hole burning
(SHB).

Indeed, the optical transition line shape in the case of homogeneous broadening is described
by a Lorentzian function given by

( )
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where ν0 is the central frequency of the optical transition, and Δνh represents the transition

spectral line full width at half maximum (FWHM) as well as ∫
−∞

+∞

gL(ν, ν0)dν =1. Figure 4 shows

Lorentzian/Gaussian function in the case of homogeneous/inhomogeneous broadening.

Subsequently, the line shape of the inhomogeneously broadened optical transition corre‐
sponds to the Gaussian line profile, which can be expressed as the following function of
frequency:
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where Δνinh is the FWHM of the inhomogeneously broadened line. Concluded by the optical
center surrounding fields, the inhomogeneous linewidth is insensitive to the temperature of
the host material.
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center surrounding fields, the inhomogeneous linewidth is insensitive to the temperature of
the host material.

Fiber Laser312

5. Amplification relations

The state–of–the–art fiber amplifiers are significantly related to the determination of amplify‐
ing parameters (gain and saturation) which are not explicitly introduced into the rate equa‐
tions; however, these can be obtained by using a suitable amplification relation. It is applicable
for the homogeneous line broadening in Yb:silica fiber amplifiers [63] as well as the Er–doped
silica fiber lasers with inhomogeneous line broadening.

In general, the laser amplification consists of a couple of distinct transient (short pulse) and
steady–state (long pulse) regimes. The gain and saturation values can be estimated by
numerically solving the amplification relations performing the best fitting based on least
square method (LSM).

5.1. Pulsed regime

In the transient form of the amplification relation, the input pulse is considerably shorter than
the fluorescence lifetime of the medium, such as Q–switched or mode–locked pulses with
inhomogeneous gain media. The propagation rate equations are the best procedure to simulate
the amplified signal energy released from the stimulated emission. This process depends on
the energy stored in the upper laser level prior to the synchronization situation of the pumped
atoms and incident seed signal. Furthermore, the time–dependent photon transport equation
can be utilized to evaluate how an inverted population affects the distribution of a pulse
traversing through the amplifier. Hopf [65] and Frontz–Nodvik [66] solved the nonlinear
equations for various types of input pulse shapes to obtain the inverted electron population
and the photon flux, while the input signal to the amplifier was taken as a square pulse of
duration τ. Finally, the transient amplification relation is given by

Figure 4. Lorentzian–shaped and Gaussian–shaped spectra [64]
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where Ein and Eout denote the input and output signal energy and Es
sat the saturation energy

derived from the instantaneous rate equations of the optical pulse, respectively.

For the pulses whose shapes are sufficiently near the eigen–function for the propagation in the
amplifying medium, the change in the average temporal width of the pulse can be reasonably
expected to be negligible. In such cases, the approximation En =τ × In is justified where n can
be designated as input, output, or saturation. With this substitution, Eq. (47) can be rewritten
as [59]
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where Is
sat , is the effective saturation intensity:

sat2
s2

t I
t

=sat
sI (49)

Here, t2 is the upper level lifetime of the transition.

5.2. CW regime

For the seed signal, which is long compared to the fluorescent time including the free running
oscillator or the CW seed laser [5, 67, 68] under homogeneous line broadening, a Hargrove [69]
steady–state gain characterizes the amplification mechanism as follows [5, 6]:
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Here, Pin (Pout) represents the input (output) signal power to the amplifier. This equation can
be simplified using mathematical derivations such that [70]
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where W  shows the Lambert W  –Function to be defined by the series expansion [71]:
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In addition, in the limiting cases
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These relations indicate that for low–input powers, the overall gain (G = Pout / Pin) is nonlinearly
proportional to gain–length product, and the gain coefficient becomes equal to the small–signal
gain. In contrast, the gain reduces to the saturated value for the high–input signals.

A straightforward integration shows that the CW gain of the amplifier is considered by
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The origin of gain saturation lies in the power dependence of the gain coefficient. Since g(z, ν)
is diminished when Pin becomes comparable to Ps

sat, the amplification factor G is also expected
to decrease.
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Abstract

The present chapter looks at heat generation and heat removal in fiber lasers, particularly
if high–power or high–energy operation is required. In the context of the review, for the
purpose of calculation of heat dissipation for different parts of the active gain media and
providing effective cooling procedures, thermal loading as well as longitudinal and
transverse temperature profiles of dual–clad fibers are comprehensively investigated
both inside and outside of the doped fiber core. Considering numerical analysis, the heat
deposited in the fiber due to pump and laser power is determined via the steady–state
equations and also transient conductive, convective, as well as radiative heat transfer
equations. Besides this, important features regarding how to mitigate thermal effects are
stated. On the other hand, we will show that chilling mechanisms are very efficient meth‐
ods for dissipating heat which is extensively adopted in high–power regimes. Finally, the
concept of a cryogenic laser is discussed after propounding a novel cooling system,
namely the dry–ice chiller.

Keywords: Thermal effects, heat dissipation, temperature treatment, conductive, convec‐
tive and radiative heat transfer equations, cryogenic lasers, cooling

1. Introduction

Due to eminent efficiency, good compactness and reliability, outstanding spatial beam quality,
efficient heat dissipation, and freedom from thermal lensing, fiber lasers are now competing
with their bulk solid–state counterparts for interesting scientific and industrial applications [1–
3] such as material processing, defense, remote sensing, free–space communication, etc. With
the availability of high–power and high–brightness laser diodes accompanied with cladding
pumped architecture, a rise in output power from ytterbium (Yb)–doped, double–clad fiber
laser sources has been dramatic recently, maturing to the point of hundreds of Watts [4–6],
even in the case of continuous–wave (CW) regimes, 10/50 kW for single–transverse–mode/
multi–mode operations [7], and beyond.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Thanks to the long and thin fiber geometries, stress fracture and beam distortion, which are
major problems for bulk solid–state lasers, can both be alleviated in fiber lasers. However, heat
management and nonlinear effects, i.e., stimulated Brillouin and Raman scatterings (SBS and
SRS), are still the most critical issues for scaling higher output powers [8]. By utilizing large
mode area (LMA) fibers and broadening the spectral bandwidth of the seeding signal, the latter
can be effectively suppressed.

Fiber lasers inherently exhibit exceptional capacity for heat dissipation, facilitated by very long
and thin fiber cylinders with a large surface area to active volume ratio. In practice, the physical
design to eliminate nonlinearities deteriorates thermal management in high–power regimes
[9–11] and hence increases the threshold to thermal lensing features. One should keep in mind
that double–clad optical fibers are surrounded by a low index polymer coating with limited
tolerance to heat (~150–200 °C) [12], while the core temperature is always located below the
melting point of quartz (1982 K) [13].

The majority of the heat converted from the optical power takes place in the fiber core, where
most of the pump power is absorbed. The maximum temperature is hence expected to appear
at the fiber axis. The fraction of power turned into heat due to quantum defect is defined as
the ratio of pump–to–signal wavelengths, however, the actual heat fraction depends on the
detailed kinetics of the system being used [14].

It is worth nothing that, whilst the fiber laser is immune to thermal effects to a large extent at
low powers, there are significant characteristics and major restrictions in a kilowatt power
domain [15–16] which influence laser performance and cannot be ignored. In one embodiment,
pump–induced heating can cause a number of serious problems, comprising;

• formation of thermal cracks due to internal thermal stress and expansion;

• shortening of fiber lifetime owing to damage of fiber coatings, even melting of the glass;

• degradation of laser beam quality due to thermal lensing;

• deterioration of optical coupling efficiency affected by the undesirable temperature–
induced motion of mechanical parts;

• enhancement of mode instability [17–18] and mode distortion [19];

• reduction of laser quantum efficiency and gain coefficient; and finally

• intensification of threshold power.

Another approach implies that fiber fractures may be distinguished at high average power
under pulsed operation.

From another point of view, the question of how to optimize fiber and pump conditions in
order to facilitate heat dissipation is critical at any kilowatt level. Once an appropriate
distribution of operating temperatures is considered for the whole fiber, other issues like
thermo–optic effects, fiber lifetime, and mechanical stability are easily diminished [20]. Thus,
it is important to investigate an accurate model for estimating temperature along the fiber, and
then to supply appropriate cooling techniques.
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There are some solutions to drastically lower the operating temperature for double–clad fiber
lasers including active or passive efficient cooling [21]. Increasing of gain, beam quality,
thermal conductivity, as well as efficiency, together with reducing the thermal expansion and
thermo–optic coefficients, temperature gradients, thermal lensing, self–pulsing [22], thermally
induced broadening, saturation, and threshold powers are the main approaches used in such
chilling systems but at the cost of raising spectral linewidth [23]. Synthesizing those factors in
cryogenically cooled systems allows for strong improvements in master–oscillator and power–
amplifier performance.

This chapter emphasizes the understanding of heat generation and removal concerned with
fiber laser amplifiers. A comprehensive review is provided to predict thermal treatment along
the active media in Section 2. Particular focus is placed on theoretically analyzing the pump–
induced temperature change, applicable for a couple of CW and pulsed modes for optical fiber
lasers and amplifiers. Additionally, three–dimensional (3D) simulation is implemented both
for axial and transverse thermal distributions by means of conductive, convective, as well as
radiative heat transfer relations. In the final section, significant chilling procedures are
introduced, including air and liquid cooling, thermoelectric heat sinks, dry–ice chillers, and
the concept of cryogenic lasers, etc.

2. Theory

In order to improve laser performance and decrease thermal destructive effects, tempera‐
ture evolution must be determined within the fiber laser which relies on the pump beam
intensity  profile,  thermal  properties  (glass  fiber  and cladding  materials),  geometry,  and
cooling medium [24].

In all optical doped fibers, thermal effects are associated with absorbing a finite amount of
optical power by the active gain media. If the electronic relaxation of the dopant involves non–
radiative processes, heat is generated. For high–power regimes, thermal effects can limit the
maximum pump power that can be delivered to the fiber and therefore the maximum output
power [25] which can be extracted. In turn, this can mitigate the maximum seed signal injected
in booster amplifiers and fiber attenuators.

Herein, explicit expressions for the thermal behavior made by the pump or lasing power, as
well as heat deposited both inside and outside of the fiber core, are derived by analytically
solving the heat diffusion equation [26–28]. In general terms, we consider only the case where
the core and cladding regions are concentric. This assumption can also be readily modified in
a more advanced treatment of the scaling effects and is not expected to influence the substance
of our conclusions.

By presuming circular cross–sectional areas seen in Figure 1, there are three distinct regions
for double–clad fibers that need to be addressed: (I) the core, (II) the inner cladding, and (III)
the outer cladding zones. The quantities a, b, and c indicate the core, inner, and outer cladding
radii, respectively.
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Figure 1. The geometry of various layers of a typical dual–clad fiber.

Commonly, the general form of the heat conduction equation in an isotropic medium in order
to determine the time–dependent 3D temdperature distribution can be written as:
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Here, T illustrates the temperature, the radial/axial coordinate is r / z, φ the azimuthal angle,
and t  denotes the time. Moreover, κ shows the thermal conductivity of the fiber and the
dissipated heat density per unit volume that is created in the fiber core is displayed as
Q(r , φ, z, t). In addition, ρ and cυ demonstrate the mass density of the material and the specific
heat capacity at a constant volume, respectively.

2.1. CW Mode

2.1.1. Transverse thermal analysis

In what follows, we focus on the case where the deposition of heat density into the fiber is
uniform, Q(r , φ, z, t)=Q0 [29–30] which is a good approximation in long, weakly doped fibers.
Note that, any azimuthal variations can be ignored for the symmetrical structure of the fiber
in cylindrical coordinates. On the other hand, no z variation is taken into account (∂2 / ∂ z 2 =0),
where z is the propagation direction along the fiber.

To model thermal effects, we refer to the cladding with identifying separated layers. In the
first approach, let us suppose that the core and two cladding regions are composed of similar
glass, with analogous thermal and mechanical properties [26] as well as comparable temper‐
ature–independent parameters comprising Poisson’s ratio, Young’s modulus, thermal
expansion, and refractive index variation. Moreover, the dominant heat profile is deposited
only in the uniform core.
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Regarding Figure 1, under the steady–state operation (∂ / ∂ t =0), the heat equation for an
isotropic medium Eq. (1) can be rewritten as follows:
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Therefore, applying a simplifier hypothesis, the above equation can be expounded for three
distinct areas:
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The temperatures and their derivatives must be continuous across the borders [31]. Therefore,
the multipoint boundary conditions of the thermal conductive equations are given by:
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In addition, the temperature in the center of the core (r =0) must satisfy:
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Yet, another boundary condition is that for (r = c), where Newton’s law of cooling is governed,
T3 actualizes the following formula [26]:
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where h is the total of the convective and radiative heat transfer coefficients and Tc ascertains
the coolant temperature. Straightforward solution of Eqs (3)–(5), subject to the aforementioned
boundary conditions, results in the following expressions for the temperatures in regions I, II,
and III [13];
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Equation 11 shows that in the pumped core region, the temperature varies quadratically with
r , while Eqs (12) and (13) reveal that the temperature logarithmically falls off. Furthermore, T0

(the temperature of core’s center), which is related to the coolant temperature, can be described
by use of [13]:
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Besides, the average temperature Tav [26] can be calculated thus:
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2.1.2. 3D thermal analysis

2.1.2.1. Analytical approach

The obtained results in the previous section can be easily extended to the non–uniform heat
deposition or pump light absorption [32–33]. Therefore, Eq. (3) modifies to the following form
[34–35];

( ) ( )1
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, ,1    0
T r z Q r z
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(16)

The absorbed pump power within the fiber length is expressed as follows:
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( ) ( ) abs, 1Q r z PhD = - D (18)

Therefore, utilizing the definition of forward and backward pump powers [36–38], we can
conclude that:
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Here, Q(z) represents the heat power density along the axial direction of the fiber, η is the
quantum efficiency, αa(z) denotes the absorption coefficient and αs indicates the signal
scattering loss. Hence, the temperatures in the core and claddings can be derived by employing
steady–state thermal conductive equations subject to boundary conditions, as below [39]:
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In general terms, the temperature profiles are significantly affected by pump evolution along
the fiber length. For example, the temperature conducts along the radial and axial directions
of the fiber in forward and bidirectional pumping modes shown in Figure 2(a) and (b),
respectively. It can be seen that the temperature distribution for the forward pump mode is
uneven along the fiber. At the fiber axis (r =0), the maximum (minimum) temperature of 357.8
°C (33.0 °C) is attained at the fiber input (output) side. Therefore, some active cooling proce‐
dures have to be taken at the input side of the fiber. As would be expected, the radial distri‐
bution of the temperature profile can be ignored while significant heat is traveling through the
axial direction of the fiber.
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(b) bidirectional pumping configuration [35].

Analogously, according to Figure 2(b), at the fiber axis (r =0), a maximum (minimum) tem‐
perature of 237.4 °C (84.2 °C) is reached at the fiber input and output sides (middle of the fiber).
The maximum temperature difference in the radial direction is 7.6 °C, which is obtained at the
output side.

Comparing the results of the forward pump mode with that of the bidirectional pumping
configuration, one can be said that the temperature evolutions in axial and radial directions of
the fiber for the two–end pump mode are more even, and the maximum temperature in the
fiber is decreased by 120.4 °C. Therefore, the bidirectional pumped array is preferred here.

2.1.2.2. Numerical approach

The scope of this section relates to the case where ∂2 / ∂ z 2 ≠0. Here, the injected pump light is
absorbed by doped ions in the fiber core. Hence, there is a heat source in the core that does not
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Analogously, according to Figure 2(b), at the fiber axis (r =0), a maximum (minimum) tem‐
perature of 237.4 °C (84.2 °C) is reached at the fiber input and output sides (middle of the fiber).
The maximum temperature difference in the radial direction is 7.6 °C, which is obtained at the
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Comparing the results of the forward pump mode with that of the bidirectional pumping
configuration, one can be said that the temperature evolutions in axial and radial directions of
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exist in the claddings. In this case, according to the non–uniformity (exponential evolution) of
the pump power in the axial direction, the Q value is not constant. On the other side, since the
fiber length is much larger than the cross section, the capability of heat dissipation from the
fiber end facets is much lower than from the fiber sides.

The heat dissipation as well as both transverse and longitudinal temperature distributions in
a typical rare–earth doped dual–clad fiber is expressed by the following time–independent
thermal conduction equation in symmetric cylindrical coordinate (r , z) [9, 15, 20, 27]:

( ) ( ) ( )2
1 1

2
1

, , ,1    0
T r z T r z q r z

r r a
r r r z k

é ù¶ ¶ -¶
+ = £ £ê ú

¶ ¶ ¶ê úë û
(24)

( ) ( )2
2 2

2

, ,1 0   
T r z T r z

r a r b
r r r z

é ù¶ ¶¶
+ = £ £ê ú

¶ ¶ ¶ê úë û
(25)

( ) ( )2
3 3

2

, ,1 0   
T r z T r z

r b r c
r r r z

é ù¶ ¶¶
+ = £ £ê ú

¶ ¶ ¶ê úë û
(26)

The boundary condition at the surface between the fiber cladding and the ambient environ‐
ment is given by Newton’s and Stefan–Boltzmann’s laws, as below [35]:
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Here, h is a function of z too [10] that can be determined using the following relations:
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where T indicates the temperature in the fiber, and the heat sink temperature is represented
by Tc. Also, q(r , z) exhibits the heat dissipated in a unit volume, chiefly generated in the fiber
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core, where most of the pump power is absorbed. This can be obtained by calculating all the
input and output optical powers flowing into and out of a unit volume at (r , z). Furthermore,
h(z) shows the convective coefficient, g  ascertains the acceleration of gravity as well as Nu,
Gr, and Pr which denote the Nusselt, Grashof, and Prandtl numbers, respectively. Moreover,
dc, μc, and κc accordingly depict the density, viscosity, and thermal conductivity of the coolant.
Thus, the analytical expression for the Nusselt number is expressed below [40]:
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Since the highest temperature occurs at the fiber axis, it needs to pay more attention to the
temperature behavior along the fiber axis. We then introduce Tave as the longitudinally
averaged temperature along the fiber axis, namely [27]:

( )ave
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1 0,
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T T r z dz
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= =ò (32)

At last, the dissipated heat across the whole fiber cross section is realized by [20]:

( ) ( )
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Q z q r z rdrp= ò (33)

Therefore, the heat converted from the optical power per unit length of fiber can be compared
under different pumps and fiber conditions. Herein, there is no any analytical solution and
Eqs (24)–(26) can be solved numerically using the finite element method (FEM).

In 2004, Wang et al. [10] showed that lower operating temperature and more uniform heat
dissipation in fibers can be obtained by optimizing the arrangement of pump powers, pump
absorption coefficients, and fiber lengths through the distributed side–pumping mode. As a
beneficial solution for a traditional end–pumped scheme, the arrangement of uneven pump
absorption coefficients along the cavity can improve laser efficiency and reduce fiber temper‐
ature.

Figures 3 and 4 show the calculated temperature evolution in a typical Yb–doped double–clad
fiber at the fiber axis (r =0) and at the inner/outer cladding boundary (r =125 µm) with uniform
as well as non–uniform pump absorption coefficients. From these figures, one can reach the
conclusion that the temperature difference in the radial direction is much smaller than in the
axial direction. However, the average temperature is very high at the fiber end faces.
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In addition, the uneven temperature distribution results from non–uniform pump absorp‐
tion in the fiber.

2.1.3. Radiative heat transfer

When the temperature of a body rises, three dominant thermal effects can be seen in it:
convection, conduction, and the radiation. The latter process is in the form of electromagnetic
radiation emitted by a heated surface in all directions. It travels directly to its point of absorp‐
tion at the speed of light [35]. The total radiant heat energy radiated by a surface at a temper‐
ature greater than absolute zero is proportional to the Stefan–Boltzmann law. Usually, at high
pump powers, the process of heat transfer is not only dominated by convection, but also being
employed with radiation. The radiative heat transfer has to be considered in the thermal, stress,
and thermo–optic analyses of any type of high–powered fiber lasers.

The procedure of heat dissipation from the fiber core to the fiber periphery is illustrated in
Figure 5. At first, the heat generated in the fiber core is transferred to the surface by thermal
conduction, and then dissipated to the ambient air by convective and radiative heat transfer.
There are no heat sources in both the fiber inner and outer claddings.

