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Maximum transmission distance in a fiber optical community antenna TV (CATV)
system is still limited by RF parameters. A number of techniques like split-band schemes,
light-injection and dispersion compensation have been applied to extend this bottleneck. 
Authors of chapter 28 discuss these techniques with the target to make a cost effective fiber 
optic CATV system, for which they argued that it is important to combine fiber optical 
CATV systems with other applications, e.g. Internet access and WiMAX services. 

Active optical alignment of optoelectronic components in any optical communication
system is an important issue especially in high-speed optical communication systems such 
as 10 Gb/s or higher. In most situations, passive techniques are employed. Chapter 29 
describes a bi-directional MEMS-based optical beam steerer as an active solution to 
minimize such technological issues. This was achieved through use of a silicon optical bench 
containing a set of micro-machined silicon components comprising of the substrate, RF feed-
through, hermetic sealing and optical alignment functions. 

As the editor, I feel extremely happy to present to the readers such a rich collection of
chapters authored/co-authored by a large number of experts for this book covering the 
broad field of guided wave optics and optoelectronics from around the world. It was indeed 
a monumental task to edit such a large volume. Most of the chapters are state-of-the-art on
respective topics or areas that are emerging. Several authors narrated technological 
challenges in a lucid manner, which was possible because of individual expertise of the
authors on their own subject specialties. I have no doubt that the book would be useful to
graduate students, teachers, researchers, and practicing engineers and technologists and
they would love to have it on their book shelves for ready reference at any time.   

I thank Professor Vedran Kordic for inviting me to edit this book, which was a 
delightful experience for me in view of the ocean of knowledge and information that is
contained in each chapter. In fact Professor Kordic contacted individual chapter lead
authors. On behalf of Prof. Kordic and the publisher of this e-book, I would thank all the
contributors for their scholarly contributions. Finally I would like to thank my daughter
Parama Pal, presently with the Wellman Laboratory of Photomedicine at the Harvard 
University Medical School in Boston, USA and also my wife Subrata for helping me with the
composition of the preface and editing of the book.

January 27, 2010 

Editor 

Bishnu Pal 
Physics Department, 

Indian Institute of Technology Delhi 
New Delhi, India 
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Preface 
I have great pleasure in introducing this e-book “Frontiers in Guided Wave Optics and 

Optoelectronics” under the new series Advances in Lasers and Electro Optics being 
published by IN-TECH Publishers. Guided wave optics and optoelectronics are at the heart 
of optical communications, optical signal processing, miniaturization of optical components, 
biomedical optics, defense applications, and so on. The most recent recognition of the 
importance of this subject has been acknowledged through the conferral of the Noble Prize 
in Physics for 2009 to Dr. Charles Kao “for groundbreaking achievements concerning the 
transmission of light in fibers for optical communication". The charter of the Noble Prize 
states that it is given to “ …. who shall have conferred greatest benefit on mankind”. Optical 
communication in the last two decades has revolutionized the way information is 
transferred in terms of instant transmission as well as access especially the Internet. Optical 
fiber networks are now taken for granted regardless of the scale of access, be it inter-city, 
inter-continental, metro or local. Transmission loss in silica fibers has been reduced to nearly 
the lowest possible limit, dispersion of signals in a telecom grade fiber can be highly 
controlled to a level where signals are transmitted over long distances without any 
significant impairment, and nonlinearity-induced distortions can be reduced drastically 
through appropriate fiber design. With all these remarkable achievements, it appeared for a 
while in the mid-1980s that there would be no further scope for research in optical fibers. 
However it turned out that new demands arose for specialty fibers, in which dispersion and 
nonlinearity could be tailored to achieve transmission properties, which are otherwise 
impossible in conventional fibers. Around this time, the concept of photonic crystals (PhC) 
was put forward, which eventually led to the development of microstructured optical fibers 
(MOF), which are also referred by some as photonic crystal fibers (PCF).  