For isotropic medium, the heat transfer between the surface of the fiber and the surrounging
medium is given by [41]:

Figure 3. Temperature distribution in a 32–m fiber under an end–pump scheme with non–uniform pump absorption
coefficients in five segments [10].

Figure 4. Temperature distribution in a 55–m fiber under a distributed side–pumped scheme with a uniform pump
absorption coefficient of 1.2 dB/m, in seven segments [10].
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( )c c r c
2Q cLh T T¥p

=
= - (34)

where the convective heat transfer coefficient (hc), can be obtained from the following equation:

c u0.5h N ck= (35)

Figure 5. Model of heat dissipation in a double–clad fiber.

Also, the radiative heat transfer can be calculated using:

( )4 4
r b r c

2Q cL T T¥p es
=

= - (36)

where L is the fiber length, T| r=c
 ascertains the temperature at the surface of the fiber, T∞ the

environmental temperature, ε the surface emissivity, and σb denotes the Stefan–Boltzmann
constant of the fiber material.

For a more convenient course of calculation, the radiative heat transfer coefficient (hr) can also
be described as:

( )r r r c
2Q cLh T T¥p

=
= - (37)

In other words, the value of (hr) can be clarified from:
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Eventually, the total heat transfer is a summation of the convection and radiation heat transfers
as follows:

( )c r r c
2Q Q Q cLh T T¥p

=
= + = - (39)

where

c rh h h= + (40)

It can see from Figure 6 that radiative heat transfer strictly increases with temperature, while
convection remains almost constant during pumping. For this reason, the total heat transfer
coefficient is affected more by radiation [40]. From the data in the curve, the hc coefficient
possesses non–linear variation when the temperature difference between the surface of the
fiber and the environment is below 100 °C. This means that the effect of convection heat transfer
is dominant at low temperature domains.

Figure 6. Heat transfer coefficients hc, hr, and h as the temperature difference between the surface of the fiber and the
environment varies from 5 to 975 °C [40].

2.2. Pulsed regime

Contrary to CW mode, the analytical expressions for the temperature portion in individual
fiber regions for the pulsed operating system are given by:
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where η represents the quantum efficiency and the average pump power absorbed per unit
volume is demonstrated by Pυ(r). Here, the heat produced by multiple pulses or pump,
simulates utilizing the time–dependent convection heat transfer equation in the dynamic
regime.

At the first approximation, we assume that the absorbing region of the fiber is long enough
and the rate of change of the absorption product is small enough, so that the longitudinal
temperature gradient within the doped region is small. The ratio of the rate of heat flows out
of the ends of the doped zone to that of the sides of the doped region after an instantaneous
heating process effectively scales as the ratio of the dopant radius to the length of gain fiber.
Consequently, at a given location z along the fiber, heat flows mostly radially, and at all times,
t >0, the z –dependence of T(r , φ, z, t) is the same as that of the initial temperature profile
T(r , φ, z). In the following, we therefore omit the z –dependence in our notation for the sake
of simplicity. As the fiber cools down, by supposing the azimuthal symmetry, the spatial and
temporal evolution of the core temperature distribution is described by the homogeneous heat
conduction equation [42] with a source term:
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The general solution is proposed in the following form [16]:
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where ΔT(r , t)=T(r , t)−T0 explains the temperature rise profile, T0 denotes the equilibrium
temperature of the surrounding medium, and the time constants τm namely:
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where η represents the quantum efficiency and the average pump power absorbed per unit
volume is demonstrated by Pυ(r). Here, the heat produced by multiple pulses or pump,
simulates utilizing the time–dependent convection heat transfer equation in the dynamic
regime.

At the first approximation, we assume that the absorbing region of the fiber is long enough
and the rate of change of the absorption product is small enough, so that the longitudinal
temperature gradient within the doped region is small. The ratio of the rate of heat flows out
of the ends of the doped zone to that of the sides of the doped region after an instantaneous
heating process effectively scales as the ratio of the dopant radius to the length of gain fiber.
Consequently, at a given location z along the fiber, heat flows mostly radially, and at all times,
t >0, the z –dependence of T(r , φ, z, t) is the same as that of the initial temperature profile
T(r , φ, z). In the following, we therefore omit the z –dependence in our notation for the sake
of simplicity. As the fiber cools down, by supposing the azimuthal symmetry, the spatial and
temporal evolution of the core temperature distribution is described by the homogeneous heat
conduction equation [42] with a source term:
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The coefficients am(t) and pm are determined by two boundary conditions. The first one is
energy conservation; presuming that cooling is due to natural air convection and, the heat
flowing out of the fiber (at r =b) is proportional to the temperature difference between the fiber
and the periphery air. The proportionality factor is the heat transfer coefficient h. This condition
can be expressed as:

( ) ( ) 0r b
, ,T r t h T r b t Tk

=
é ù- Ñ = = -ë û (47)

Substituting the general solution Eq. (45) into Eq. (47) yields:
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which determines the values of pm.

The second boundary condition is at t =0 ; supposing the temperature distribution at any time
equals that of the initial time. Multiplying both sides of Eq. (45) by r J0(pnr / b) and integrating
in r  across the fiber while applying Eq. (48) yields the time–dependent amplitudes am(t) which
are the solutions of:
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with am(t =0)=0.

In the particular case of a step pump profile of radius s [Pυ(r)= Pυ for r < s and 0 for r > s], this
explanation becomes:
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Assuming η =1, the radial temporal evolution of the temperature profile at different times is
shown in Figure 7. Shortly after the pump is turned on, the heat and the temperature increment
are mostly confined to the vicinity of the core. As time goes on, the temperature at the center
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of the fiber grows, and as heat flows outward, the temperature rise spreads toward the fiber
edge. Eventually, the temperature profile becomes nearly uniform.

Figure 7. Radial temperature profile in a fiber at various times, t >0, assuming that at time t =0, the fiber begins to
absorb 10 mW/cm of power in a doped region of 2 µm radius [16].

In the cladding regions, am is a time–independent coefficient which is determined as follows:

( ) ( )( ) ( ) m
m 022 2

00 m m

2 ,0
1 /

b p ra T r J rdr
bb J p bh pk

æ ö
= D ç ÷

è ø+
ò (51)

3. Cooling mechanisms

Fiber lasers and amplifiers have proven themselves as reliable systems with excellent beam
quality and high output power. From the numerical and analytical analyses, one can conclude
that the thermal effects must be considered at high–power regimes. Therefore, effective heat
dissipation is a significant factor, with the aim of preventing damage to the fiber ends,
interfaces, and coating. In order to suppress thermal issues, a suitable cooling method can be
considered. This section remarks on the fast chilling of optical components and splices in order
to modify their practical design, therefore, obtaining an optimum situation.

Heat generated in high–power fiber laser amplifiers is the source of increased temperature and
stress inside the gain medium, which causes poor beam quality and restricts average output
power. To solve this problem, fiber structures with enhanced mode areas have been suggested.
These novel high–power schemes rely on multimode fibers with large diameter cores [43–44]
or the amplification process takes place in a fiber cladding [45]. However, even if a high–quality
beam is required, they are ultimately restricted by thermal effects.
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3. Cooling mechanisms

Fiber lasers and amplifiers have proven themselves as reliable systems with excellent beam
quality and high output power. From the numerical and analytical analyses, one can conclude
that the thermal effects must be considered at high–power regimes. Therefore, effective heat
dissipation is a significant factor, with the aim of preventing damage to the fiber ends,
interfaces, and coating. In order to suppress thermal issues, a suitable cooling method can be
considered. This section remarks on the fast chilling of optical components and splices in order
to modify their practical design, therefore, obtaining an optimum situation.

Heat generated in high–power fiber laser amplifiers is the source of increased temperature and
stress inside the gain medium, which causes poor beam quality and restricts average output
power. To solve this problem, fiber structures with enhanced mode areas have been suggested.
These novel high–power schemes rely on multimode fibers with large diameter cores [43–44]
or the amplification process takes place in a fiber cladding [45]. However, even if a high–quality
beam is required, they are ultimately restricted by thermal effects.
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Furthermore, a significant limiting factor in fiber laser amplifiers under strong pumping
conditions is the temperature increase, growing the unsaturable loss mechanism. Effective heat
extraction can reduce the temperature–dependent unsaturable losses especially in bismuth–
doped fibers, resulting in increased laser performance [46]. In the case of rare–earth ions,
unsaturable absorption losses can produce quenching processes such as cross–relaxation and
up–conversion [47]. This can lead to wasting of the pump energy, raising the laser threshold,
as well as reducing the conversion efficiency.

It is worth mentioning that cryogenically cooled systems promise a revolution in power
scalability while maintaining good beam quality because of significant improvements in
efficiency and thermo–optic properties. This is particularly true for Yb lasers due to their
relatively low quantum defect as well as their broadband absorption spectrum even at
cryogenic temperatures [48]. Amplification in Yb–doped fibers is generally possible from 976
nm to 1200 nm, but below 1030 nm it becomes more challenging, since the absorption cross
section grows towards shorter wavelengths [49]. This thermal population and thus absorption
in the wavelength range above 1000 nm can be significantly alleviated by cooling the fiber to
low temperatures [50].

In addition to this, any surface cooling creates a thermal gradient that strains the laser medium
as well as distorts optical waves. Lowering of the doping concentration and increasing of the
fiber length make the cooling easier, but enhance non–linear effects such as SBS and SRS, which
can deplete the amplified signal. An appropriate way to overcome this challenge is by using
the anti–Stokes cooling method for spontaneous and stimulated emission radiation–balanced
lasers, mentioned by Steven R. Bowman in 1999 [51–52]. Hereupon, the thermal load generated
from stimulated emission can be dissipated thoroughly, which permits lasing without
detrimental heating of the laser medium.

From another point of view, lower operating temperatures and more uniform heat dissipation
at ambient temperature can be achieved by optimizing the arrangement of pump powers,
pump absorption coefficients, and fiber lengths [10], presuming a distributed side–pumping
mode in passive cooling systems. Additionally, forced chilling methods comprising passive
air cooling [53] and active liquid cooling [54–55] through convectional processes, as well as
conductive thermoelectric (Peltier) effects [56] using cold plates or heat sinks are noticeable
techniques, and thereby a number of detrimental thermal effects can be effectively suppressed.

The liquid chilled thermal management is commonly performed by means of cold water,
fluorocarbon refrigerants, ethylene glycol, commercial silicone fluids, and any electronic
coolants or the like [54]. Although water cooling has proved to be very efficient at dissipating
heat and is extensively adopted for most high–power, solid–state lasers, it cannot be directly
applied to most Yb–doped double–clad arrays. For fibers with limited chemical stability such
as, fluoride fibers, water cooling should be avoided. However, air cooling is a good candidate
for many applications due to its compact structure and moderate dissipating efficiency [20].

In general, for efficiently cooling a system, the exothermic components which have any
significant heat load, including high–power laser diodes, integrated combiners, splice points,
optical reflectors, as well as doped fibers can be immersed or placed in contact with a thermal
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sink of appropriate temperature [57]. In 2011, Fan et al. [13] introduced a copper heat sink with
various geometries in order to chill a doped fiber, something which was critical for the
reliability of their high–power operation. The thermal contact resistance per unit surface
Rtc

''(m 2K / W ) between the fiber and the heat sink is expressed as [58]:

'' s
tc

T TR
q

¥-
¢¢

= (52)

where Ts(K ) is the fiber surface temperature, T∞(K ) the heat sink temperature, and q ″(W / m 2)
the heat flux. In fact, Eq. (52) suggests the concept for the treatment of the heat flow through
a fiber layer by analogy to the diffusion of electrical charge [12], where the temperature
difference is analogous to the electrical voltage which drives the heat flow through a thermal
resistant. For an active fiber, the heat generation, q0(W / m 3), the heat load q ′(W / m), and the
pump absorption α(dB / m) are related to each other [59]:
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where P  represents the pump power through a section of length dL, and λs and λp display the
signal and pump wavelengths, respectively. Moreover, q ″ is defined by q ′ / perimeter .

However, at moderate temperatures higher than ~-30 °C, a novel dry–ice chiller [60–61] is
preferred. The practical scheme of a dry–ice heat exchanger being used as fast–cooling
equipment for hot optical components is based on the cryogenic powder mixture using
ethylene glycol to supply a high–capacity chilling bath, attaining thermal equilibrium for a
long while. At the beginning of this process, the dry–ice/glycol bath creates a boiling gel to
reduce the temperature to a few degrees as long as the dry–ice debris is available in the coolant.
When thermal exchange between dry–ice and glycol takes place, the boiling goes on and the
gel temperature drops from -30 °C to ~300 K [62], depending on the dry–ice loading.

Otherwise, while scaling up the power in high–power or high–energy domains, cryogenic
lasers [63] may be required where in general terms, the gain medium is operated at cryogenic
temperatures through liquefied gases including ammonia (~240 K), liquid CO2 (~195 K),
methane (~111 K), liquid nitrogen (~77 K), liquid neon (~27 K), or even liquid helium (~4 K).

The spectral properties of the amorphous glass host material are strongly affected by temper‐
ature [50] and one can illustrate how cryogenic cooling methods are employed to dramatically
raise the efficiency and the stability of fiber laser amplifiers [64] as well as to efficiently diminish
self–pulsing at the price of a spectrally broad emission spectrum. The justification is that the
gain cross section of dopant ions becomes greater for various inversions under cryogenic
chilling by means of optical refrigeration. In addition, this is believed to be related to the
reduction of the thermal population in the upper stark levels of manifold, so that reabsorption
at the signal wavelength completely eradicates. This enables the use of a considerably longer
fiber length, which could entirely absorb the pump light.
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temperatures through liquefied gases including ammonia (~240 K), liquid CO2 (~195 K),
methane (~111 K), liquid nitrogen (~77 K), liquid neon (~27 K), or even liquid helium (~4 K).

The spectral properties of the amorphous glass host material are strongly affected by temper‐
ature [50] and one can illustrate how cryogenic cooling methods are employed to dramatically
raise the efficiency and the stability of fiber laser amplifiers [64] as well as to efficiently diminish
self–pulsing at the price of a spectrally broad emission spectrum. The justification is that the
gain cross section of dopant ions becomes greater for various inversions under cryogenic
chilling by means of optical refrigeration. In addition, this is believed to be related to the
reduction of the thermal population in the upper stark levels of manifold, so that reabsorption
at the signal wavelength completely eradicates. This enables the use of a considerably longer
fiber length, which could entirely absorb the pump light.

Fiber Laser338

Besides this, spectral density decreases as linewidth increases. The rising in linewidth is
believed to be a result of the alleviating the homogeneous broadening due to the lowered
operating temperature. To prevent this detrimental problem and achieve a temporally stable,
narrow linewidth, highly efficient laser, a volume Bragg grating [23] can be used according to
Figure 8. By efficiently cooling an active gain media, the thermal population and therefore the
reabsorption losses drop, shifting the preferred lasing beam toward shorter wavelengths [11].
For cryogenically cooling fiber sources, the gain material can easily be submerged in the
coolant.

Figure 8. Cryogenically cooled fiber laser [64].

In 2006, Seifert et al. intensely reduced the thermal population of the lower laser levels of a
Yb–doped fiber amplifier by using cryogenic cooling [65]. One year later, the temperature effect
on the emission properties of Yb–doped optical fibers was investigated by Newell et al. They
revealed that chilling efficiently eradicates the absorption tail above 1 µm [50]. Moreover,
cooling of gain media using liquefied gases drastically limits the destructive third–order non–
linear self–pulsing [22] effect. These results show that cryogenic cooling of Yb–doped fiber
lasers is a simple way to stabilize the temporal output as well as substantially enhance the
efficiency.
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Abstract

Laser surface alloying (LSA) is a material processing technique that utilizes the high pow‐
er density available from defocused laser beam to melt both reinforcement powders and
a part of the underlying substrate. Because melting occurs solitary at the surface, large
temperature gradients exist across the boundary between the underlying solid substrate
and the melted surface region, which results in rapid self-quenching and resolidifications.
Reinforcement powders are deposited in the molten pool of the substrate to produce cor‐
rosion-resistant coatings. These processes influence the structure and properties of the al‐
loyed region. A 3D mathematical model is developed to obtain insights on the behavior
of laser melted pools subjected to various process parameters. It is expected that the melt
pool flow, thermal and solidification characteristics will have a profound effect on the mi‐
crostructure of the solidified region.

Keywords: Laser Process Parameters, Computational Dynamics, Anti-Corrosion Per‐
formance, Martensitic stainless steels, Mild steel

1. Introduction

1.1. Laser surface treatment

Laser surface treatment has a strong impact on classical manufacturing and repair tasks,
addressing markets such as turbo machinery, aeronautics, automotive, off-shore and mining
as well as tool, die, and mould making and life science [1]. According to Steen and Mazum‐
dar [2], laser has some distinctive properties for surface heating. For opaque materials, such as
metals, the laser beam electromagnetic radiation is absorbed within the first few atomic layers
and there are no associated eddy currents or hot gas jets. Moreover, there is no radiation spillage
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outside the optically defined beam area. Compared with other methods of surface modifica‐
tion, laser surface engineering is characterized by possibility of forming alloys of non-equilibri‐
um compositions, formation of a fine microstructure, development of a metallurgical bond
between the surface layer and the substrate, a small heat-affected zone and the combination of
a controlled minimal dilution of the substrate by the coating material, and nevertheless, a very
strong fusion bond between them. Characteristics and advantages such as high productivity,
automation worthiness, non-contact processing, elimination of finishing operation, reduced
processing cost, improved product quality, greater material utilization and minimum heat
affected zone have led to increasing demand of laser in material processing [3–5].

1.2. Categories of lasers

Lasers can be classified according to their active medium, wavelength, and excitation mecha‐
nism. There are various types of lasers used in industries, but the common type of lasers used
are gas, solid-state, dye, and diode lasers also known as semiconductor lasers classified
according to their active medium.

1.2.1. Gas lasers

Gas lasers utilize gas or gas mixture as their active medium. Excitation usually is achieved by
current flow through the gas. During operation, the gas is often in the state of plasma,
containing a significant concentration of electrically charged particles. Frequently used gases
include CO2, argon, krypton, excimer, and gas mixtures such as helium–neon. The most
commonly used gas laser in materials processing is the CO2 laser. CO2 lasers use a gas mixture
of CO2, helium (He), nitrogen (N2), and possibly some hydrogen (H2), water vapor, and/or
xenon (Xe) for generating laser radiation. CO2 lasers emit light with a wavelength of 10.6 µm
with an overall efficiency of 10–13%. Regardless of the low efficiency, the CO2 lasers have a
good beam quality and focusability. They are widely used in engineering and material
processing because of the high power that can be obtained (>5 kW) and the high speed accuracy
for cutting, welding, and marking both ferrous and non-ferrous materials.

1.2.2. Solid-state lasers

Solid-state lasers, also called solid crystalline or glass lasers, consist of a host and an active ion
doped in the solid host material. The active media used are rare earth ions such as neodymium,
erbium, and holmium and transition metals such as chromium, titanium, nickel, and others.
The most common utilized ions are Cr3+ and Nd3+ with the host as yttrium aluminum garnet
(YAG), glass, and yttrium lithium fluoride (YLF). The beam has a wavelength of 1.06 µm. These
lasers generate high output powers, or lower powers with very high beam quality, spectral
purity, and stability. These lasers have found major applications in the automotive industry
for its high speed welding of body components [6].

1.2.3. Diode lasers

Diode lasers, also known as semiconductor lasers, are based on semiconductor grain media,
which are diodes that are electrically pumped. They operate based on electrical pumping with
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moderate voltages. High efficiency can be achieved particularly for high-power diode lasers
and allows their use as pump sources for highly efficient solid-state lasers and diode-pumped
lasers. Diode lasers are much smaller than gas or solid state lasers in the same power range.
They have found major success in conduction welding, cladding, and laser hardening. Their
applications are extremely widespread, including areas as diverse as optical data transmission,
optical data storage, metrology, spectroscopy, and materials processing.

1.2.4. Dye lasers

Dye lasers use an organic dye as the gain medium with gain spectrum as available dye or a
mixture of dyes. Dye lasers are normally pumped at short wavelengths with a green laser such
as argon ion laser, a frequency doubled solid state laser, or an excimer laser emitting ultraviolet
light. The most important feature in dye lasers is the output wavelength that can be adjusted.
Today, they are still used in areas such as spectroscopy for chemical analysis of gaseous
samples because of their distinct wavelengths that are hard to generate [7].

1.2.5. Fiber lasers

Fiber lasers belong to the solid-state laser group. Laser beams are generated by means of seed
laser and magnified in specially designed glass fibers, which are supplied with energy through
pump diodes. Fiber lasers with a wavelength of 1.064 µm produce an exceedingly small focal
diameter; consequently, their intensity is up to 100 times higher than that of CO2 lasers with
the same emitted average power. Fiber lasers are optimally suited for metal marking via
annealing, for high-contrast plastic markings, and for metal engraving. Fibers feature a long
service life of at least 25,000 laser hours and are generally maintenance free.

1.3. Industrial applications of different lasers

Lasers are preferable tools compared with the other traditional ones. They are widely used in
industry for cutting, welding, surface treatments, and drilling, especially in the automobile
industry in developed countries [8–10]. Most car frames are produced by laser cutting on a
programmed robot assembly line. Also many car components are laser treated or processed.
Moreover, lasers are also functionally used for medical purposes such as short-sight correction
and cancer operations. Other applications such as those used for communications, data
transmission, internet backbones, and audio vision home appliances are increasingly used in
daily life. Table 1 shows industrial application of different lasers.

1.4. Laser surface modification techniques

Laser surface techniques have attracted industries owing to the possibility of accurate control
of the area where laser radiation is delivered, as well as the amount and rate of energy
deposition. The flexibility of control of the beam’s interaction with regard to wavelength,
energy density, and interaction time and the wide choice of interacting environments has led
to the significant developments in laser technology such as laser welding, drilling, alloying,
and cladding [11]. The laser’s ease of automation and robotic manipulation capability also
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make laser surface technique very suitable for repair activities in extreme or remote environ‐
ments, such as under water or in areas with radioactive contamination [12].

The distinctive advantages of the laser surface alloying (LSA) technique for surface modifica‐
tion include the refinement of the grain size because of rapid quench rates and the generation
of meta-stable structures with novel properties that are not feasible by competing methods
and laser surface alloying (LSA) modifies the surface morphology and near surface structure
of components and its alloys with perfect adhesion to the interface of the bulk steel [13,14].
With optimal laser processing parameters, a dependable coating that is free of pores and cracks
can be produced on the matrix. LSA can rapidly provide a crack-free and thick layer in all
instances with metallurgical bonds at the boundary between the substrate and alloyed layer
[15]. In LSA, external alloying elements in the form of powder, paste, suspension, electrolytic
coatings, and plasma or flame sprayed coatings are introduced into the surface of a substrate,
as preplaced addition material or injected directly into the melt pool, treated by a high power
laser beam [16]. The particles introduced in the interaction zone completely dissolve in the
liquid phase, thereby modifying the surface layer chemical composition [17,18]. The result of
this is a rapid self quenching and resolidification of new alloy because of the large temperature
gradients between the substrate and melted surface region [6]. Evolution of a wide variety of
microstructures is one of the consequences as a result of the rapid cooling from the liquid phase
[19,20]. Hence, the synthesis of new alloy is possible by depositing a premixed ratio of
elemental powders during laser alloying. Powders alloyed on worn or new working surfaces
of components by LSA provide specific properties such as erosion resistance, corrosion
resistance, high abrasive wear resistance, heat resistance, and combinations of these properties.
Consequently, safety in automotive and aerospace applications and improvements in machi‐
nery performance can be realized by the method [21]. According to Poulon-Quintina et al. [22],
laser beams can generate specific microstructures including nanocrystalline grains and
metastable phases because of specific thermal characteristics induced by laser irradiation.
Laser processing offers cost advantages and exceptional and important quality over traditional

Type of laser Wavelength Areas of application

Carbon dioxide (CO2) 10.6 µm Material processing, surgery, etc.

Dye laser 390–640 nm Medicine, birth mark removal

Nd: YAG 1.064 µm Material processing

Nd: Glass 1.062 µm Velocity and length measurement

Excimer 193 nm Laser surgery

Ruby 694.3 nm Tattoo removal, holography

Hydrogen fluoride 2.7–2.9 µm Laser weapon

Helium-neon 632 nm Holography, spectroscopy

Argon 454.6 nm Lithography, spectroscopy

Table 1. Industrial applications of different lasers
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techniques. These include process compactibility, low porosity, high throughput speed, high
process efficiency, and good surface homogeneity; in addition, the formation of a amorphous
or non-equilibrium phase as well as refinement and homogenization of the microstructure, all
without affecting the bulk properties of the substrate [23,24] as shown in Figure 1.

Figure 1. Schematic diagram of laser alloying experimental process (www.twi-global.com).

1.5. Laser beam characteristics

Laser beam characteristics play a very important role in laser material processing. Laser beam
is characterized by several parameters such as laser beam mode, focusability, and polarization.
The beam with low divergence angle produces a smaller focused spot and greater depth of
focus [25]. The laser energy can be distributed in a uniform or Gaussian distribution over the
laser beam spot area. To achieve a good quality beam, it is necessary to resonate the beam in
a chamber where certain distributions of amplitude and phases of electromagnetic field can
be produced because of repeated reflections between the mirrors [26]. These specific shapes
produced in the resonator are called transverse electromagnetic modes (TEMs). Each TEM is
a different energy distribution across the beam. TEM00 (Gaussian) and TEM01* (created by
oscillation between orthogonal TEM01 modes) are common in industrial lasers.

Another important issue is the reflectivity from the surface of the metal. The reflectivity is a
strong function of laser wavelength and temperature, and it varies from metal to metal. As the
temperature increases in the process zone, reflectivity decreases and absorptivity increases
because of an increase in the photon population [27], and this indicates the potential for more
energy absorption by hot material. However, this is only true when the surface conditions
remain constant. In practice, there is often oxidation or phase change, which can alter this
behavior of absorptivity. Laser absorption differs from one material to the other based on the
wavelength of the laser. For example, CO2 laser is very well absorbed in plastics and plywood,
whereas Nd:YAG is poorly absorbed in the same materials. Nd:YAG has good absorption in
steel and non-ferrous metals, whereas CO2 laser is poorly absorbed in some non-ferrous metals
[28]. Some metals and their absorptivity in different lasers are shown in Figure 2.
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Figure 2. Absorption rate of laser radiations in cold metal [28].

2. Mechanism of heat transfer in laser processing

Heat is defined as energy transferred by virtue of a temperature difference. It flows from a high
temperature region to a low temperature region. Heat transfer is used to predict the energy
transfer taking place in the material bodies, which result from the temperature difference. There
are three modes of heat transfer: conduction, convection, and radiation [29–32].

2.1. Conduction heat transfer

Conduction is transfer of the energy from high temperature region to the low temperature
region in a body. In this situation, a temperature gradient will be formed, and heat is trans‐
ferred by conduction. The rate of heat transfer per unit area is proportional to the normal
temperature gradient:

Tq KA
x

¶
= -

¶
(1)

This is called Fourier’s law of heat conduction. The positive constant K  is the thermal con‐
ductivity of the material. The negative sign is included to ensure that heat flows in the direction

of decreased temperature. q is the rate of heat transfer and ∂T
∂ x  is the temperature gradient in

the direction of the heat flow. The unit of thermal conductivity K  is W / m / K . Similarly, heat
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conduction rate equation can be written in y and z directions. In general, the heat flux is a
vector quantity and is expressed as follows:

q k T
®

= - Ñ (2)

q
−

=  Local heat flux density, W/m2

k =  Thermal conductivity of material, W/m/k

∇T =  Temperature gradient, K/m

2.2. Convection heat transfer

Convection heat transfer is related to the transfer of heat from a bounding surface to a fluid in
motion, or to the heat transfer across a flow plane within the interior of the flowing fluid. If
the fluid motion is induced by the fan, blower, pump, or some other similar device, the process
is called forced convection. If the fluid motion occurs as a result of the density difference
produced by the temperature difference, the process is called free or natural convection [33].
The velocity of the fluid motion obviously influences the heat-transfer rate. Thus, the defining
equation of convection heat transfer is:

( )wq hA T T¥= - (3)

The symbol h  is called the convection heat-transfer coefficient. An analytical calculation of h
may be made for some systems, but for complex situations it must be determined experimen‐
tally. The units of convection heat-transfer coefficient h  are in watts per square meter per
Celsius degree when the heat flow is in watts. Convection heat transfer will have a dependence
on the viscosity of the fluid in addition to its dependence on the thermal properties of the fluid
(e.g., thermal conductivity, specific heat, density).

2.3. Radiation heat transfer

In the conduction and convection heat transfer system, the energy is transferred through a
material medium. However, in the radiation heat transfer system, heat energy can be trans‐
ferred through the perfect vacuum regions. The mechanism involved is electromagnetic
radiation that is propagated as a result of a temperature difference, which is called thermal
radiation. Thermal radiation is electromagnetic radiation emitted by a body by virtue of its
temperature and at the expense of its internal energy. Thermal radiation has same nature to
the visible light, x-rays, and audio waves. The differences between these are their wavelengths
and the source of generation. From thermodynamic consideration, an ideal thermal radiator
or blackbody that emits energy, its rate is proportional to the fourth power of the absolute
temperature of the body and directly proportional to its surface area. Thus,
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4
emittedq ATs= (4)

q =  Heat transfer per unit time (W)

σ =  5.669 × 10–8 W/m2K4

T =  Absolute temperature, Kelvin (K)

This equation is the Stefan-Boltzmann law of thermal radiation. It governs only radiation
emitted by a blackbody [33]. The equation is valid only for thermal radiation and may not be
treated for other types of electromagnetic radiation so simply. Letter σ is the proportionality
constant and is called the Stefan-Boltzmann constant with the value of 5.669 × 10–8 W/m2K4.

3. Mechanism of laser surface alloying

A focused laser beam as a heat source is used by laser alloying to create a melt pool on an
underlying substrate. Powder material is then deposited through the nozzles into the melt
pool. The deposited powder is then bonded with the substrate upon solidification. Laser
alloying is a process similar to cladding except that another component of the alloy is injected
into the molten pool of substrate. Alloying requires a greater laser power density than cladding
[8]. The alloying process enables metallic and ceramic alloys [8] to be obtained. The process
starts with melting of a substrate by laser irradiation. On the surface of a melt, there is
temperature distribution, T , which results in the surface tension distribution, γ,  as shown in
Figure 3. The convection movement of the melt pool is caused by the surface tension, which
pulls the materials from the center. When solid particles are injected into the melt pool, there
is a good mixing of the particles with the substrate material. Melting of the particles and
reaction with the substrate can then take place. As the laser beam moves to the next position,
the reaction slows down and stops. Metastable phases are formed as a result of the subsequent
rapid cooling of the melt. However, lowering the speed of the laser beam can also slow down
the rate of cooling.

Solidification of remelted materials and convection motions in the laser melt pool decide the
final distribution of the alloying element in the remelted zone and a big temperature gradient.
The powder is either introduced directly by the nozzle during alloying or applied as paste that
dries up on the specimen surface, and then subjected to alloying. This makes it possible to
develop an alloy with bi- or multi-component structure. Moreover, a high degree of adhesion
is obtained between the substrate and the coating, and the rapid self cooling made possible by
heat removal to the cold substrate is responsible for the development of advantageous, fine-
grained, and novel microstructures [34–36].

Figure 3 shows a schematic diagram of a typical laser surface alloying process. As shown in
the figure, a part of the energy is absorbed when a laser beam with defined power moves with
a steady scanning speed in a parallel direction and strikes the surface of a solid material. A
melt pool is formed on the surface because of laser heating. Concurrently, particles fed into
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the melt pool mixes with the molten substrate by convention and diffusion. Resolidification
and several complex phenomena of the region occur, as the laser beam moves away from one
position to another, leading to a final microstructure of the alloyed surface.

Figure 3. Surface temperature (T) and surface tension (γ) distribution across a laser melted pool [37].

4. Transport phenomena in laser alloying process

The characteristics of the molten pool were studied through experimental investigation and
numerical modeling by Yang et al. [38]. The authors reported that the Marangoni flow takes
hot fluid from the free surface toward the bottom of the melt pool. Likewise, Sarkar et al. [39]
also studied heat, momentum, and mass transfer in a laser alloying process. The authors
reported that concentration of particles in the molten pool could be predicted. Raj et al [40]
reported that the melting of particles injected into the molten pool is not instant and the
particles’ mass flux boundary condition is difficult to model. Chung and Das [41] studied laser-
induced vaporization, melting, and resolidification in metals. The authors derived the
relationship for the times needed to commence melting, attain vaporization, and reach the
maximum melting depth during the laser heating pulse. Li et al. [42] showed that the model
integrating the volumetric heating source is more exact in the prediction of the melting process
than the model of the surface heating source. Safdar et al. [43] investigated the geometry of
the laser beam influence on the laser transformation hardening of steel. The authors found out
that the best thermal history was produced by the triangular beam geometry in other to achieve
improved highest hardness and transformation hardening without sacrificing the hardening
depths and processing rate. Authors [44–47] studied surface tension gradient’s imposition on
the characteristics of the convention. However, several essential aspects still remain inexpli‐
cable. Among them are the instability of microflows and mechanisms of capillary thermal-
concentration convection manifestation [44,45]. The thermal-capillary convection also known
as Marangoni convection is one of the overriding factors dictating the quality of the laser
alloying.
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There are three important physical processes such as mass transfer, heat transfer, and convec‐
tion transfer in laser molten pool. The rate of heating and cooling is determined by energy
transfer, whereas the extent of mixing and final composition is determined by the convection
and mass transfer. Specifically, convection transfer in laser molten pool can strongly affect the
quality of laser alloying, cladding, and welding. Some computer simulations of heat and mass
transfer have been reported [36,48]. To study the mechanism of convection in theory, 3D
computer simulation of convection and heat transfer in laser molten pool are needed. The main
physical process in laser molten pool requires some of the laser beam to be absorbed while the
rest is reflected. If the threshold is exceeded by the heat absorbed, the molten pool will be
developed. In stationary melting, molten pool shape and absorbability are constant. The
buoyancy force and the surface tension gradient are the two driving forces for fluid flow in
laser melt pool.

Safdar et al. [43] studied the effects of non-conventional laser beam geometries on the melting
of metallic materials. The authors reported that the laser beam geometries did not have a
significant effect on the resulting melt characteristics because of the high thermal conductivity
of metals. Laser power intensity was the most significant processing parameter on the phase
change in the irradiated region studied by Konrad et al. [49] when melting of a subcooled metal
particle was subjected to a nanosecond laser heating. Bin-Mansoor and Yilbas [50] studied the
laser heating and the phase change process in the irradiated region. However, the studies were
limited to either two-dimensional axi-symmetric heating situations or moving heat source
model without including the Marangoni effect. Moreover, the generated convective current in
the molten pool because of the Marangoni flow modifies temperature found in the melt pool.

5. Numerical modeling in laser surface treatment

Didenko et al. [51–53] studied in detail the laser alloying process of high purity iron with 40
µm Cr electrolytically predeposited on the sample surface. The authors have used the CW
CO2 laser generating TEM10 Gaussian mode with an output power of 2 kW and 2.5 kW focused
to the diameter of 3 mm and constant speed of the work table set to 18.4 mm/sec. The process
was carried out in an argon atmosphere. For the process modeling, a multi-phase mathematical
model of the laser remelting of high purity iron with a pre-deposited chromium layer was
used, resulting from solution of the partial differential equations for conservation of energy,
mass, and momentum. The FLUENT program was used for numerical modeling of the fluid
flow and mass transfer in the molten pool during laser alloying. Finite element mesh used to
simulate alloying process was prepared with the GAMBIT program. The numerical results
predicted the final composition in the solidified alloy. Didenko et al. [52,53] compared with
corresponding experimental results and the agreement they found was good. The non-uniform
chromium distribution (the presence of high chromium concentration fields near the solid/
liquid interface) is caused by a multi-directional liquid material movement, which is due to
the presence of few vortexes in the melted pool. The presence of vortexes in the liquid is caused
by the non-uniform energy distribution in the laser beam (TEM10 mode), which directly
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influences the mass transport kinetics and gives rise to the final dimension and shape of the
melted pool, its microstructure and, consequently, properties of the resolidified material.

Mondal et al. [54] studied Ni-Cr-Mo cladding on mild steel surface using CO2 laser and process
modeling with response surface methodology (RSM). An anti-corrosive powder mixture of
Ni, Cr, and Mo with a selected ratio is deposited as a thin layer on the mild steel plate with the
help of 3.5 kW CO2 laser. Experiments were performed according to L9 Taguchi orthogonal
array. The study of the influence of process parameters on responses and process optimization
to find the optimal input parameters combination by expecting the improved clad quality was
also studied. Based on experimental data, a mathematical model was developed to find the
relationship between process input parameter and responses. It was discovered that there is
a high degree of approximation between the experimental results and the predicted one. The
results of the experiment were extended to develop the regression model using response
surface methodology (RSM). Multi-objective optimization was done to find out the optimal
parametric setting to achieve desired clad bead dimension with aspect ratio ≤ 15, during laser
cladding process. The optimization result showed that at laser power of 1.014 kW, scan speed
of work table at 0.475 mm/min, and powder feed rate of 8.807 g/min, both the responses clad
height and clad width are optimized at 0.25 mm and 3.85 mm, respectively. From the regression
model, scan speed of work table and powder feed rate were the most significant parameters
in laser cladding process. It was concluded that the range of these parameters should be
selected carefully because the clad quality was very sensitive to these responses. The response
surface methodology was found to be effective for the identification of key process parameters
and development of significant relationship between the process variables and response.

Kochure and Nandurkar [55] applied the use of the Taguchi method of experimental design
with L9 orthogonal for selection of optimum process parameters of induction hardening of
EN8 D steel. Orthogonal arrays L9, signal to noise ratio, and analysis of variance (ANOVA)
were applied to study performance characteristics of induction hardening process. Hardness
and case depth were considered as performance characteristics. An analysis of variance
(ANOVA) of response variables showed a significant influence on process variable power and
heating time. The experimental investigation showed the effects of process parameters such
as power, heating time on hardness, and case depth pattern achieved on work piece. The
optimum parameters found were 14 kW power and heating time 4 sec, and power is the most
influential parameter. Further multiple regression equations were formulated for estimating
predicted values of hardness and case depths at various locations such as case depths at outer
and inner vertical, top, and center portion of slots for a specified range. The results obtained
by regression equations closely co-relate each other, which validate the regression equation
developed.

A range of researchers carried out their extensive research work using CO2 laser to investigate
the laser coating performance on corrosion and wear behavior. Kathuria [56] presented a study
of laser cladding process in both stationary and scanning beam modes with the laser cladding
of satellite six on mild steel and Cr-Ni materials. The effects of the various parameters such as
input power, beam interaction time, scanning frequency, and traverse speed were considered.
Shepeleva et al. [57] presented a comparison between the laser cladding process in which the
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method of direct injection of cladding powder into the melt pool is used and plasma cladding
process. They captured optical and SEM photographs of cross-section of clad-substrate
interface. It was found that the laser-cladded zone has a smooth interface with the substrate,
which prevents stress concentration at the clad-substrate interface during application. They
also concluded that the laser-cladded zone, unlike the plasma treated surfaces, is free of micro-
cracks and pores. Chryssolouris et al. [58] performed an experimental investigation on laser
cladding with aluminum alloy as substrate and copper-based powder as cladding material.
The process parameters of their experiments were powder feed rate (g/min), process speed
(mm/min), and gas supply (l/h). They observed that the process speed did not affect dilution
depth, while increasing powder feed rate might have a negative effect on performance. They
concluded that to achieve an optimum clad result, in terms of increased clad depth and
minimum alloying zone, powder feed rates should be kept low and process speed should be
high. Meng et al. [59] conducted powder laser cladding experiments to improve wear resist‐
ance of titanium alloy (Ti-6Al-4V substrate) using NiCoCrAlY powder. The process parameters
of this process were laser power (750 W), scanning speed (3–7 mm/s), and laser beam diameter
(Φ3 mm). They observed that with high laser scanning speed, thick preplaced powder layer
could not be melted completely and the quality of the coating was poor. They concluded that
with the preplaced NiCoCrAlY powder, a laser cladding on Ti-6Al-4V surface without cracks
and pores could be obtained, and micro-hardness of the surface is two times higher than that
before cladding. Davim et al. [60] performed experimental study on geometric form of clad
layer. They examined the effect of processing parameters such as laser power, scanning
velocity, and powder mass flow rate on clad height, clad width, and depth penetration into
the substrate. An analysis of variance (ANOVA) was performed to investigate the influence
of processing parameters in the form of single cladding layer and hardness of coating. They
also presented a prediction of laser clad geometry for coaxial laser cladding process (6 kW
continuous CO2 laser) through linear multiple regression analysis. They concluded that clad
height increased with powder mass flow rate and laser power and decreased with scanning
velocity. The depth of penetration increased with laser power and powder mass flow rate. The
clad width increased with powder mass flow rate. The present work investigates the para‐
metric effects of laser cladding parameters such as laser power, scan speed, and powder feed
rate on performance evaluation parameters, namely clad height and clad width and a process
optimization for the selection of optimal parameters combination using response surface
methodology (RSM). The result of optimization can be used to set the process parameters at
optimum level for the better clad quality during laser cladding operation. The result obtained
through RSM technique can also be compared with other optimization method such as genetic
algorithm and scatter search approach.