Chapter 1 forms the subject matter of specialty optical fibers such as large negative 
dispersion coefficient fibers, which are known to serve as dispersion compensating fibers. 
Inherently gain flattened erbium doped fibers, which do not require any gain flattening 
filters as a cost effective solution for the metro optical networks are also described in this 
chapter. The so-called photonic bandgap guided fibers, which fall within the class of 
microstructured fibers, constitute a completely new type of fiber waveguides, whose 
functional principle for light guidance and confinement is totally different from that of 
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conventional fibers. In certain forms, these fibers are capable of guiding light in an air core 
thereby enabling the propagation of light with ultra low loss. As a corollary, these fibers can 
also serve as a conduit for high-energy pulses without causing any material damage within 
the fiber or impairing the signal due to nonlinearities induced at high powers. 
Microstructured fibers also form a versatile platform for generating supercontinuum (SC) 
light, which is a highly spatially coherent, intense broadband light with imminent 
applications that range from biomedical imaging and engineering to laser development and 
the generation of stable frequency combs.  

Chalcogenide glass-fibers, which form another example of application-specific specialty 
fibers, are described in chapter 2. Fibers drawn from As-S-Se-like glass systems exhibit large 
nonlinearities. The authors, who are from a leading group in the US on this topic, have 
highlighted the utility of such fibers for building up compact Raman as well as Brillouin 
amplifiers, SC light generators in the near and mid-infrared wavelength regions, fast optical 
switches, optical regenerators for high speed telecommunication systems, efficient slow light 
realization and several other issues.  

Measurements on nuclear radiation response of a variety of commercially available 
radiation hardened fibers are described in chapter 3. In nuclear environments, optical fibers 
are often employed for data collection as hybrid sensors and transmission of the same to a 
remote date processing center, as well as light-guides for control and diagnostics. Through 
detailed studies on the gamma, beta and neutron irradiation effects on these fibers, the 
authors have described the role and mechanism behind the formation of different types of 
colour centers as a result of the irradiation. These colour center formations are attributed to 
molecular bonding between different basic constituents at the atomic level. Such studies are 
important from the point of view of choosing material systems in the fabrication of 
radiation-hardened fibers. 

Chapter 4 (which is a collaborative effort by authors from Russia and Scotland) 
describes programmable all-fiber techniques (e.g. linearly chirped fiber Bragg grating) for 
the synthesis and control of fast (pico to sub-pico second) temporal optical pulses for 
applications in nonlinear optical switching and wavelength conversion devices. The control 
of short, parabolic flat-top optical pulses is also important for self-phase modulation-
induced supercontinuum generation experiments. Such optical signal processing techniques 
are important in e.g. ultrahigh-bit-rate optical communications, coherent control of atomic 
and molecular processes, and generation of ultra-wideband RF signals.  

In chapter 5, the authors deal with the topical phenomenon of slow light (SL), which has 
garnered enormous attention in recent years.  SL essentially refers to the significant slowing 
down of the group velocity of light in a medium near its resonance i.e. at frequencies where 
propagating light resonantly interacts, e.g. for gain or absorption, with atoms or molecules. 
Slow light has several potential applications as delay lines, optical buffers, equalizers etc, 
especially from the optical communication perspective. Unfortunately the topic essentially 
remained an academic curiosity for a long time because at a resonance the gain or 
absorption of light in the media is far too strong to be fruitfully fully exploited for device 
realization. In late 1990s it was shown that through nonlinear resonance interactions, such as 
in stimulated Brillouin scattering (SBS), group velocities could be brought down to few tens of 
meters per second because dn/dω could be large and yield sharp resonances. The authors 
argue that realizing this effect in an all-fiber form, e.g. as a delay line, is all the more 
attractive because as a device, this could be seamlessly integrated into an optical fiber 
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conventional fibers. In certain forms, these fibers are capable of guiding light in an air core
thereby enabling the propagation of light with ultra low loss. As a corollary, these fibers can 
also serve as a conduit for high-energy pulses without causing any material damage within
the fiber or impairing the signal due to nonlinearities induced at high powers. 
Microstructured fibers also form a versatile platform for generating supercontinuum (SC)
light, which is a highly spatially coherent, intense broadband light with imminent 
applications that range from biomedical imaging and engineering to laser development and 
the generation of stable frequency combs.