Mondal et al. [61] studied process optimization for laser cladding operation of alloy steel using
genetic algorithm and artificial neural network: an investigation on single objective optimiza‐
tion for CO2 laser cladding process considering clad height (H) and clad width (W) as per‐
formance characteristics. The equipment used for laser cladding was a 3.5 kW continuous wave
CO2 Laser Rapid Manufacturing (LRM) system. The LRM set-up consists of a high power laser
system integrated with the beam delivery system, powder feeding system, and job/beam
manipulation system. The key process parameters were laser power, scan speed, and powder
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feed rate. First, numerous single tracks were deposited at various machining conditions to
obtain continuous and uniform tracks, which facilitated to determine the range of process
parameters for control levels in Taguchi method. Then the actual experiments were performed
as per the L9 Taguchi orthogonal array. This optimization of multiple quality characteristics
has been done using genetic algorithm (GA) approach. The aim of this work was to predict
the performance characteristics (H and W) at optimized condition by applying back propaga‐
tion method of artificial neural network (ANN). The essential input process parameters are
identified as laser power, scan speed of work table, and powder feed rate. To validate the
predicted result, an experiment as confirmatory test was carried out at the optimized cladding
condition. It was observed that the confirmatory experimental result was showing a good
agreement with the predicted one. It has also been found that the optimum condition of the
cladding parameters for multi-performance characteristics varies with the different combina‐
tions of weighting factors.

Zuljan and Uran [62] studied the optimization of the laser wire cladding of tool steels using
factor analysis. The aim was to establish reliable correlations between the input parameters
and the parameters of laser wire cladding quality used in optimization. Using a Nd:YAG laser
as the energy source, laser wire cladding was carried out on the seven most frequently used
tool steels (1.2311, 1.2312, 1.2343, 1.2344, 1.2767, 1.2379, and 1.2550). The quality of a laser wire
clad-weld was defined by their geometrical characteristics, mechanical properties, and
minimum internal stresses in the area of the laser wire clad-weld. The importance of the general
correlations between the laser wire cladding parameters was determined by means of a
statistical factor analysis, which provides factor loadings with the variables. The laser wire
cladding analysis was carried out through the purposeful selection of control parameters and
monitoring of the laser wire clad-weld quality parameters. The results obtained and the laser
wire cladding research procedure used provide a suitable tool for attaining the desired laser
wire clad-weld quality and can be used by laser wire cladding designers and technologists.

Ermurat et al. [63] studied process parameters investigation of a laser-generated single clad
for minimum size using design of experiments. The aim of the study was to investigate the
effect of four important process parameters (i.e., laser focal distance, travel speed, feeding gas
flow rate, and standoff distance) on the size of single clad geometry created by coaxial nozzle-
based powder deposition by high power laser. Design of experiments (DOE) and statistical
analysis methods were both used to find optimum parameter combinations to get minimum-
sized clad, that is, clad width and clad height. Factorial experiment arrays were used to design
parameter combinations for creating experimental runs. This procedure was somehow
complicated in understanding the effects of the selected problem parameters on the outcome.
Therefore, DOE methodologies were utilized so that the operation can be better modeled/
understood and automated for real life applications. The study also gives future direction for
research based on the presented results. Taguchi optimization methodology was used to find
out optimum parameter levels to get minimum sized clad geometry. Response surface method
was used to investigate the non-linearity among parameters, and variance analysis was used
to assess the effectiveness level of each problem parameters. The overall results showed that
wisely selected four problem parameters had the most prominent effects on the final clad
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geometry. Minimum clad size was achieved at higher levels of gas flow rate, travel speed, and
standoff distance and at minimum spot size level of the laser focal distance.

Influence of the process parameters was experimented to be able to produce minimum-sized
clads created by laser-assisted direct metal part fabrication system using DOE and statistical
analysis methods. Several process parameters affect the size of the clad geometry. Laser focal
distance, standoff distance, gas flow rate, and travel speed were investigated, and the conclu‐
sions can be written as follow: Laser energy intensity is varying at different levels of laser focal
distance because the size of the laser spot is changing at each level; results changing of the
intensity of the penetrated energy to the substrate. Travel speed relates to the interaction time
between laser spot and substrate material, which affects the clad size since dominating the size
of the molten pool. Higher travel speeds shorten the interaction time and make the clad size
small. Clad size reduces with the increase of the standoff distance. The effect of the standoff
distance should be lowered as much as possible to build complex part geometry in good
condition. The high level of feeding gas flow rate, minimum sized geometry was achieved
because of reducing the powder-laser beam interaction time by increasing the powder particle
speed. In addition, there is a powerful relation between standoff distance and gas flow rate.
Standoff distance and feeding gas flow rate are the parameters that dominate the shape of the
particle flow including particle speed. On top of that, shape of the laser beam waist has a
connection about rate of the intensity of each particle moving through the beam of laser.

Mondal et al. [64] studied the application of artificial neural network for the prediction of laser
cladding process characteristics at Taguchi-based optimized condition. An investigation on
the optimization of multiple performance characteristics during CO2 laser cladding process
considering clad width and clad depth as performance characteristics has been presented. This
optimization for multiple quality characteristics has been done using Taguchi’s quality loss
function. In the present work, a number of experiments have been performed to establish the
interrelationship between process variables and response variables using the back propagation
method of ANN. The essential input process parameters were identified as laser power, scan
speed of work table, and powder feed rate. Moreover, the analysis of variance was also
employed to determine the contribution of each control parameter on clad bead quality. To
validate the predicted result, an experiment as confirmatory test was carried out at the
optimized cladding condition. It was observed that the confirmatory experimental result was
showing a good agreement with the predicted one. However, it has been found that the
optimum condition of the cladding parameters for multi-performance characteristics varies
with the different combinations of weighting factors.

Mondal et al. [65] studied the application of Taguchi-based gray relational analysis for
evaluating the optimal laser cladding parameters for AISI1040 steel plane surface. The effect
of various laser cladding process parameters such as laser power, scan speed, and powder feed
rate on clad bead quality characteristics (or clad bead geometry) for AISI 1040 steel substrate
have been studied by performing a number of experiments with L9 orthogonal array. To find
the process parametric setting for best quality clad bead based on experimental results, a multi-
response optimization technique using gray relational analysis (GRA) was used. The GRA was
applied on laser cladding process to find out the grey relational grade for each experiment. On
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optimization, power of 1.25 kW, scan speed of 0.8 m/min, and a powder feed rate of 11
gm/min had been found to be the best parametric setting for laser cladding operation of AISI
1040 steel substrate. Moreover, the analysis of variance was also performed to determine the
contribution of each control factor on the clad quality characteristics. Finally, to ensure the
robustness of GRA, a confirmatory test was performed at selected optimal parametric setting.
An expression of gray relational analysis that directly integrates the multiple performance
characteristics (i.e., laser power, scan speed, and powder feed rate) into a single performance
characteristic is called gray relational grade. Therefore optimization of the complicated
multiple performance characteristics can be greatly simplified to a single objective optimiza‐
tion problem through this approach. It was found that the performance characteristics of the
laser cladding process such as clad height, clad width, and clad depth were improved together
using this methodology. Furthermore, from the results of ANOVA, the contribution of each
cladding factor on the cladding quality characteristics in decreasing order were laser power,
scan speed of work table, and powder feed rate. Finally, the confirmation tests had ensured
the robustness of the optimal combination of laser cladding process for AISI 1040 steel surface.

Babu et al. [66] carried out a systematic investigation on laser transformation hardening (LTH)
process on high-strength low-alloy medium carbon steel using design of experiments (DOE).
The effect of input process parameters such as laser power, travel speed over the response
hardened width (HW), hardened depth (HD), and hardened area (HA) were analyzed. The
experimental trials were conducted based on the design matrix obtained from the 3k full
factorial design (FFD) using a 2 kW continuous wave Nd:YAG laser power system. A quadratic
regression model was developed to predict the responses using response surface methodology
(RSM). Based on the developed mathematical models, the direct and interaction effects of the
process parameters on LTH were investigated. The optimal hardening conditions were
identified to maximize the HW and minimize the HD and HA. The results of the validation
test showed that the experimental values quite satisfactorily agreed with the predicted values
of the mathematical models and hence, the models can predict the response adequately.

6. 3D-simulation of laser molten pool

Yang et al. [67] reported that to study the mechanism of convection in theory, 3D computer
simulation of convection and heat transfer in laser molten pool is needed. The main physical
process in laser molten pool requires some of the laser beams to be absorbed while the rest is
reflected. If the threshold is exceeded by the heat absorbed, the molten pool will be developed.
In stationary melting, molten pool shape and absorbability are constant. The buoyancy force
and the surface tension gradient are the two driving forces for fluid flow in laser melt pool.

The surface tension gradient and the buoyancy force are defined by the following equations:
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While the governing equations can be written as [68]:
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V = Total velocity of fluid, u, v, and w are components of V in x, y, and z direction, respectively.

μ = Viscosity

γ = Surface tension

β = Volumetric thermal expansion coefficient

g = gravitational acceleration

T = Temperature

P = Pressure

ρ = Mass density

α = Thermal diffusivity

Yang et al. [67] compared the effects of surface tension gradient and buoyancy force and their
fluid fields in laser molten pool with computer simulation. It was discovered that in the center
of molten pool, the fluid flow direction was from the bottom to the top. Likewise, on the surface
of the molten pool, the fluid flow direction was from the center to the edge and in the interface
of solid-liquid, the fluid flow direction was from top to bottom thereby producing a circular

flow. As ∂γ∂T  liquid iron is negative, ∂γ∂ x  in the pool center is lower than that in the pool edge;
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therefore, liquid metal is drawn from center to edge. The Reynolds number (Re) was about
1200 (<critical Re=2000), which indicates a planar flow. The convection field pattern because
of buoyancy force and surface tension are similar. This means they have the same flow
direction from bottom to top in the pool center. The authors concluded that convection in laser
molten pool is mainly induced by surface tension gradient. Finally, the authors concluded that
there was a strong convection and heat transfer in laser molten pool. There are left and right
flow cycles symmetrical to the plane center, which was perpendicular to the moving direction
of laser beam. Convention and heat transfer caused the laser molten pool widen. The simulated
results agreed with experimental results.

7. Conclusion

The following conclusions can be deduced:

• The application and effectiveness of LSA are highly dependent and sensitive to small
changes in process parameters, and these process parameters play a significant role in the
quality of the alloyed layer.

• When metal foam is in the phase changing environment, the heat transfer process is
conduction dominated, irrespective of the heat source pulse width.

• Convection in laser molten pool is mainly induced by surface tension gradient. Also, the
buoyancy force and the surface tension gradient are the two driving forces for fluid flow in
laser melt pool.

• A little imbalance in the process parameters can result in large variations in the geometry,
microstructure, and properties of the alloyed zone.

• Careful selection and control of process parameters through an optimization process are
required to establish an appropriate laser power-scan speed combination for achieving
defect-free alloyed layers.
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Abstract

Over the years,  engineering materials are being developed due to the need for better
service  performance.  Wear,  a  common phenomenon in  applications  requiring surface
interaction,  leads to  catastrophic  failure  of  materials  in  the  industry.  Hence,  prevent‐
ing this form of degradation requires the selection of an appropriate surface modifica‐
tion  technique.  Laser  surface  modification  techniques  have  been  established  by
researchers  to  improve  mechanical  and  tribological  properties  of  materials.  In  this
chapter,  adequate knowledge about laser surface cladding and its processing parame‐
ters coupled with the oxidation, wear and corrosion performances of laser-modified ti‐
tanium has been reviewed.

Keywords: Surface modification technique, Laser surface cladding, Wear, Titanium

1. Introduction

Considering the swift increase in fuel consumption around the globe, it is essential to recognize
the need for lightweight and high specific strength materials as a suitable approach to resolve
the growing energy demand [1]. The energy efficiency of aero-engines and automobiles can
be enhanced by reducing the engine weight [2]. In addressing the issue of energy efficiency,
titanium and its alloys have been the prime materials for aerospace (with a weight share of
about 36% being applied mainly in the fan and compressor sections for disks and blades; other
areas include landing gear, window frames, galleys, and lavatories) and nonaerospace sectors
such as automobiles (in the case of Rolls Royce and Jaguar cars where titanium is being used
for suspension springs, connecting rods, valve strings, and underbody panels). In addition,
Ti-6Al-4V alloy has the ability to substitute steel in friction and wear-critical diesel engine
components like connecting rods, intake valves, pistons, suspension strings, and movable
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turbocharger vanes. The distinctive properties of titanium alloy (Ti-6Al-4V) such as low
density (from an economical point of view, a lower mass implies lower fuel consumption), its
excellent combination of high specific strength ratio that is maintained at an elevated temper‐
ature, low modulus of elasticity, and corrosion resistance justify its applications in aerospace,
automotive, and marine industries [3, 4]. For example, higher operating temperatures of cars
and turbine engines allow more efficient energy (fuel) conversion with lower toxic emissions
[5]. In addition, titanium also has a high melting point, 1678 °C, indicating that it shows good
creep resistance over different range of temperatures [6, 7]. However, with the distinctive
advantages, voiding catastrophic breakdown in application of titanium in higher service
temperature and friction in aerospace and automobile industries justifies the need for surface
engineering techniques for improving performance of engineering components, longer
component life, and failure prevention. In this chapter, adequate knowledge about laser
surface cladding (LSC), a type of laser surface modification, and its processing parameters
coupled with the oxidation, wear and corrosion performances of laser-modified titanium will
be discussed.

Figure 1. Titanium usage in the GE-90 aero-engine.

2. Titanium and its alloy

Titanium is richly available in the earth’s crust at a level close to 0.6%, making it the fourth
most abundant metal after the likes of aluminum, iron, and magnesium [8]. Rutile (TiO2) and
ilmenite (FeTiO3) are important mineral sources of titanium alloy. Since their discovery in the
early 1950s, titanium and its alloys have become choice materials for many (e.g., chemical,
power generation, automobile, aerospace, and airframe) industries. Ti-6Al-4V is the most
popular titanium-based alloy contributing to over 50% of global consumption [9], and it is 70%
high in the United States. It has biocompatibility for biomedical implant applications, coupled
with a good combination of mechanical and corrosive properties [10].
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3. Properties and limitations

The unique properties of titanium and its alloys such as low density, excellent combination of
high specific strength ratio, which is maintained at an elevated temperature, low modulus of
elasticity, good compatibility, and good corrosion resistance, make them choice materials in a
wide range of engineering applications such as aerospace, power generation, offshore, and
chemical industries [5, 11]. While titanium possesses vast applications and excellent properties,
its high relative cost, low hardness, poor oxidation resistance, its propensity to fail by galling,
and poor tribological behavior in terms of high and unstable friction coefficient have retarded
its engineering applications [2, 6, 12–15]. For example, numerous engineering components
made of Ti-6Al-4V alloy are easily damaged at two surfaces in contact under load and in
relative motion [4]. The atomic structure, crystal structure, and relatively low tensile and shear
strength of titanium oxide film are fundamental causes for the high coefficient of friction and
poor tribological properties of titanium [15].

4. Physical metallurgy of titanium and its alloys

Titanium is known to exist in two crystal states. Titanium and its alloys have a high melting
point (1668 °C) and exist as a hexagonal closely packed (HCP) crystal structure alpha (α) phase
below 882 °C, and above 882 °C they transform into a body-centered cubic (BCC) structure
beta (β) at higher temperatures.

Figure 2. Crystal structure of titanium as (a) HCP α phase and (b) BCC β phase.

Titanium’s properties are enhanced by its allotropic behavior characterized by alpha, alpha
plus beta phase, and beta phases. They are microstructures and temperature dependent, which
result from chemical composition and thermo-mechanical processing. The transformation
temperature is strongly influenced by interstitial and substitutional elements and therefore
depends on the purity of the metal [8]. The α-phase alloys of titanium are known to be
characterized by hard, tough properties such as good corrosion resistance, good weld ability,
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creep resistance, and receptive to heat treatment coupled with ease of processing and fabrica‐
tion. This justifies their application in fields such as aerospace for friction-related application.
The α-phase alloy is stabilized using elements such as Al, O, N, and C, while the β-phase alloy
is characterized by soft and malleable properties with low Young’s modulus and superior
corrosion resistance.

 

 

 Fig.  3.  Equilibrium  phase  diagrams  of  Ti  alloys  with  effects  of  alloying 
elements. 

β‐Phase alloys are  stabilized  in  two stages, namely  the  isomorphus  stage, 
using  the elements Mo, V, Nb, and Ta; and  the eutectoid stage, using  the 
elements  Fe,  W,  Cr,  Si,  Co,  Mn,  and  H.  In  contrast,  alpha  +  beta‐phase 
alloys offer a combination of excellent ductility and strength when properly 
heat‐treated, which makes  them  stronger  than  the  alpha  phase  and  even 
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β-Phase alloys are stabilized in two stages, namely the isomorphus stage, using the elements
Mo, V, Nb, and Ta; and the eutectoid stage, using the elements Fe, W, Cr, Si, Co, Mn, and H.
In contrast, alpha + beta-phase alloys offer a combination of excellent ductility and strength
when properly heat-treated, which makes them stronger than the alpha phase and even the
beta-phase counterparts [10] due to the presence of both the α and β phases. α + β alloy is by
far the most commonly used titanium alloy. The common type of Ti alloy containing α and
β stabilizer is the Ti-6Al-4V alloy. In order to achieve the best combinations for a given
application, an optimum control of the microstructure is essential. The properties of Ti-6Al-4V
depend on various factors like composition, relative proportions of phases, heat treatment,
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and thermo-mechanical process conditions [11]. A comparison of Ti-6Al-4V alloy with the
commercial pure Ti (Cp Ti) microstructure shows that the Cp Ti microstructure contains grain
boundaries, fine acicular α, and Widmanstätten α structures, while Ti-6Al-4V alloy shows the
presence of grains and acicular structures. The alloy is characterized by high strength and
resistance to wear and corrosion. These advantageous properties make Ti-6Al-4V to be
employed in various industries. In the aerospace industry, the alloy provides high strength at
elevated temperatures. Titanium alloys are regarded weak at high temperatures, because they
do not function well in these conditions.

5. Surface engineering

Titanium’s limited use in engineering applications is due to its poor tribological properties,
which are susceptible to failure by galling and high and unstable friction coefficients when
rubbing against bearing materials [2]. Wear, a common phenomenon in applications requiring
surface interaction, leads to catastrophic failure of materials in the industry. Hence, preventing
this form of degradation requires the selection of an appropriate surface modification techni‐
que. A technique of achieving the specified requirement is by the development of high-
temperature resistance, improved hardness, and high wear-resistant coatings suitable to
protect the base material against corrosion, wear, and erosion – corrosion at high temperatures.
Surface modification techniques can be applied to address these limitations [16, 17], such as
improvement in the functionality of a solid surface by altering its chemical composition or
microstructure leading to increase in the surface hardness, decrease in coefficient of friction,
and enhanced wear resistance of titanium alloys without altering the desirable bulk properties
of the substrate [2, 14].

5.1. Benefits of laser surface modification over conventional techniques

Various modification techniques are used to deposit the alloy layer onto the substrate such as
pre-placing the alloy layer by electroplating, ion implantation, physical vapor deposition
(PVD), chemical vapor deposition (CVD), carburizing, nitriding, thermal oxidation heat
treatment, laser surface alloying (LSA), and laser surface cladding (LSC) [18]. The chemical
heat treatment processes such as nitriding, carburizing, and boriding have some demerits such
as long processing time and easy deformation of the substrate being treated [19]. In addition,
thermal spray coatings possess low coating density and limited bond strength between the
coating and the substrate. It is pertinent to note that these techniques give rise to many
difficulties, such as poor adherence, lower bonding strength, and some defect at the interface
[20]. However, laser surface modification techniques have been established by researchers to
improve mechanical and tribological properties of materials. The main advantages of using
laser as surface treatment are that the thermally affected regions are easily controlled in terms
of depth, extent, and time above temperature [21]. Further, automation is possible due to lack
of environmental disturbance while the radiant energy is delivered to the process.
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6. Laser surface engineering

Laser was invented in 1960 as a new form of energy in industrial applications. Laser is one of
the most flexible forms of energy that can be used to generate any required thermal experience
on a substrate. Laser, an acronym for light amplification by stimulated emission of radiation,
is known as a coherent, convergent, and monochromatic beam of electromagnetic radiation
with wavelength ranging from ultraviolet to infrared [22]. Laser is an ideal tool for surface
modification of metals in improving their corrosion and tribological properties [21, 23]. Laser
generates radiant energy that is absorbed by top atomic layers of an opaque material, where
it can either heat the surface or excite the surface atoms, leading to pyrolytic (thermo-chemical
property of material at high temperatures) or photolytic processes (direct interaction of the
photons by light or other radiant energy). If the photon energy is sufficiently high, the
absorption of laser energy can result in phase transformations of the substrate [24]. The
absorption process depends on the nature of the substrate and laser parameters used. A thin
layer of the material could be heated, melted, or vaporized, and thereafter it solidifies to
generate refinement or homogenization of the microstructure [25]. This takes place under
various heat transfer processes such as conduction into the materials, convection, and radiation
from the surface. This explains the advantage laser has over the available types of light sources,
that is, the highly directional and high-intensity beam with an ability to focus on a small spot.
The important properties that justify the use of laser in a wide variety of applications in
manufacturing industries, electronics, medical, surveying, communication, and other indus‐
trial areas are: spatial and temporal coherence, low divergence, high continuous or pulsed
power density, and monochromaticity [21].

7. Types of lasers

Lasers can be classified according to either the active medium, wavelength, or excitation
mechanism into the following types: the CO2 laser (with a wavelength of 10.6 µm), the
neodymium yttrium aluminum garnet (Nd:YAG) laser (with a wavelength of 1.06 µm), the
high-power diode laser (HPDL; 800–950 nm), and the excimer laser (248 nm for KrF).

7.1. The CO2 laser

The CO2 laser has a wavelength of 10.6 µm and output power can range from 1 W to more
than 10 KW. They are widely used in engineering and material processing due to their ability
to produce very high power with relative efficiency that can be obtained and high-speed
accuracy for cutting, welding, and marking both ferrous and nonferrous materials.

7.2. Nd:YAG lasers (Solid-state type)

Nd:YAG laser consists of crystalline YAG with the chemical formula Y3Al5O12 and a wave‐
length of 1.06 µm. Shorter wavelength, temperatures, and nature of the surface usually lead
to a higher absorptivity for metallic materials [25]. The advantage Nd:YAG laser has over
CO2 laser is that it couples better. This type of laser has found major application in the
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automotive industry for high-speed welding of body parts [26]. The main advantage of
Nd:YAG laser over CO2 laser relies on its shorter wavelength and its ability to deliver laser
radiation through optical fibers. As a result of these advantages, the pulse Nd:YAG laser
probably has a wider variety of applications (in various forms of material processing: alloying,
cladding, drilling, spot welding, and laser marking) than any other type of laser.

7.3. Excimer lasers

These types of lasers are available only as pulsed lasers, which produce intense output in the
ultraviolet and deep ultraviolet regions. They are used extensively in micromachining and
medical applications. The main advantage of an excimer laser over other types is its very short
wavelength. Excimer lasers have good beam quality and focused ability to spot the diameter
that is approximately smaller than CO2 laser beam with the same beam quality.

8. Laser surface modification

There are several laser surface modifications techniques, such as surface alloying, cladding,
melting, hardening, direct deposition, physical deposition, and laser melt injection of laser
surface. Laser surface modification techniques have been used extensively to improve the wear
and corrosion resistance of mechanical components [27].

8.1. Laser surface hardening

Laser surface hardening (LSH) is a heat treatment technique used on a material surface domain
to increase hardness of a material by the use of laser beam energy. The purpose of LSH is to
increase the hardness of the boundary layer of the substrate by rapid heating and then by
quenching. The heated zone is quenched by self-cooling, and this leads to the desired hard‐
ening effect due to a change in the microstructure [28]. In ferrous material, the primary basic
mechanism of surface hardening is by phase transformation to form the relatively hard
martensitic phase in the surface layer. The advantages of LSH over conventional methods of
hardening include its flexibility, ability to automate the hardening process, and contactless
local heat treatment with no need for additional cooling media such as oil or water [29].

8.2. Laser surface melting

Laser surface melting is a process where a thin layer of the substrate is melted by a high-power
laser beam, which is then rapidly solidified without any attempt to modify the surface layer
chemical composition [6]. The main advantage of this process over other laser modification
processes is its ability to alter the microstructure without changing the composition [11].

8.3. Laser surface alloying

Laser surface alloying is one of the modification methods for improving surface-dependent
properties such as wear and corrosion resistance 46. Laser surface alloying is a process of
incorporating additional alloying elements into the surface of a material by a high-power laser

Laser Surface Modification — A Focus on the Wear Degradation of Titanium Alloy
http://dx.doi.org/10.5772/61737

373



beam to melt metal coatings and a small portion of underlying substrate). It involves high rate
of melting, intermixing, and rapid solidification of the pre-placed or co-deposited alloying
elements with part of the underlying substrate to form an alloyed layer. An LSA technique
combines modification of both the microstructure and the chemical composition.

8.4. Laser surface cladding

Laser surface cladding is a rapid solidification technique that could overcome the aforemen‐
tioned difficulties with many advanced features, such as thick coatings, low dilution ratio, high
cooling rate, crack-free layer, reduction or elimination of porosity, limited heat affected zone
with low thermal distortion, high refined microstructure, and strong metallurgical bond
between coating and substrate [30]. In order to overcome the restriction of titanium alloys in
machinery performance and safety at low cost with high value elements, laser cladding is
employed to fabricate coatings with advanced tribological properties and high-temperature
oxidation resistance [31]. Laser cladding process is a surface modification process in which a
defocused laser beam is used to fuse an alloy or powder on a substrate [32]. In LSC, alloy may
be introduced onto the surface of a substrate as powder or wire either during (direct injection)
or prior to processing (pre-placed). The beam energy melts and solidifies rapidly both the pre-
placed or injected powders and a thin layer of the opaque substrate [18]. Here, the powder and
thin layer of the substrate rapidly reach their melting point causing homogenization to be
achieved before solidification due to the photon energy absorption [33]. With this, vaporization
is avoided due to rapid heating and solidification of the molten clad, which helps to inhibit
long-range diffusion, avoid crystallization, achieve strong metallurgical bond with the
substrate, and increase hardness [6, 34]. Laser beam–specific thermal characteristics induced
by laser irradiation help generate specific microstructures, including metastable phases and
nano-crystalline grains, which is an advantage over conventional techniques [35]. The most
important factor to consider during cladding process is the melting of the alloying material to
the substrate. This can be achieved by appropriate selection and control of laser processing
parameter such as laser power (P), laser beam size (beam diameter D), laser scanning velocity
(V), and thermal properties of the substrate, which also helps to achieve desirable properties
such as degree of heating and phase transformation [18].

8.4.1. Single-track clad

During laser cladding process, laser energy emitted by the laser beam melts the injected
powder causing fusion between the clad material and the substrate. Two vital factors, clad
height and dilution in single track, are subject to laser power variation, laser scan rate, mass
flow rate, and type of powder being deposited. Laser single-track cladding is conducted with
incident laser beam on the working substrate for a single pass. Here, the width of the track is
smaller or equal to the laser spot size with the clad height depending variably on laser working
parameters [23].

8.4.2. Multi-track clad

In comparison to single-track cladding, multi-track laser cladding involves consecutive
overlap of one track by the subsequent track. Morphologically, multi-tracks tend to exhibit
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dendrites compared to a single track, which is subsequently attributed to longer exposure
periods at elevated temperatures [36]. To give yield to a clad with required thickness and larger
surface area, single-track clad has to be repeated at several increments. This increment
significantly affects the clad height and dilution ratio.

8.4.3. Forms of powder deposition: Cladding

Laser cladding process can be primarily differentiated by its means of introduction of clad
material on the surface of the desired substrate. Powder and wire are two common forms in
which clad material is introduced on the surface of the substrate. Powder deposition can be
either coaxial or pre-placed where a mass of clad material is deposited on the substrate prior
to introduction of a laser beam. Powder deposition approach uses a nozzle held separate from
the laser beam that lays down powder mass ahead of the laser beam.

8.4.3.1. Pre-placed powder method

During high laser deposition rate (typically 15 pounds/h), pre-placed powder introduction
method is preferable since it is possible to maximize the amount of powder being melted. This
ensures that the powder width equals the width of the area scanned by the laser, as powder
melting is also advantageously maximized, creating an optimized stable clad. The powder
must be mixed with a chemical binder so that it can adhere to the substrate during laser
scanning. The chemical binder must evaporate as a result of the high energy emitted by the
laser beam. However, this can result in porosity of the clad [37]. When cladding with pre-
placed powder, the melt pool is formed on top of the cladding material and proceeds down‐
ward to the substrate. Only when the substrate has been melted can a clad layer be formed.
Therefore, it is difficult to control the depth of the melt pool, which results in a relatively high
dilution.

8.4.3.2. Wire feeding

The clad material can be introduced by wire feeding on the substrate where it simultaneously
melts with the substrate under the laser beam. This process can be hard to control, especially
in objects of complex shapes and eventually results in high dilution rates.

8.4.3.3. Powder injection method

Powder delivery method requires a dedicated powder delivery system and a powder nozzle,
which must direct the powder to the desired position. Powder injection method is a more
flexible and easier method to control; however, changing the powder proved to be environ‐
mentally hazardous. The powder injection method resulted in good clad areas in recent
research findings.

8.4.3.4. Coaxial cladding

The clad material is supplied in the powder form mainly coupled with shielding gas to prevent
reaction with the surrounding gases. This method is widely used due to the ease of automation
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control and the minimal surface preparation it requires. It is divided into coaxial and side
injection methods, differentiated by the method of powder injection into the process.

8.4.3.5. Side laser cladding

In the side cladding method, the powder is introduced from a nozzle together with the
shielding gas at an angle to the laser beam such that the powder gets in contact with the laser
energy before reaching the substrate. The powder is heated to ignition state before reaching
the substrate that is already being heated together forming an alloy of the set depth.

9. Influence of laser processing parameters

There are a number of varying parameters controlling the laser processes. Individual param‐
eter has its own distinctive functions, which can affect the processing results and operation
outcomes. Laser power, laser beam size (beam diameter), powder flow rate, and laser scanning
speed are some of the important factors in achieving a thin clad layer with low dilution but
sufficient bonding strength [27]. However, these factors are responsible for the temperature
distribution, high-quality microstructure, the shape of the melt pool, and the final geometry
of the laser clad layer. Vaziri et al. studied the effect of laser parameters on properties of surface
– alloyed Al substrate with Ni [38]. The influence of spot size and peak – power density of
pulsed Nd:YAG laser on the depth of alloyed layer, the hardness and microstructure in LSA
of Al with Ni. Results revealed that the hardness obtained was found to be 10–15 times the
value of base Al. Reduction in the power density resulted in a decrease in the alloyed layer
thickness, while increasing the peak power density increased the alloyed pool depth. The effect
of laser beam diameter on the depth of the alloyed pool was examined; it showed that by
increasing the laser beam diameters, the depth of the alloyed pool decreased. Hamedi et al.
investigated the effect of pulsed laser parameters on in-situ Tic synthesis in laser surface
treatment [39]. Here, effects of irradiated energy per unit length and pulse duration on
mircostructure and hardness were investigated. Results showed improved hardness and fine
dendritic morphology to cellular grain structure. The Marangoni convection flows in the melt
pool allowed uniform distribution of carbon in liquid Ti because of decreasing peak power
and increasing heat input. In order to achieve high volume fraction in laser-alloyed zone, the
energy input to the melt pool is increased. Hardness value produced reached 1700 Hv, which
is 10 times harder than the substrate.

9.1. Laser power

Laser power is a very important factor in laser cladding as it is responsible for energy density
transferred on the powder-substrate system. Optimum parameters during laser cladding are
needed to yield microstructure and clad that are free from defects. Wu et al. carried out the
effect of process parameters on the microstructure of laser-deposited Ti-6Al-4V [40]. It was
observed that long columnar grains dominated the microstructure of the laser-deposited
Ti-6Al-4V alloy for a large range of laser powers and is formed for all. The scale of columnar
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grains also increases with decrease of the laser scan speed and when other parameters are
maintained constant. The microstructure of the laser- deposited Ti-6Al-4V is influenced by
laser power, scan speed, or powder feed rate.

9.2. Laser scanning speed

Laser scanning speed generally refers to the speed at which laser beam travels along the
working piece. Higher laser speeds lead to subsequent reduction in the amount of clad material
particulates onto working piece leading to a thin clad layer. Hemmati et al. investigated into
the effect of scanning speed on phase constituents and properties of laser-deposited coatings
[41]; the investigation showed a significant refinement of dendritic structure that stabilized
the phases and reduced the volume fraction of other phases at higher speeds. Laser cladding
technology was used to deposit Co–Ti alloy on mild steel using different scanning velocities
[42]. This resulted in a different rate of cooling of the clad variations in the microstructural
characteristics and hardness of the clad layer. Good-quality clad layer was evident with no
visible porosity or cracks. A fine microstructure was achievable with higher laser velocities
while lower velocities yielded higher hardness due to a large fraction formation of hard
intermetallic phase of TiCo3. The higher hardness of the clad layer compared to the substance
is due to the formation of intermetallic compound TiCO3.

9.3. Powder flow rate

Flow rate determines the thickness of the alloyed layer and dilution rate required. This tends
to affect microstructural changes, homogeneity, cracking, porosity, and surface finish. Rajaram
et al. studied the effect of feed speed and power on laser cut quality of 4130 steel [43]. Power
and feed rate had a major effect on kerf width and size of HAZ. In addition, the surface
roughness and striation frequency were affected most by feed rate. It was observed that at low
power levels, the smallest kerf width and HAZ are obtained and the effect of feed rate is
moderate. Low feed rates gave good surface roughness and low striation frequency.

10. Conclusion

Laser generates intense beam energy, which offers outstanding advantages over other
conventional surface modification techniques. Laser techniques have become the choice for
many industrial applications involving corrosion, wear, oxidation, and general repairs. Laser
surface modification techniques overcome limitations such as poor adherence, lower bonding
strength, serious crack propagation at the interface, and limitation of the thickness of coatings,
which are associated with other forms of surface modification processes [44]. These techniques
have known to modify surface composition and microstructure without altering the bulk
substrate [25]. Laser cladding technique, a type of laser technique, has advantages over the
traditional coating techniques, which include high precision, automation control with choices
of clad thickness from about 0.1 millimeters to several centimeters, metallurgical bonding of
the cladding material with the base material, lower deposition rate, minimal heat effect on the
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substrate due to controlled laser energy and rapid cooling, a wide selection of homologous
and non-homologous powder materials, and the ability to process virtually any type of metal
alloy. Also, the energy input of laser cladding is low, resulting in finer microstructures with
superior properties and minimal distortion [32].
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Abstract

Modern aero engine components are subjected to extreme conditions were high
wear  rate,  excessive  fatigue  cycles,  and  severe  thermal  attack  are  inevitable.
These aggressive conditions reduce the service life of components. Its generic ef‐
fect is magnified in the light of understanding the fact that aero engine parts are
highly sensitive to functional and dimensional precision; therefore, repair and re‐
placement are great factors that promote downtime during operation. Hard ther‐
mal  barrier  coatings  have  been  used  in  recent  times  due  to  their  optimized
properties for maximum load bearing proficiency with high temperature capabili‐
ty  to  meet  performance  and  durability  required.  Nevertheless,  less  emphasis  is
being  given  to  the  coating-substrate  interaction.  Functionally  graded  structures
have  better  synergy  and  flexibility  in  composition  than  coatings,  giving  rise  to
controlled microstructure and improved properties in withstanding acute state of
affairs.  Such  materials  can  be  fabricated  using  Laser  Engineered  Net  Shaping
(LENS™), a laser-based additive manufacturing technique. LENS™ offers a great
deal  in  rapid  prototyping,  repair,  and  fabrication  of  three-dimensional  dense
structures  with  superior  properties  in  comparison  with  traditionally  fabricated
structures. The manufacture of aero engine components with functionally graded
materials, using LENS™, can absolutely mitigate the nuisance of buy-to-fly ratio,
lost  time  in  repair  and  maintenance,  and  maximize  controlled  dimension  and
multi-geometric  properties,  enhanced  wear  resistance,  and  high  temperature
strength. This review presents an extensive contribution in terms of insightful un‐
derstanding  of  processing  parameters  and  their  interactions  on  fabrication  of
functionally  graded  stainless  steel,  which  definitely  influence  the  final  product
quality.

Keywords: Functionally graded materials, LENSTM, processing parameters
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1. Introduction

1.1. The aerospace industry

The urge for advanced materials and faster processes for manufacture of products and delivery
of services is critical in the aerospace industry due to the increasing rate of air travel and
stringent environmental regulations. Researchers and manufacturers, under constant hand-
to-hand interactions, are strained to meet demands and maintain supply chains. However,
research-driven technologies have, relatively, created a platform for non-stop affordable
flights with destinations as far as the North Pole, belting over to the other flank of the world.
These advances suppress the underlying challenges in the past, a major percentage of aero
engines parts are made of super alloys and hard alloys coated with thermal barrier coatings
(TBCs) to improve their elevated temperature strengths. The use of super-alloys is a valuable
consideration, withstanding high temperatures, mitigating the concern for premature part
failure and limited air travel-engine use duration but to a reduction in application as a result
of low service strength at ultra-high temperatures for a very long time. In turn, repair and
replacement of intricate regions of the aero engine, such as compressors, turbine blades,
pistons, and cylinders, may have adverse effects in terms of loss time during service. Another
issue is the need to reduce the usage of expensive rare elements in the manufacture of high
strength-high temperature components in the engine, as this will pull a net positive effect on
the customer’s effective evaluation and interest [1]. Based on its high precision and sensitivity
to minute anomalies, engines account for approximately 30% of the life cycle cost of modern
airlines [2]. As a result of this, materials engineers are constantly on the frontline of developing
highly multi-functional materials with less production time, which will maintain their
operating properties over a wide range of extreme temperatures for extended flight hours.

2. Functionally Graded Materials (FGMs)

2.1. History

The concept and processing of FGMs seem to be a new generational novelty but only the
processing techniques, invented by humans, can be considered as innovative. FGMs have been
existing as a result of nature. Human bones, skin, and bark of trees are examples of naturally
occurring FGMs. The first humanly created FGM was industrialized in Japan in the early 1980s
with the idea of fabricating a space craft during a space plane project. Eventually, enormous
studies have been performed on advancing the viability of these materials [3].

2.2. Definition

FGMs are composites possessing continuous and coherent variation in composition, micro‐
structure [4], and even mechanical properties [5] from a region to another along the build axis,
in an effect to attain improved performance and reliability. Traditional composites are
associated with frequent thermal stresses, stress singularities, and residual stresses due to
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solidification history while the FGMs offer new generational components that can endure these
critical thermal and mechanical stresses that are typical with aircraft engines and aerospace
assembly during operation [6]. The rationale for the resistance to these stresses is the gradient
effect of properties in FGMs and also the ability to integrate materials with contradicting
properties such as high wear resistant ceramic and a tough metal in a single structure [7]. In
addition, the feasibility and ease of tailoring material properties to match the desired require‐
ments is a tip of the numerous benefits of these advanced composites. Patterns made with
FGMs are presented in Figure 1.
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ed by centrifugal casting method [8].