Chalcogenide glass-fibers, which form another example of application-specific specialty
fibers, are described in chapter 2. Fibers drawn from As-S-Se-like glass systems exhibit large 
nonlinearities. The authors, who are from a leading group in the US on this topic, have 
highlighted the utility of such fibers for building up compact Raman as well as Brillouin 
amplifiers, SC light generators in the near and mid-infrared wavelength regions, fast optical
switches, optical regenerators for high speed telecommunication systems, efficient slow light 
realization and several other issues.  

Measurements on nuclear radiation response of a variety of commercially available
radiation hardened fibers are described in chapter 3. In nuclear environments, optical fibers
are often employed for data collection as hybrid sensors and transmission of the same to a
remote date processing center, as well as light-guides for control and diagnostics. Through 
detailed studies on the gamma, beta and neutron irradiation effects on these fibers, the
authors have described the role and mechanism behind the formation of different types of
colour centers as a result of the irradiation. These colour center formations are attributed to
molecular bonding between different basic constituents at the atomic level. Such studies are
important from the point of view of choosing material systems in the fabrication of 
radiation-hardened fibers.

Chapter 4 (which is a collaborative effort by authors from Russia and Scotland)
describes programmable all-fiber techniques (e.g. linearly chirped fiber Bragg grating) for 
the synthesis and control of fast (pico to sub-pico second) temporal optical pulses for 
applications in nonlinear optical switching and wavelength conversion devices. The control
of short, parabolic flat-top optical pulses is also important for self-phase modulation-
induced supercontinuum generation experiments. Such optical signal processing techniques 
are important in e.g. ultrahigh-bit-rate optical communications, coherent control of atomic
and molecular processes, and generation of ultra-wideband RF signals.

In chapter 5, the authors deal with the topical phenomenon of slow light (SL), which has 
garnered enormous attention in recent years. SL essentially refers to the significant slowing 
down of the group velocity of light in a medium near its resonance i.e. at frequencies where
propagating light resonantly interacts, e.g. for gain or absorption, with atoms or molecules.
Slow light has several potential applications as delay lines, optical buffers, equalizers etc, 
especially from the optical communication perspective. Unfortunately the topic essentially
remained an academic curiosity for a long time because at a resonance the gain or
absorption of light in the media is far too strong to be fruitfully fully exploited for device 
realization. In late 1990s it was shown that through nonlinear resonance interactions, such as
in stimulated Brillouin scattering (SBS), group velocities could be brought down to few tens of
meters per second because dn/dω could be large and yield sharp resonances. The authors
argue that realizing this effect in an all-fiber form, e.g. as a delay line, is all the more 
attractive because as a device, this could be seamlessly integrated into an optical fiber 
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network through techniques such as splicing. The authors make a detailed study of SBS and 
the physical mechanism by which a Stokes pulse can be slowed in an optical fiber. 

In chapter 6, optical amplification characteristics of Bismuth doped glass and fibers in 
the O-band spanning from 1260 nm to ~ 1360 nm are described. Optical amplification 
through erbium doped fibers in the wavelength band spanning the C- and L-band across 
1530 ~ 1610 nm has matured as a present technology. However, since the demand for 
bandwidth is ever-increasing, utilization of additional potential amplifier bands of high-
silica fibers for wavelength division multiplexed transmission is always attractive. Though 
Fiber Raman amplifiers and Praseodymium-doped glass fiber amplifiers could work at the 
O-band, their gain bandwidth is rather limited. Bismuth doped fiber amplifiers can
potentially offer a much wider gain bandwidth, which is the topic of study of this chapter.
Since zero dispersion wavelengths of conventional fibers like ITU specified G-652 fibers
(example, SMF-28 of Corning Inc.) fall within the O-band, development of wide band
amplifiers (as well as lasers) for this band is very attractive because it would amount to
adding more transmission bandwidth and could complement fiber amplifiers already
studied for the C-, L-, and S- bands. One important finding of their studies is the necessity of
co-doping with Aluminium for achieving broadband luminescence at the infrared
wavelengths when pumped with commercially available 810 nm high power laser diode.