There are two major ways by which FGMs are synthesized, the first is an incessant formation,
whereby compositional change seems invisible with no distinct discrete gradation of layers.
Secondly, a step-wise synthesis is achieved by stacking layers with near-composition as a
fractional material’s composition dominates while the other declines with position. In the
latter, the inhomogeneity in composition can physically be detected. These methods of
synthesizing FGMs consist of similar preparation modes namely: gradation and consolidation.
Gradation enables the formation of layers of different percentage compositions with little or
no significance in the composition change along the axis of build up, while consolidation takes
care of the elimination of sharp discontinuous interfaces present between these successive
layers and conversion of these layers into continuous or single gradient structure through
material transport. Optimal achievement of a successful FGM structure is highly dependent
on the chemistry of bonding between successive layers, therefore materials scientists have
combined different techniques to achieve suitable functionally graded structures that are
functions of the component materials [9, 10] and prior knowledge of the uneven shrinkage of
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sintered layers, as a result of dependence of sintering pattern to the particle size, porosity, and
composition of the elemental powders [11]. However, numerous theoretical efforts on
fabricating and analyzing the adherence of FGMs to required expectations have been reported
four decades ago, but industrial applications have been restricted due to little knowledge of
processing techniques of these materials until recent times [12].

Figure 2. Representation of a typical functionally graded material [8].

Figure 3. Diagrammatic representation of (a) homogeneous material; (b) layer-wise and; (c) FGM [13].

3. Operational properties of FGMs

In an FGM, the presence of different phases account for the various properties possessed. These
phases make the material behave as a heterogeneous material unlike alloys and composites
that have unique properties. An effect of this is the difficulty of enumerating material param‐
eters [14]. In recent times, several studies have been performed to produce models that account
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for the effective material properties. Application of the Mori-tanaka method to establish
directives for mixing of ceramic-metal composites [15], synthesis of experimental and analyt‐
ical methods to determine elastic behavior of graded materials using micro-indentation
approach [16], the investigation of properties of graded materials by inverse analysis, and
instrumented indentation using kalman filter technique [14]. Also, the thermal residual
stresses at the layer interface that also influence the mechanical properties of these materials
have been studied [17]. Different approaches are adopted to investigate and determine the
effective material parameters in order to understand the elastic-plastic behavior of FGMs when
subjected to thermo-mechanical loading.

4. Processing techniques of FGMs

With increasing development of automated materials processing techniques, suitable techni‐
ques have been constructed in order to achieve various graded structures irrespective of
component geometry and size. The use of these techniques is based on the position of the
desired gradation. There are two types of gradation in a component. The thin gradation is
mostly situated at the top part of the component while the bulk gradation is effective in the
wholeness of the component. Thin gradation can be achieved by plasma spraying, self-
developing high temperature synthesis, and vapor depositions (Chemical or Physical).
Centrifugal method, powder metallurgy, hot and cold pressing, sintering method, infiltration
method, and solid free form techniques are typical bulk gradation techniques [3]. The current
and typical processing techniques adopted in fabricating FGMs are discussed below.

5. Thin FGM processing techniques

5.1. Vapor deposition

The vapor deposition technique is of importance due to its concept of iso static or vacuum hot
pressing of desired alloys to form a composite component. With this technique it is possible
to achieve a controlled deposition and deposition thickness, also, layer spacing precision for
laminated grading. Sputtering [18], thermal deposition, and chemical vapor deposition are
forms of direct vapor deposition that have been reported to be of good consideration for
microlaminates [19]. Jet Vapor Deposition (JVDTM) is a later form that deposits concentrated
levels of different materials at reduced vacuum situations using an unreactive gas jet. The
unreactive gas jet is combined with a resistive evaporation supply that concentrates the
deposits [20]. Vapor deposition can be adopted to deposit functionally graded coatings with
exceptional fine microstructure on surfaces of aero engine components. Mitsubishi Miracle
inserts were functionally graded with chemical vapor deposition of a three-layer structure on
a carbide substrate. This tremendously reduced the challenge of plastic deformation and
damage [21].
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Figure 4. A schematic view of the chemical vapor deposition process [22].

5.2. Plasma spraying

Thermal spraying processes are typically called different names such as plasma spraying,
metal spraying, high velocity oxygen fuel (HVOF) spraying, arc spraying, etc. Considering a
porous ceramic coating that is applied to a low corrosion resistant component, a typical
composite for the hot regions in aero engines, high velocity powder particles possessing
elevated melting point is melted and accelerated by the heat generated by the plasma cloud
towards the substrate. Required coating thickness is achieved by successive actions of the
plasma cloud. Hard, low friction, and improved fatigue resistant coatings can be achieved for
applications, such as airplane landing gear piston surfaces, applying this technique [23].

Conventional thermal-sprayed TBCs have been reportedly stated to spall when subjected to
mechanical loading at ultra-high temperatures due to their low bonding strengths and residual
stresses. Functionally graded TBCs are suitable materials to resist such challenges. In the work
performed by Khor and Gu, functionally graded coating of yttrium-stabilized ZrO2/NiCo‐
CrAlY was used as a TBC. The coating was applied using thermal spray technique. Highly
deposited coating with enhanced coating density and chemical homogeneity was achieved
compared to the results from duplex coatings, in addition it was observed that the oxidation
of the FGM coating was impeded. Zirconia-based coatings are commonly used in thermal
spraying due to the formation of non-transformable tetragonal phase that does not undergo
martensitic transformation during cooling by quenching [24]. A schematic illustration of
thermal spraying is shown in Figure 5.

5.3. Ion Beam-assisted Deposition (IBAD)

Ion Beam Assisted Deposition (IBAD) can be referred to as deposition of thin film by the
blending of evaporation with simultaneous bombardment in high vacuum environments. The
simultaneous bombardment involved in this technique makes it different from other deposi‐
tion techniques. Effective modification can be achieved by the bombardment of developing
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films with high velocity particles in various morphologies that is crucial to the activity of thin
coatings. These can be achieved by: change in orientation, densification of developing films at
low temperatures, and alteration of grain size and mechanical properties. This technique can
be used to deposit coatings of high bond strength, varying the concentration of particles for
each successive layer through simultaneous bombardment. Functionally graded coatings
fabricated by IBAD are suitable for applications at low temperatures, having a high control of
developed film/coating, while the chemical mixture of the substrate with the film provides
better adhesion compared to vapor deposited counterparts [26]. Ion beam assisted deposition
can be limited by substrate geometry and low mechanical strength of deposition.

5.4. Electrodeposition

Functionally graded deposits of metal-ceramic composites and bi-metals have been achieved
by electrodeposition in recent times. This is attained by co-deposition of ceramic particles and
metallic particles from electrolytes containing the metal ion, varying either the particle ratio
or the current density with respect with time. Pulsed ElectroDeposition (PED) is a novel
technique of depositing nanocrystalline materials on numerous metallic substrates.

With electrodeposition, single-layered coatings have proven to project lower expectations
compared to their graded counterparts in terms of corrosion, mechanical, and wear properties.
Deposition with just a single electrolytic bath has also been performed with less additive
involved to achieve controlled, excellent graded coatings.

Figure 5. Concept of thermal spraying [25].
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Coatings are graded perpendicular to the surface providing properties parallel to surfaces
where composition is uniform, hence functionality cannot be tailored in any direction with
these techniques [28].

6. Bulk FGM processing techniques

6.1. Powder metallurgy

Powder metallurgy is one fabrication technique that is obviously adopted for FGMs that makes
use of solid materials (powders). Powder preparation, material processing, and forming and
sintering processes are stages that appear as principal characteristics of this technique. The
powder preparation entails methods such as grinding, deposition or chemical reactions, and
producing a massive rate of powder. Also, the rate of production can be controlled to the
desired size. Considering the processing stage of the powder, attention is placed on the
sampling and distribution of the powders while those of forming (piling and pressing stage)
and sintering (consolidation of powders) stages are influenced by the working environment,
which must be achieved at room temperature and high pressure, consecutively. Powder
metallurgy possesses the feature of premixing powders and piling layers with graded
compositions that fuses the layers together with either hot pressing or cold pressing [8]. During
the sintering stage, preservation must be incorporated in order to achieve good product quality
because some metals that are highly reactive can be oxidized during hot pressing. However,
the limitation in fabricating FGMs with powder metallurgy is the complexity in densification

Figure 6. Ion Beam Assisted Deposition (IBAD) Process [27].
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mode because densification is based on the dominant fraction of powder (positional matrix)
which, thus, results in distortion and variation of shrinkage of the layers [29].

6.2. Centrifugal casting

FGMs fabricated by centrifugal force can undergo either centrifugal, centrifugal slurry,
centrifugal pressurization, or centrifugal casting method [30]. Gradation occurs when a
homogeneous molten metal, dispersed with ceramic particles, is stirred and left to settle based
on differences in density. Studies have shown suitable centrifugal methods for different
materials; for instance, centrifugal solid-particle method is suitable for Al/SiC and Al/Al3Ti
FGMs and centrifugal in situ method used for the processing of Al/Al3Ni FGMs [31]. Unlike
stepwise gradation, which occurs in powder metallurgy technique, FGMs processed with this
technique possess continuous gradation [32]. Centrifugal casting of FGMs is dependent on the
molten matrix content, rotation speed, and the rate of settling conditions of the particle to
achieve a controlled and desired production in mass [33]. However, this technique is limited
in producing FGM components with regular geometrical shapes.

Other common techniques that are not elaborated are infiltration [4], spray casting [8], and
ultrasonic separation [34].

7. Laser-based fabrication of FGMs

FGMs by laser-based techniques in the aerospace industry is rapidly sky-rocketing because
they offer  unique solutions to  industrial  problems.  Aero engines  experience limited off-
flight time in order to maximize their service life and this requires cyclic rapid heating and
cooling of the engine parts. As a result of this effect, materials may fail due to fatigue and
thermo-mechanical  stresses.  As  stated  earlier,  FGMs  are  applicable  to  mitigate  these
situations but most techniques used in fabricating these materials fail  to produce consis‐
tent and desired properties at ultrahigh temperatures and extreme stresses that are typical
with aero engine components. Therefore, laser-based techniques are outstandingly appropri‐
ate to fabricate these materials with better flexibility of controlled fabrication to produce
complex  components  having  superior  hardness/toughness  compatibility  and  minute
differential shrinkage. Rapid manufacturing is another advantage of fabricating bulk FGM
components  with  laser-based  techniques,  whereby  functionally  graded  engine  parts  are
produced within hours. Composition and properties can be highly monitored within the
structure  during  fabrication  by  either  pre-mixing  or  combining  various  elemental  pow‐
ders using multiple feeding systems, depositing the powders in a melt pool created by a
laser. The different forms of laser-based techniques used for FGMs are: laser surface melting,
laser cladding, laser surface alloying, direct laser deposition, LENSTM, and so on. Powder
feed  systems  have  better  adhesion  and  metallurgical  properties  than  powder  bed  sys‐
tems, and also the manufacture of FGMs with powder bed laser based systems is limited
to layer-wise gradation and not localized functionality. This is due to the fact that position‐
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al distribution of elemental powders cannot be accounted for in every layer. Examples of
powder feed systems are direct laser metal deposition, laser surface melting, laser surface
alloying, laser cladding, and LENSTM techniques.

Laser surface melting, alloying, and laser cladding are mostly referred to as laser-based surface
modification techniques. These techniques are used to apply heat- and wear-resistant coatings
on surfaces of alloys and metal matrix composites. Based on the direct localized laser energy
density, limited zones are affected by heat so grains are refined due to rapid cooling as heat is
conducted away from the modified surface regions. In the case of laser surface melting and
alloying, mixing between the deposited coatings and the substrate occurs at regions close to
the surface. This allows proper metallurgical cohesion between the coating and substrate while
the bulk material is unaffected. Laser cladding possesses a very low dilution of coating in the
substrate surface. Although these techniques provide improved graded properties to compo‐
nents, the presence of sharp discontinuities between the substrate composition and the coating
may not withstand extreme thermal stress conditions components are exposed to in aero
engine compartments. Furthermore, smart structures that possess functionality in any
direction as desired for respective applications cannot be achieved with laser surface modifi‐
cation techniques as gradation of properties is limited to directions perpendicular to layer
surface. For instance, complex components and intricate regions of components cannot be
altered satisfactorily with laser surface modification techniques. On the other hand, the
LENSTM technique can be used to scale through these challenges because of its flexibility to
pre-design the desired component with a CAD software and convert it to an STL (Standard
Triangulation Language) file that slices the bulk design to thousands of layers. The composi‐
tion of each layer can be fabricated by using multiple powder feeding systems and controlling
their speed of deposition. The realization of the final product can be achieved within weeks
irrespective of the size of the engine component.

Here, in this chapter, we will look into the fabrication of FGMs using the LENSTM technique.

8. LENSTM technique

Highly dense three-dimensional FGMs are produced using a CAD model that is then fed into
the laser system through an STL file (slicing of the designed model into layers). The sliced
image is interpreted by the laser system. The laser system can be connected to a CO2 laser or
an Nd:YAG (Neodymium Yttrium-Aluminium Garnet) laser source. Powder feeding systems
are connected to a delivery head of the laser system, whereby an inert gas serves as the carrier
gas of the material powders from the feeding system to the work area. The delivery head is
made up of a lens that concentrates the laser beam to a focal point to create a molten pool. As
the deposition of the powder is done co-axially with the laser beam into the molten pool, the
powder melts and fuses, thus, creating a layer along the direction of deposition. This process
can be seen in the illustration given in Figure 7.
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Figure 7. Set up of a LENSTM process [35].

9. Benefits of LENSTM over other techniques

The manufacture of FGMs using LENSTM have been realized efficaciously [36]. The process is
carried out in an inert environment having an oxygen concentration that is less than 10 ppm,
as this protects the melt from oxidation. The fabricated part may undergo heat treatment, hot
iso-static pressing, or light machining to fit the required specification. Fine microstructures
develop while consolidating metal powders due to rapid cooling of preceding layers. This
results in improved tensile strength and toughness of metallic components than convention‐
ally fabricated ones.

LENSTM is not restricted to proprietary material formulations, which encourages the formation
of numerous novel alloys and composites, as is typically the case with most other processes.
The powder size generally used ranges from 20 to 100 µm. Either pre-alloyed powders or
suitably blended elemental powders can be used. Elemental powders can be delivered in
precise amounts to the melt zone using separate feeders to generate various alloys and
composite materials in situ. With the adoption of this technique, countless number of FGMs
can be fabricated into complex shapes as the rate of elemental powder deposition can be
controlled for each feeder during the fabrication for each layer and the final product can be
achieved within hours. The following is a summary of the advantages of LENSTM over other
laser-based additive manufacturing techniques:
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• Fully dense fabricated parts with no compositional degradation

• Possibility of repair and overhaul, rapid manufacturing, and limited run manufacturing

• Reduced manufacturing time and cost in realization of functional metal parts [37]

• Additional cost savings is realized through increased material utilization as compared with
bulk removal processes

• Components can be fabricated with reduced or eliminated micro-segregation, refined
microstructure [38], and graded compositions

• Closed loop control of process for accurate part fabrication

• Potential to significantly reduce manufacturing costs, reduce the time from design to
market, and simultaneously improve component performance

• Ability to tailor deposition parameters to feature size for speed, accuracy, and property
control (i.e., the possibility to create parts where the composition and properties can be
tailored to best meet the needs of the application)

• Composite and functionally-graded material deposition

• Mechanical properties similar or better than traditional processing methods

• Environmental compatibility based on controlled containment of expensive and hazardous
materials during processing using inert conditions [39]

Figure 8. Fabrication of impeller pump using LENSTM [40].
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10. Processing parameters of LENSTM

The desired properties and outstanding performances of aero engine components made of
FGMs using LENSTM can only be achieved if the various parameters and their influences on
the final outcome are properly understood. For this reason, the primary processing parameters
that are dominant are briefly discussed below.

10.1. Feed rate

The powder feed rate is the speed at which the carrier gas (inert gas that is mostly argon)
conveys the elemental powders through the tubing to the delivery head, depositing the
powders into the melt pool created by the focused beam on the substrate. Associated problems
of powder delivery in LENSTM are the constraint in sustaining retention capability, poor
deposition rate, and high surface roughness in the finished part [41]. The layer thickness is
influenced by the corresponding feed rate. If the feed flow rate is high, its outcome is a highly
thick layer formation. The deposited layer thickness is a function of dimension, geometry, and
chemistry between layers, i.e., the thicker the deposited layer, the poorer the adhesion between
layers [37]. Feed rate is key in the development of FGMs. Light components are needed for
aerospace engines, therefore, amount of deposited layers should be minimum as possible to
achieve the desired functionality. Higher feed rate will cause more deposition of powders,
with this, the material/component thickness and density are increased, having a net increase
in the weight of the engine. In addition, increasing the feed rate attracts higher beam energy
to fuse the powder deposited, resulting in an increased thermal stress and distortion in the
fabricated part.

10.2. Laser power

As the intensity of the laser beam increases, with time the energy injected into the melt pool
also increases. This time rate of energy from the laser beam is called the laser power. Maha‐
mood and Akinlabi [42] studied the effect of laser power on the surface finish of the Ti6Al4V
substrate with deposited Ti6Al4V powder using laser metal deposition. The scanning speed,
powder flow rate, and the gas flow rate were kept constant. According to their analysis, surface
roughness decreased linearly with increasing laser power, thereby improving the surface
finish. A study by Alimardani et al. [43] on the effect of scanning speed and melt pool dimen‐
sion increase on surface finish quality showed that the melt pool geometry control and
temperature had a positive influence on surface finish.

Considering the laser surface modification techniques mentioned earlier, laser surface melting
and laser surface alloying require high energy input in order to achieve a thorough dilution
of the coating in the surface region of the substrate. High laser power encourages large heat
affected zones that may eventually alter the properties of the bulk substrate. For materials with
low thermal conductivities, such as titanium, formation of large grain structures is inevitable,
consequently, diminishing high temperature strength during service. This problem can be
corrected with secondary heat treatment but the technique becomes less economical.
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Figure 9. Schematic illustration of the LENSTM process [44]

10.3. Scan speed

The speed at which the laser beam carries out its deposition along a track path, as the compo‐
nent is being built, is known as the scanning speed. An increase in the scanning speed can
result to a reduction in the expected time for completion of the proposed component. None‐
theless, this can be deleterious to the final product in such a way that the difference in layer
height between the edges and the midmost regions may occur as the delivery head decelerates,
at constant powder flow rate, depositing more materials at the edges, as in the case of a reverse
deposition for each layer.

11. FGMs and LENSTM

Co-axial deposition capability of LENSTM enables the feasibility of fabricating smart and
functional components, allowing maximum precision in composition and improved proper‐
ties compared to conventional methods. This technique takes care of the issue of oxidation
during material processing by working in an enclosed compartment. The compartment is
stripped of oxygen to a level lower than 10 ppm, while further prevention is realized by the
use of an inert carrier gas from the powder feed system, through the delivery head to the work
area, and also a shielding gas. This makes the process much effective in recycling the unmelted
powders.
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New innovation can be introduced into the aerospace technology with a reduced trepidation
over ultrahigh temperature effects on engine parts when fabricated with LENSTM. The use of
metallic bond coat to prevent migration of delicate elements either from substrate to coatings
or otherwise can be eliminated because such migration leaves the region bare and exposes the
coating/substrate to oxidation/corrosion as the case may be, thus, functionally graded coatings
blended with substrate will achieve higher reliability.
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Fiber Lasers in Material Processing
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Abstract

The economic aspects of laser usage in manufacturing that form important criteria in the
choice of a suitable laser system for thick-section metal cutting include: high processing
speeds, high processing depths, high cut edge quality, and high wall-pug efficiency of the
laser system. Consequently, the performance of the high brightness ytterbium fiber laser
system in thick-section metal cutting is evaluated based on the maximum achievable cut‐
ting speeds, maximum cutting depths possible, and cut edge quality attainable. The max‐
imum processing speeds, maximum processing depths, and resulting cut edge quality are
governed by a number of parameters related to the laser system, workpiece specification,
and the cutting process. The effects of the processing parameters in the cutting of thick-
section stainless steel and mild steel and medium-section aluminium have been reported;
optimization of the processing parameters for enhancement of the cut edge quality has
been discussed.