New demands for broadband wireless in access networks, radar related data 
processing, hybrid fiber radio (HFR), mm wave and THz generation systems, etc have given 
rise to a new application-specific research area of optical fibers known as Radio-over-Fibre 
(RoF), which forms the subject matter of chapter 7. This subject area is also often referred to 
as microwave photonics, in which a radio signal typically in the millimetre wave band is 
transmitted through optical fibers employing laser sources and electro-optical devices. HFR, 
in some sense, is similar to hybrid-fibre coaxial (HFC) network, in which a combination of 
digital and analog channels are distributed in the last mile through coaxial cables with the 
main difference that in HFR, the ‘last-mile’ distribution is done wirelessly. The authors state 
that in the RoF technology the required RF signal processing functions in one shared Central 
Office and then optical fibers are used to distribute the RF signals to the remote access units 
(RAU), which make this approach very cost effective. This enables the incorporation of 
advanced network features such as dynamic allocation of resources.  

As mentioned in chapter 1, nonlinear aspects of microstructured specialty fibers (also 
referred to as photonic crystal fibers) is exploited to dramatic effect for broadband SC light 
generation. These fibers also offer engineerable dispersion profiles, which facilitate control 
over the nature of the generated SC light. SC generation has been known to result from 
soliton fission processes as well as Raman effects and some phase matching phenomena, 
which occur on these fibers under the right conditions. The dynamics and interactions 
between solitons as well as the phenomenon of dispersive wave generation are dealt with in 
chapter 8 and provide insight into how propagating femtosecond pulses generate new 
frequencies. This topic is also extensively investigated experimentally by deploying the so-
called sum frequency generation (SFG) X-FROG (Cross correlation frequency resolved 
optical gating) technique, which is a time-spectral visualisation technique. Besides 
conventional MOFs, the authors have also investigated SC from soft glass like SF6-based 
extruded MOFs, in which nonlinearity could be much stronger than high-silica glass and 
they could show quite remarkable agreement between theory and experiment.  

In chapter 9, the authors describe three varieties of dispersion compensating devices, 
which play important role in the generation, amplification and propagation of dispersion-
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free femtosecond pulses. Various such devices include chirped mirrors, grating and prism 
pairs and are discussed in this chapter, out of which grating pair-based dispersion 
compensation approaches have been discussed in greater detail, which is of critical 
importance for the field of ultra-fast optics. 

Dispersion tailored photonic crystal or microstructured fibers form the subject of study 
in chapter 10. Though there is some overlap of the discussions with those discussed in 
chapter 1, this chapter provides greater details on dispersion characteristics of MOFs. The 
introduction contains a concise review of the state-of-the-art of various fiber designs. The 
authors present their analysis of the dispersion profiles of photonic band gap (PBG) fibers 
including solid-core and hollow-core photonic crystal fibres, whose periodicity is modified 
by applying resonant Gires-Tournois interferometric (GTI) resonant layers around the core, 
which induces a frequency-dependent phase shift of the light. This concept is then utilized 
to design Bragg fibers with the layers immediately adjacent to the core having parameters 
that are distinct from the rest of the high and low index layers in the periodic cladding, 
which form the GT layers. The same concept is then extended to an all-glass PCF as well as a 
hollow-core Bragg fiber and a hollow-core PCF with honeycomb cladding for tailoring their 
dispersion properties. 