Keywords: Ytterbium Fiber Laser, Thick-section Metal, Cutting

1. Introduction

1.1. The high-power fiber laser

The development in the output power of solid-state fiber laser source has resulted in the
increasing interest in the use of the high brightness fiber laser in macro laser material proc‐
essing applications, especially cutting and welding of metal [1]. The essence of the design of
the high-power fiber laser (a solid-state laser) is the improved cooling of the laser-active
medium which enables attainment of higher output power with high beam quality. Among
the rare earth ions used in fiber lasers, ytterbium is highly absorbing of pump radiation and
is preferred as doping material for the high-power fiber laser operating at 1,060–1,080 nm
spectral range and delivering kilowatt output power suitable for material processing [2].
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1.2. The structure of the ytterbium fiber laser

The structure of the high-power ytterbium fiber laser includes a double-clad glass fiber having
a core region in which the laser-active ytterbium ions are deposited. The core region of highest
refractive index is surrounded by two cladding regions of progressively decreasing refractive
index which serve to confine the pump light within the core region. The ytterbium ion-doped
core region is surrounded by an inner cladding of lower refractive index than the core and the
inner cladding is in turn surrounded by an outer cladding of still lower refractive index
forming a step index fiber (see Figure 1a). The pump light from high-power laser diode arrays
is guided into the inner cladding (referred to as pump cladding), and this pump light is
confined in the inner cladding by the lower refractive index outer cladding (see Figure 1b).
The confinement of pump light rays within the fiber core region – subject to some losses
through absorption or scattering – maintains the pump light intensity propagating in the fiber
over a fiber length of several meters. Subsequently, the pump light propagating in the fiber is
absorbed by the laser-active ytterbium ions in the core region of the fiber, resulting in the lasing
action of the ytterbium ions. The stimulated emission resulting from the lasing action is guided
inside the core region building up to high intensities before it finally emerges as a high-power
laser beam at near-infrared spectral range of 1,060–1,080nm [3, 4, 5]. The small core diameter
of single-mode fibers (3–10 µm) ensures that the power density of the output beam is very
high. The use of cladding-pumping in the high-power ytterbium fiber laser limits the thermal
issues (i.e., the variation of the refractive index with temperature) that affect the stability of
high-power Nd: YAG lasers [6]. The temperature in the fiber core is determined primarily by
heat transport through the outer surface of the fiber [7]; the geometry of the fiber laser exposes
a large surface area per unit volume, which aids the cooling of fiber lasers [8]. Therefore, the
improved cooling mechanism in the ytterbium fiber laser has enabled the solid-state laser to
achieve near diffraction limited beam quality at high output power [3].

1.3. Fiber laser features beneficial to materials processing

The high brightness ytterbium fiber laser operating at 1,060–1,080 nm spectral range has a
unique combination of high-power output, high beam quality, and near-infrared wavelength,
and these characteristics offer increased performance flexibility in materials processing
applications. Consequently, the solid-state ytterbium fiber laser has introduced solid-state
laser sources to the material processing applications – such as thick-section metal cutting and
welding – that had previously been considered impractical for the traditional solid-state Nd:
YAG laser due to its limited beam quality at high output power [3, 4, 9, 10, 11, 12].

1.3.1. Output power

The availability of high-power diode lasers as pumping sources for fiber lasers and improve‐
ments in fiber laser design have enabled power scaling of ytterbium (Yb3+)-doped fiber lasers
to output powers beyond 1 kW in cw operation with near diffraction-limited beam quality [8,
13]. Additionally, laser beam combination techniques are also used for power scaling of the
ytterbium fiber laser by bundling multiple single-mode fiber laser elements to provide up to
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10 kW multi-mode power output. Consequently, ytterbium fiber lasers delivering over 10
kilowatt power output are now available for materials processing applications [14].

1.3.2. Laser beam quality and focusing

The performance of the high-power ytterbium fiber laser in materials processing applications
is enhanced by its high beam quality at high output power, which results in high brightness.
The quality of a laser beam is characterized by the beam parameter product (BPP), which is
the standard measure of beam quality that incorporates the wavelength effects. The beam
parameter product (BPP) – defined by the relationship in Equation (1) – is an important
parameter for the comparison of the beam quality of laser beams of different wavelengths from
different laser sources. In the relation given in Equation (1), λ is the wavelength of the laser
beam and M 2 is the beam quality factor (i.e., times diffraction limit factor) which tells how

Figure 1. A schematic illustration of the double-clad fiber
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much larger the BPP of the laser beam under consideration is compared to the lowest value of
λ /π for the basic Gaussian TEM00 mode (diffraction limit) [3, 15].

l
p

= × 2BPP M (1)

Focusability of the laser beam is an important requirement for its utilization in cutting and
welding applications. The laser beam quality is the critical parameter that influences the
focusability of the laser beam; Equation (2) gives the relationship between the BPP of the laser
beam and the minimum focused spot size, df  for focusing optics of focal length, f , and a raw
beam diameter on the focusing optics, D. [3, 15]. Near diffraction limited beam quality (i.e.,
high beam quality denoted by low BPP) is essential for focusing of the laser beam to a small
focal spot size to give very high power intensity necessary for processing of thick-section
metals at the required high processing speed. The high power intensity enables melting of the
workpiece at the laser-material interaction zone at a high processing speed [16].

= ×
4

f
fd BPP

D
(2)

The depth of focus – i.e., the effective distance over which the minimum focused beam diameter
is maintained – is the distance over which the power intensity is maximum and satisfactory
cutting can be achieved. A longer depth of focus is essential for good cut edge quality like in
thick-section metal cutting. For a given laser beam quality, Equation (3) gives the relationship
between the focal length of the focusing optics, f , and the depth of focus, dZ , which shows that
use of a longer focal length focusing optics increases the depth of focus [3]. However, the
minimum focused spot size is also directly proportional to the focal length (see Equation (2))
such that use of longer focal length optics for focusing of the laser beam results in a larger
focused spot size with reduced power intensity. Therefore, the low BPP of the high brightness
fiber laser beam allows the use of long focal length focusing optics for achievement of a long
depth of focus and long working distance without much compromise on the minimum focused
spot size.
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where: dZ  is the depth of focus, f  is the focal length of the focusing optics, D is the raw beam
diameter on the focusing optics, and BPP  is the beam parameter product of the incident laser
beam.

1.3.3. Wavelength

Absorption of the laser beam by metals increases for wavelengths toward the visible and
ultraviolet regions and decreases towards the longer infrared wavelengths. The near infrared
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wavelength of the high brightness ytterbium fiber laser offers a higher absorptivity by metals
than the CO2 laser. The more energetic photons of the shorter wavelength radiation of the
ytterbium fiber laser can be absorbed by a greater number of electrons in the metal structure
such that the reflectivity of the metal surface falls and absorptivity is greatly increased [15].
Additionally, the fiber laser wavelength offers lower sensitivity to laser-induced plasmas
during materials processing when compared to the CO2 laser. The inverse bremsstrahlung
absorption by the plasma produced during laser welding is lower with the 1.06 µm wavelength
radiation of the solid-state Nd: YAG laser than with the 10.6 µm radiation of the CO2 laser [15].
Furthermore, fiber laser beam wavelength offers more flexible beam handling through use of
narrow optical fibers.

2. Absorption of the laser beam by metals

The focused high-intensity laser beam radiation that is incident on the surface of a metal
workpiece is partly absorbed and partly reflected by the metal surface. In a laser cutting or
welding process, a sufficient amount of the focused laser beam incident on a metal workpiece
must be absorbed by the workpiece so as to cause melting of the material in the laser beam–
material interaction zone at the desired processing speed.

2.1. Mechanisms of laser beam absorption

Laser cutting and welding of metals require absorption of high power intensities to enhance
cutting and welding at high processing speeds. The two absorption mechanisms that prevail
during cutting and welding of metal include Fresnel absorption and plasma absorption (inverse
bremsstrahlung effect); these laser beam absorption mechanisms are explained in the following
sections.

2.1.1. Fresnel absorption mechanism

The direct absorption of the beam by the workpiece takes place through the Fresnel absorption
mechanism (i.e., absorption during reflection from the surface). Fresnel absorption occurs
during direct interaction of the beam and the material in which the photons of the incident
laser beam radiation are absorbed by the free electrons in the metal structure. The absorbed
energy sets the electrons in forced vibration motion which can be detected as heat. Absorption
increases with increase in temperature of the material due to an increase in the phonon
population causing more phonon–electron energy exchanges and more tendencies for the
electrons to interact with the material structure with the resultant fall in reflectivity [15].

2.1.2. Plasma absorption mechanism

Plasma absorption mechanism (i.e., inverse bremsstrahlung effect) occurs when there is
presence of laser-induced plasma during the process. Plasma absorption occurs through
absorption of the laser beam by the free electrons in the plasma (i.e., hot metal vapor) leading
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to plasma re-radiation [15]. The two methods of welding of metal using a laser beam include:
conduction limited welding and keyhole welding. Conduction limited welding occurs when the
power density is not sufficient to cause evaporation of part of the melt at the given welding
speed. Keyhole welding occurs when the energy is sufficient to cause boiling and evaporation
of part of the melt creating a hole (referred to as keyhole) in the melt pool and plasma (metal
vapor) [17, 18]; the keyhole is stabilized by the pressure from the vapor generated. The plasma
in the keyhole consists of both vapor from the evaporated melt of the metal being welded and
the shroud gas sucked into the hot vapor due to the pulsation of the keyhole. The absorption
of the laser beam within the keyhole is through both Fresnel absorption (i.e., absorption
directly by the material) and plasma absorption (i.e., inverse bremsstrahlung effect) by the free
electrons in the metallic plasma. Consequently, the presence of plasma interferes with the laser
beam delivery to the interaction zone by blocking the beam through beam-scattering effects
caused by changes in refractive index and particles caught up in the plasma [15].

2.2. Laser beam absorption during metal cutting

The melt film in the cutting front is generated by the melting action of the absorbed laser
beam power and the oxidation reaction power (in the case of oxygen or compressed air assist
gas). Initiation of laser cutting of metals by piercing of the workpiece with a focused incident
laser beam to generate a melt surface throughout the workpiece thickness is affected by metal
surface reflectivity. The surface reflectivity limits the amount of laser energy coupled to the
workpiece; therefore, metals with high surface reflectivity – e.g., aluminum – require higher
power intensity for cut initiation. After the initiation of cutting, the cutting process progress‐
es  by  the  laser  beam absorption on the  steeply  sloped cut  front  by  the  two absorption
mechanisms,  namely  Fresnel  absorption  and  plasma  absorption  and  re-radiation  (15).
However, the plasma buildup is not very significant in cutting due to the assist gas which
blows it away; therefore, plasma absorption mechanism is very limited in laser cutting. With
absorption of sufficient laser energy, the thermal vibrations in the metal become so intense
that the molecular bonding is stretched and is no longer capable of exhibiting mechanical
strength,  resulting in melting of  the metal  at  the interaction zone.  Olsen [19,  20],  in  his
description of the mechanisms of the cutting front formation, identified the melt surface, melt
film, and melt front as the three zones that comprise the cutting front. After cut initiation, the
laser cutting process proceeds through absorption of the incident laser beam at the melt
surface; the absorbed laser beam is transmitted to the melt front through the melt film. There
is a minimum melt film thickness necessary for transmission of the absorbed energy from
the melt surface to the melt front. The melt surface propagates through the material with a
velocity that depends on the energy input, thermal properties of the workpiece material, and
the molten material removal mechanisms. The melt front velocity increases with increasing
laser power intensity which enhances the penetration speed [21]. Multiple reflections of the
incident laser beam inside thick-section cut kerfs result in increased absorption of the beam
inside the cut kerf; consequently, the maximum temperature in the cutting front occurs below
the material surface. Multiple reflections of the laser beam inside the cut kerf increase with
increasing workpiece  thickness  and cutting speed because the  multiple  reflections  are  a
function of the cutting depth and cutting front inclination [22].
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3. Laser cutting of thick-section metals

Laser cutting of metals requires very high power intensities (intensities of the magnitude
1010 W/m2) to melt the metallic material to the required penetration depth at a high cutting
speed. Therefore, the material’s surface reflectivity, thermal conductivity, and workpiece
thickness are the material parameters that critically affect the efficiency of the laser cutting
process. The speed of penetration of a metal workpiece during laser cutting depends on the
absorbed incident laser power intensity. Therefore, the ease with which a metallic material can
be cut depends on the absorptivity of the material to the incident laser beam, and the melting
temperature of the material or oxide formed when a reactive assist gas is used [15].

3.1. Applicable laser cutting methods

Laser fusion cutting using an inert gas or an active gas is commonly used in thick-section metal
cutting. Due to the high power requirement for vaporization cutting, this cutting method is
not applicable to thick-section metal cutting. Figure 2 schematically illustrates the cut kerf
generated and the volume of material removed during laser fusion cutting of thick-section
metal. The cut kerf is the opening that is created during through-thickness penetration of a
workpiece; therefore, the cut kerf width, w, shown in Figure 2 is the separation distance
between the two cut surfaces of the cut kerf which represents the amount of material removed
during the laser cutting process.The laser power absorbed at the cutting front is utilized in
melting the kerf volume at the rate of cutting and part of the absorbed laser power is lost from
the cutting zone through heat conduction to the substrate metal. The maximum cutting speed
that can be applied on a given metal thickness is influenced by the laser power intensity that
is available for melting of the kerf volume at the applied cutting speed. Consequently,
penetration of a metal workpiece of a given thickness may not be achievable at cutting speeds
beyond the maximum cutting speed for the applied laser power intensity.

3.1.1. Laser fusion cutting using an inert assist gas jet

The principle role of the inert assist gas jet – e.g., nitrogen – during laser cutting of a metal
workpiece is to eject the molten metal to create the cut kerf. Metallic materials like stainless
steel and aluminium are often laser cut using an inert assist gas jet (usually nitrogen) to give
clean unoxidized cut edges which do not require any cleaning operation after cutting. The inert
gas-assisted laser fusion cutting process utilizes a focused high-intensity laser beam to melt
the kerf volume and a coincident high-pressure inert gas jet to blow out the molten metal to
form a cut kerf. In this cutting process, the melt temperature is not raised to boiling point; and
the melt removal process is solely dependent on the drag force supplied by the high pressure
assist gas jet. During inert gas-assisted laser fusion cutting of metal, the absorbed laser power
is the only incoming power contribution to the cutting zone. The absorbed laser power is
utilized in both melting the workpiece material equivalent to the kerf volume and accounting
for the inevitable power losses from the cutting zone. Therefore, in a pure laser fusion cutting
process – typical for thick-section metal cutting – where the kerf volume is melted but
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negligibly vaporized and the conduction power losses from the cutting zone are significant,
the power balance at the cutting front is given in Equation 4 [15].

= +L Melt LossA P P P (4)

where A is the absorptivity of the workpiece to the incident laser radiation, PL  is the incident
laser power, PMelt  is the power utilized in melting the kerf volume, and PLoss is the inevitable
power loss from cutting zone.

In examining the power requirement during laser cutting of a metal workpiece using inert and
oxidizing assist gas jets, Wandera et al. [23] developed a theoretical model to estimate the
power requirement for melting the kerf volume and the inevitable conduction power losses.
Schulz et al. [24] developed an analytical approximation of the heat conduction losses during
laser cutting of metals and provided an expression that can be used to estimate the temperature
change in the substrate metal during laser cutting; the temperature change in the substrate
metal is inversely proportional to the Peclet number which is directly proportional to the
cutting speed.

Figure 2. Cut kerf generated and the volume of material removed
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3.1.2. Reactive fusion cutting

Reactive fusion cutting utilizes an active assist gas jet (usually oxygen or compressed air) that
is capable of reacting exothermically with the molten metal and the reaction generates an
additional heat source to the cutting process [15, 25]. The two major roles of an active assist
gas jet (oxygen or compressed air) during laser cutting of a metal are to influence the energy
balance at the cutting zone through the exothermic oxidation reaction and also eject the
oxidized molten metal. The exothermic oxidation reaction contributes up to 40% of the energy
used in the laser cutting of mild steel and stainless steel using oxygen assist gas jet [15].

During reactive fusion cutting, the incident laser beam melts the workpiece and also ignites
and carries on the exothermic reaction between the molten metal and the active gas jet.
Therefore, the active assist gas jet passing through the cut kerf plays two important roles which
include exerting the necessary drag force to blow the molten material out the cut kerf and
providing additional heat to the cutting process. Consequently, for the same incident laser
power, cutting speeds of the reactive fusion cutting using an active (oxygen or compressed
air) assist gas are usually higher compared to the inert gas-assisted cutting process. The
incoming power contributions to the cutting zone during active gas-assisted laser cutting of
metal include the absorbed laser power and the power from the exothermic oxidation reaction.
In reactive fusion cutting of thick-section metal, the proportion of the kerf volume that is
vaporized is considered to be negligible due to the high conduction losses which scale up with
increase in workpiece thickness. The conduction heat transfer from the cutting front through
the kerf walls to the substrate metal is the significant means of power loss from the laser–
material interaction zone (i.e., cutting zone).

Iron-oxide (FeO) generated in oxygen-assisted laser cutting of mild steel does not boil, but
would dissociate when heated to high temperatures; the iron-oxide dissociation process which
consumes much energy could lead to a collapse of the cutting process [26]. Therefore, it is
sufficient to assume that molten metal oxide is removed through the bottom of the cut kerf
without vaporization. The oxidation of the metal melt during laser cutting is sustained in as
much as the reactants - i.e., O2 and molten metal – are available in the laser material interaction
zone. Therefore, the power contribution to the cutting process by the oxidation reaction (i.e.,
reaction power) is estimated from either the oxygen flow into the interaction zone or the molten
iron flow into the interaction zone [27]. The extent of the exothermic reaction in the cutting
front is limited by the flow rate of the rarer type of reactant (either oxygen or iron). Only a
small proportion of the oxygen jet is consumed in the oxidation reaction as part of the oxygen
jet is utilized as drag to accelerate the melt out of the cut kerf while part of it is lost across the
top workpiece surface or down the kerf; consequently, only about 50% of the molten iron reacts
with the oxygen in the cut kerf. The cutting speeds in reactive fusion cutting are much higher
than in fusion cutting with an inert assist gas because of the additional heat added by the
exothermic reaction. Due to the high productivity of the reactive fusion cutting, this method
is often used in industry for cutting of mild steel (i.e., low alloy steel). The presence of the oxide
layer on the cut edge is the downside of this process as the oxide layer on the cut edge influences
the final quality of the part; this oxide layer may require to be removed in a cleaning operation
prior to further processing of the part in welding and painting operations.
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3.2. Absorptivity (coupling coefficient) and melting efficiency

Absorptivity, A (also known as absorption coefficient), of the metal surface to the laser
radiation is defined as the ratio of the laser power absorbed at the surface to the incident laser
power. Absorptivity depends on the wavelength of laser radiation, plane of polarization of the
light beam, angle of incidence, material type, and temperature and state of the material (solid,
liquid, or gas). For an opaque material such as a metal, the absorptivity is given as A=1− R,
where R is the reflectivity of the workpiece surface. Absorptivity of the light beam by the metal
workpiece generally increases with increase in the temperature of the metallic material. When
the angle of incidence is zero (i.e., vertical incidence), the parallel polarized laser beam (RP)
and the perpendicularly polarized laser beam (Rs) are absorbed equally. However, the
absorption coefficient of the parallel polarized light (RP) increases with increase in angle of
incidence and is highest at the Brewster angle while the absorption coefficient of the perpen‐
dicularly polarized light (Rs) decreases with increase in angle of incidence [25, 27, 28].

The absorptivity (coupling coefficient), A, of the workpiece to the incident laser beam can be
estimated by considering that the absorbed laser power is utilized to account for both the
melting of the kerf volume and the inevitable conduction power losses. For a pure fusion
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where A is the absorptivity of the workpiece to the incident laser radiation; PL  is the incident
laser power, (W); Pm is the laser power for melting the kerf volume, (W); PLoss is the inevitable
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capacity of the material, (J/kg/K); ΔT  is the temperature rise to cause melting of kerf volume,
(K) ; L m is the latent heat of melting of the material (J/kg); ΔT Loss is the temperature change in
the substrate metal (K).
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during laser cutting of a metal workpiece plays a very important role on the cutting perform‐
ance and the resulting cut edge quality. A minimum melt film thickness should be maintained
at the cutting front to enhance efficient energy coupling to the unmelted metal in the line of
traverse of the laser beam for continued cutting. Molten metals that have high surface tension
and high viscosity are more difficult to remove from the cutting front and have a high tendency
to attach on the underside of the cut as dross. Thus, the quality of the cut depends on the
quantity of the melt which builds up in the cut kerf and causes dross on the cut surface.

3.3.1. Melt flow velocity and melt film thickness

The molten metal ejection is mainly driven by the shear force at the assist gas–melt interface
and the pressure gradient created in the cut kerf. With the coaxial arrangement of the assist
gas nozzle with the incident laser beam, the entire melt surface in the cut kerf is in contact with
the assist gas jet. The cut kerf width is usually a fraction of a millimeter and the molten metal
has a high viscosity such that the melt flow can be assumed to cover the entire cut kerf.
Consequently, the expression for the melt flow can be analyzed by applying the principles of
conservation of mass and momentum to the boundary layer flow of the melt film.

Wandera and Kujanpää [29] modeled the maximum melt flow velocity, U , at the gas–melt
interface and the melt film thickness, tmelt  under high pressure inert assist gas processing
conditions as presented in Equations 7 and 8, respectively. The characteristic gas velocity,
Ug , inside the cut kerf is estimated using the Bernoulli equation as presented in Equation 9.
During laser fusion cutting using an inert assist gas jet, the molten metal has a high viscosity
such that high assist gas pressure is required to facilitate high melt flow velocity, ensuring a
minimal melt film thickness and achievement of high cut edge quality.
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where U  is the maximum melt flow velocity; η is the gas viscosity; μ is the melt kinematic
viscosity ; ρg is the gas density; Ug  is the characteristic gas velocity inside the cut kerf; t  is the
workpiece thickness ; w is the kerf width; tmelt  is the melt film thickness; V  is the cutting speed;
d  is the workpiece thickness; P is assist gas pressure.

The variation of melt flow velocity and melt film thickness along the cut depth is shown in
Figure 3. There is retardation of the melt as the melt flow progresses down the cut kerf,
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resulting in the melt buildup at the lower section of the cut kerf and subsequently dross
attachment on the lower cut edge. The melt flow velocity increases with increase in assist gas
pressure and increase in the cut kerf width, resulting in a reduction in the melt film thickness.

Figure 3. Variation of melt flow velocity and melt film thickness with cut depth for different assist gas pressure.

3.3.2. Separation and transition of melt flow

The retardation of the viscous melt streamlines during laser cutting of a thick-section metal
using an inert assist gas jet can result in flow separation as the melt layer thickens rapidly in
order to satisfy continuity within the boundary layer. The point along the cut edge where the
flow separation occurs is referred to as the boundary layer separation point (BLS), which is
shown in Figure 4. Downstream from the boundary layer separation point, there is a back-flow
of the melt adjacent to the kerf wall and the boundary layer flow transitions from a laminar
flow into a turbulent flow in which the melt particles move in random paths. The transition to
turbulent boundary layer flow can also be caused by the disturbances in the laser cutting
process – e.g., fluctuations in processing parameters – which may become amplified until
turbulence is developed [30].

4. Performance of fiber lasers in metal cutting

The evaluation of the performance of the high brightness ytterbium fiber laser system in thick-
section metal cutting is based on the maximum achievable cutting speeds, maximum cutting
depths possible, and cut edge quality attainable. The maximum processing speeds, maximum
processing depths, and resulting cut edge quality are governed by a number of parameters
related to the laser system, workpiece specification, and the cutting process [15]. For cutting
of a specific metal of a given thickness, the cutting process parameters can be altered by the
operator so as to optimize the cutting process and obtain high cut quality at an optimal cutting
speed for high productivity.
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4.1. Maximum achievable cutting speed

The maximum achievable cutting speed for a given laser power level is the maximum cutting
speed at which the cut edges are separated. Wandera et al. [23, 31] tested the maximum cutting
speeds with the corresponding required laser power levels for the cutting of 10-mm stainless
steel, 15-mm mild steel, and 4-mm aluminium using the fiber laser as presented in Figure 5.
Using 5 kW fiber laser power, stainless steel of 10-mm thickness can be cut at a maximum
cutting speed of 1.5 m/min with nitrogen assist gas jet and mild steel of 15-mm thickness can
be cut at a cutting speed of 1.8 m/min with oxygen assist gas jet. Aluminium of 4-mm workpiece
thickness can be cut at 10.2 m/min using 5 kW fiber laser power and nitrogen assist gas jet. A
comparison of the fiber laser and CO2 laser cutting speeds in cutting of 15-mm mild steel and
10-mm stainless steel showed that the fiber laser cutting speeds were over 1.3 times higher
than the CO2 laser cutting speeds for the same power level (see Figure 6). And in the cutting

Figure 4. SEM image of the boundary layer separation on a 10-mm stainless steel cut edge
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of 6–10-mm stainless steel, Sparkes et al. [32] reported an increase in fiber laser cutting speeds
of up to 1.5 times higher than the CO2 laser cutting speeds. Wandera et al. [33] also investigated
the cutting of 1–6-mm stainless steel using a fiber laser of beam quality 2.5mm.mrad and
reported more than double increase in cutting speeds in 1–4-mm workpiece thickness com‐
pared to the CO2 laser cutting speeds. The cutting speed difference between the fiber laser and
the CO2 laser reduces with increase in metal workpiece thickness to the thick-section domain.
The increased cutting speeds for fiber laser is an indication of a higher absorption of the fiber
laser beam by the metal workpiece compared to the absorption of the CO2 laser beam. The
melting efficiency of a given laser increases with increase in the absorptivity since a larger
proportion of the incident laser radiation is absorbed by the material and utilized in melting
of the kerf volume during cutting. Due to the reduction in the proportion of the absorbed laser
beam that is lost through conduction to the substrate metal with higher cutting speeds, the
potential increase in cutting speed when using the high-power ytterbium fiber laser increases
the melting efficiency because the conduction energy losses from the cutting front decrease
with increase in cutting speed.

Figure 5. Maximum achievable cutting speeds using the ytterbium fiber laser

4.2. Cut quality characterization

According to the ISO standard for classification of thermal cuts (SFS-EN ISO 9013:2002) [34],
the cut edge characteristics that are used to classify thermal cuts include: surface rough‐
ness  and  perpendicularity  (squareness)  deviation.  Dross  adherence  and  presence  of  the
boundary  layer  separation  on  the  laser  cut  edges  which  affect  the  surface  roughness
characteristic of a laser cut edge are critical quality aspects that need to be considered in
thick-section metal laser cutting.
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4.2.1. Boundary layer separation and dross adherence

The presence of the boundary layer separation and dross adherence on the laser cut edge are
characteristics of poor cut edge quality. The tendency of boundary layer separation and dross
adherence on cut edges during thick-section metal cutting using an inert assist gas is influenced
by the efficiency of melt removal from the cut kerf. The striations observed on the stainless
steel cut edges during fiber laser cutting with an inert assist gas are associated with the melt
flow mechanisms. Therefore, the cutting process parameters that affect the power intensity at
the cutting front and the gas dynamics in the narrow thick-section cut kerf have a great bearing
on boundary layer separation, dross adherence, and the resultant cut edge surface roughness.

Surface roughness is the unevenness of the cut surface profile which is observed as striations
and adherent dross on the cut edge caused by the dynamical behavior of the laser cutting
process. The dynamics of the laser cutting process affects the shape of the cutting front and
the melt flow mechanism. Inefficient melt removal and the geometrical shape of the lower edge
of the melting front have a strong bearing on the occurrence of adherent dross and is closely
related to the properties of the melt flow [30]. High surface tension and viscosity of the molten
metals affect the melt ejection and can cause dross adherence on the lower cut edge.

The kerf size and assist gas pressure influence the melt velocity and melt film thickness. Dross
adherence on the cut edge as indicated in Figure 7 is caused by the inefficient melt ejection at
the lower cut edge because the molten metal is thicker at the bottom of the kerf due to the
deceleration of the melt film. Dross adherence in cutting of thick-section stainless steel using
fiber laser with an inert assist gas jet is prevented by use of high assist gas pressures and large
kerf width shown in Figure 7. The cutting process parameters that influence the kerf size and
gas flow dynamics in the cut kerf – such as cutting speed, focal point position, and assist gas
pressure – need to be optimized for improved melt removal. A large kerf size, high assist gas
pressure, and large nozzle diameter enhance gas flow rates in the thick-section cut kerfs.

Figure 6. Maximum cutting speeds for cutting 10-mm stainless steel and 15-mm mild steel
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Figure 7. Effect of assist gas pressure on the location of the boundary layer separation point and dross attachment on
cut edges in inert gas-assisted laser cutting

4.2.2. Categorization of the fiber laser cut edges

Wandera et al. [31] presented the different categories of the fiber laser cut edges in thick-section
steel and medium-section aluminum for different cutting speeds at different power levels.
There was existence of adherent dross on cut edges obtained at the slow cutting speeds and at
the cutting speeds close to the maximum achievable cutting speed for a given laser power level.
Wandera and Kujanpää [35] established the cutting process parameter combinations for
optimization of the cut edge quality in 10-mm stainless steel workpiece. The poor cut edge
quality – dross attachment and boundary layer separation – observed in thick-section stainless
steel cut edges obtained using the high brightness fiber laser and an inert assist gas jet is caused
by the difficulty in melt ejection through the narrow thick-section cut kerfs [32, 36]. Therefore,
the rate of melt removal from the narrow thick-section cut kerf may be a potential factor
limiting the maximum workpiece thickness that can be cut using the high brightness fiber laser
rather than the required laser power.

4.3. Effects of laser cutting process parameters

Cutting process parameters that can be altered for the improvement of the cutting process and
the resulting cut edge quality include: used laser power, cutting speed, type and pressure of
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assist gas, nozzle diameter and nozzle stand-off distance, focal point position relative to the
workpiece, and focal length of focusing optics. Maximum cutting speed at a given laser power
level and efficient melt removal for prevention of the undesired dross adherence on the cut
edge can be achieved through optimization of the cutting process parameters. Sparkes et al.
[32] experimentally investigated the effects of different cutting process parameters in the
cutting of 6–10 mm 304 stainless steel using a high brightness ytterbium fiber laser. Wandera
et al. [23, 31] and Wandera and Kujanpää [29], also experimentally investigated the effects of
process parameters in the cutting of 10-mm stainless steel, 15-mm mild steel, and 4-mm
aluminum using the high brightness fiber laser. They observed that the cut edge quality in 6–
10-mm stainless steel improved with increase in cutting speeds, higher nitrogen assist gas
pressures, and wider cut kerfs. The cut kerf width depends on the focused spot size, laser
power absorbed, and the applied cutting speed.

4.3.1. Effect of laser power and cutting speed

The maximum achievable cutting speeds increase with increase in the incident laser power
used for cutting. Wandera et al. [23, 31] and Sparkes et al. [32] reported that for the cut edge
quality in 6–10- mm stainless steel, the location of the boundary layer separation point moves
closer to the bottom cut edge with increase in cutting speed. A lower dross attachment is
experienced with high cutting speeds than when slow cutting speeds are used. The higher
energy density loss from the cutting front when cutting at low cutting process increases the
tendency of dross adherence on the cut edge. The cut edge quality improved with increase in
cutting speeds.

There is a tendency of dross adherence on the cut edge when cutting at the maximum cutting
speeds using the high brightness ytterbium fiber laser; therefore, there is need to define the
acceptable cut edge quality. Typically, the cutting speed giving the best cut edge quality is
lower than the maximum achievable speed for cutting through a given material at the given
laser power level. Therefore, the cutting speed giving the best cut quality is the optimum
cutting speed, especially for applications where cut edge quality is of paramount importance
[35]. Application of cutting speeds that are beyond or below the optimum cutting speed results
in dross adherence on the lower cut edge. To improve the cut quality in metal cutting using
the high brightness and short wavelength lasers, Olsen et al. [37] developed a multi-beam
approach to control the melt flow out of the cut kerf. Their approach involves splitting up the
beams from two single mode fiber lasers and positioning the beams in a pattern in the cut kerf
in such a way that there is a melt beam that performs melting and the melt ejection beam.

In reactive fusion cutting using an active assist gas jet, there is a significant variation in kerf
width with cutting speed because the exothermic reaction is very erratic at slow cutting
speeds, resulting in increased sideways burning and widening of the kerf width (see Figure
8). There is a reduction in the occurrence of the irregular deep grooves on the cut edge with
a  reduction of  assist  gas  pressure  and increase  in  cutting  speed to  optimum levels.  In‐
creased cutting speeds also result in poor melt ejection at the bottom of the cut kerf, causing
dross attachment and in worst cases the eventual resealing of the lower cut edge by the
resolidified melt.
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Figure 8. Effect of cutting speed on striation pattern in 15- mm mild steel

4.3.2. Effect of type and pressure of assist gas

Wandera et al. [29] showed that there was a good correlation between the calculated melt flow
velocity and melt film thickness with the location of the boundary layer separation point on
the 10-mm stainless steel cut edges made using a high-power fiber laser with an inert assist
gas jet. The melt flow velocity increases with increasing assist gas pressure so that the melt
film thickness decreases and the boundary layer separation point moves closer to the kerf
bottom with increase in assist gas pressure. Consequently, in the cutting of the 10-mm stainless
steel plate using the high brightness fiber laser, the cut edge quality was optimized with
increase in assist gas pressure to over 16 bars so as to eliminate the boundary layer separation
on the cut edge (see Figure 9). The dross attachment on the cut edge and surface roughness is
also reduced with increase in assist gas pressure as shown in Figure 10. It is shown in Figure
9 that the assist gas pressure does not have an effect on the kerf width in inert gas-assisted
laser cutting.

The dynamic nature of the exothermic oxidation reaction that occurs during reactive fusion
laser cutting of mild steel is favored by high oxygen gas pressure resulting in wider non-
uniform cut kerfs as shown in Figure 11. The nature of the erratic exothermic oxidation reaction
at high oxygen pressure produces irregular deep striations on the cut edge. The ridges
observed on the cut edge in laser oxygen-assisted cutting of 15-mm mild steel using the fiber
laser is typical of the mechanism of the sideways burning, as originally explained by Arata et
al. and Miyamoto and Maruo [38, 39].

4.3.3. Effect of focal point position

The focal point position is the location of the minimum focused spot size relative to the
workpiece top surface. The focal point position which affects the laser power intensity on the
workpiece influences the cut kerf size and affects the melt removal process, thus affecting the
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Figure 9. Effect of assist gas pressure on the location of boundary layer separation point and kerf width in inert gas-
assisted laser cutting

Figure 10. Variation of surface roughness with assist gas pressure for the fiber laser cut edges in 10-mm stainless steel
and 4-mm aluminum
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cut edge quality. The highest incident power intensity necessary for penetration of a thick-
section metal workpiece at the highest cutting speed is achieved when the focal position is at
the workpiece top surface. However, for fiber laser cutting, the focal position at the workpiece
top surface results in narrow cut kerfs and the poor melt removal mechanism in the narrow
thick-section laser cut kerfs causes dross attachment on the lower cut edge. Usually, the lower
section of the cut edge has a higher surface roughness than the upper section due to the melt
build-up at the lower cut section, resulting in inefficient melt removal.

Efficient melt removal is obtained when wider cut kerfs are created with the focal position
located below the workpiece top surface. For improved cut edge quality, the focal positions
below the workpiece top surface are essential in thick-section metal cutting using the fiber
laser so as to obtain wider cut kerfs for efficient melt removal as long as the power intensity
at the workpiece top surface is sufficient to obtain complete penetration of the workpiece.
When cutting thick-section stainless steel using the fiber laser, optimum cut edge quality is
obtained when the focal position is located on the lower surface of the workpiece as long as
the power intensity is sufficient to penetrate the workpiece at the applied cutting speed; in this
case, the applied cutting speed should be lower than the maximum achievable speed for the
applied laser power. Complete penetration of the thick-section stainless steel workpiece cannot
be achieved at the maximum cutting speed for a given power level when the focal point
position is far into the lower half section of the workpiece thickness because of the reduced
power intensity on the workpiece surface. On the cutting of a 10-mm stainless steel workpiece
using the fiber laser, the tendency for dross attachment on the lower cut edge is more significant
with focal point positions located on the upper half section of the workpiece thickness (see
Figure 12). Focal positions close to the workpiece bottom surface produce clean dross-free cuts
because of the wider cut kerfs formed with these focal positions.

Figure 11. Effect of oxygen assist gas pressure on the kerf width and striations
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Figure 12. Effect of focal point position on the dross adherence on 10-mm stainless steel

4.3.4. Effect of nozzle diameter and stand-off distance

The efficiency of melt ejection is influenced by the nozzle diameter which determines the
amount of the cutting gas jet available at the cutting front. In the case of thick-section metal
cutting with an inert assist gas jet, the nozzle diameter significantly affects the location of the
boundary layer separation point on the cut edge. The location of the boundary layer separation
point moves toward the bottom cut edge with increase in the nozzle diameter because of the
enhanced melt removal process facilitated by the increased amount of assist gas provided by
the large-size nozzle. There is no boundary layer separation on the cut edge with the 2.5-mm
nozzle diameter [29].

In the oxygen-assisted laser cutting, a smaller nozzle size enhances achievement of a good cut
quality with a finer uniform striation pattern on the cut edge by limiting the extent of the
sideways burning oxidation reaction. In fiber laser cutting of 15-mm mild steel using oxygen
assist gas, the best cut quality was obtained with a 1.5-mm nozzle diameter and the 2.5-mm
nozzle diameter produced the worst cut edge quality [23].

The nozzle stand-off distance – distance between the nozzle and the workpiece top surface –
influences the gas flow dynamics at the entrance of the cut kerf and consequently affects the
gas flow patterns at the cutting front. The gas flow patterns at the cutting front have a strong
effect on the resulting cut edge quality especially during high pressure inert gas-assisted laser
cutting [40, 41, 42]. The nozzle stand-off distances (0.5–1.2 mm) tested by Wandera and
Kujanpää [29] in the cutting of 10-mm stainless steel workpiece showed that the nozzle stand-
off distance did not have an effect on the location of boundary layer separation [29].
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4.3.5. Effect of focal length of focusing optics

The effects of cutting speed and focal point position on the surface roughness of the fiber laser
cut edges are more significant when a short focal length of the focusing optics is used than
when longer focal length optics is used. In cutting of 10-mm stainless steel using the 4 kW fiber
laser power at cutting speed of 1.0 m/min and focal position located on the bottom workpiece
surface, dross-free cut edges with lower surface roughness were obtained with the 254-mm
focal length optics than when the 190.5-mm focal length optics was used. This is because wider
cut kerfs were obtained with the 254-mm focal length optics compared to the 190.5-mm focal
length optics [35].

5. Conclusion

Performance of the high brightness ytterbium fiber laser system in metal cutting has been
extensively evaluated in stainless steel, mild steel and aluminium cutting. The maximum
cutting speeds and maximum workpiece thickness that can be cut using the ytterbium fiber
laser have been shown to be largely governed by a number of cutting process parameters that
affect the melt removal process and influence the resultant cut edge quality. Exceedingly
higher cutting speeds in thin-section to medium-section (less than 6 mm sheet thickness) metal
cutting have been realized with the ytterbium fiber laser compared to the CO2 laser. However,
a drastic reduction in maximum cutting speed has been reported in thick-section (above 6 mm
sheet thickness) metal cutting using the ytterbium fiber laser due to deterioration in cut edge
quality at the maximum cutting speed. Optimization of the cutting process parameters for
enhancement of the cut edge quality in thick-section metal cutting at high cutting speeds using
the ytterbium fiber laser has shown that the maximum applicable cutting speed is influenced
by the melt removal process.
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