 Chapter 11 is concerned with a detailed study on the origin and influence of refractive 
index change (RIC) induced due to population inversion in resonant fiber structures such as 
Ytterbium (Yb)-doped fiber lasers, which operate in the 1 μm spectral region. The results 
presented in this chapter indicate that far-resonance electronic transitions in the UV rather 
than near-resonant IR transitions are responsible for the RIC. By extending their arguments, 
the authors propose exploiting this effect to develop a simple all-fiber solution for 
coherently beam combining rare-earth-doped fiber amplifiers through active phase control 
in an all-fiber spliced configuration.  

In chapter 12, current research and applications of periodically poled lithium niobate 
(PPLN)-based optoelectronic devices, which include tunable wavelength filters, polarization 
controllers, electro-optical and various switches are reviewed. Since lithium niobate is used 
extensively for configuring integrated optical waveguides, this study, in principle, can be 
extended to waveguide geometries. Theoretical analyses and designs of integrated optical 
wavelength-selective switches (with potential operating speeds of a few tens of picoseconds or 
faster) in the form of a cascaded Mach-Zehnder interferometer (MZI) are discussed in the 
subsequent chapter (Chapter 13). Cascaded MZI’s are an excellent candidate for configuring 
integrated optical wavelength interleavers due to their inherent strong wavelength 
selectivity. In chapter 13, the authors propose a combination of Raman waveguide 
amplifiers integrated in the arms of the first stage MZI and the integration of an attenuator 
in one of the arms of the second stage MZI as a means to achieve control of light amplitude 
through stimulated Raman scattering. The authors also describe an alternative architecture 
for such a switch in which three Raman amplifiers are placed in the lower arms of a three-
stage cascaded MZI. The efficiency of its switching operation is verified through computer 
simulation by employing a finite difference beam-propagation-method. 

Chapter 14 discusses nonlinear integrated optical device platforms based on high-index 
doped-silica materials. Often referred to as silicon photonics, this platform offers a 
compromise between the linear optical properties of single-mode fibers and those of 
semiconductors and other nonlinear glasses. In particular, measurement techniques to 
characterise the linear and third order nonlinearities, with specific applications to parametric 
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free femtosecond pulses. Various such devices include chirped mirrors, grating and prism
pairs and are discussed in this chapter, out of which grating pair-based dispersion 
compensation approaches have been discussed in greater detail, which is of critical 
importance for the field of ultra-fast optics.

Dispersion tailored photonic crystal or microstructured fibers form the subject of study 
in chapter 10. Though there is some overlap of the discussions with those discussed in 
chapter 1, this chapter provides greater details on dispersion characteristics of MOFs. The 
introduction contains a concise review of the state-of-the-art of various fiber designs. The
authors present their analysis of the dispersion profiles of photonic band gap (PBG) fibers
including solid-core and hollow-core photonic crystal fibres, whose periodicity is modified
by applying resonant Gires-Tournois interferometric (GTI) resonant layers around the core,
which induces a frequency-dependent phase shift of the light. This concept is then utilized
to design Bragg fibers with the layers immediately adjacent to the core having parameters
that are distinct from the rest of the high and low index layers in the periodic cladding,
which form the GT layers. The same concept is then extended to an all-glass PCF as well as a
hollow-core Bragg fiber and a hollow-core PCF with honeycomb cladding for tailoring their 
dispersion properties. 

Chapter 11 is concerned with a detailed study on the origin and influence of refractive
index change (RIC) induced due to population inversion in resonant fiber structures such as
Ytterbium (Yb)-doped fiber lasers, which operate in the 1 μm spectral region. The results
presented in this chapter indicate that far-resonance electronic transitions in the UV rather 
than near-resonant IR transitions are responsible for the RIC. By extending their arguments,
the authors propose exploiting this effect to develop a simple all-fiber solution for 
coherently beam combining rare-earth-doped fiber amplifiers through active phase control
in an all-fiber spliced configuration.  

In chapter 12, current research and applications of periodically poled lithium niobate 
(PPLN)-based optoelectronic devices, which include tunable wavelength filters, polarization 
controllers, electro-optical and various switches are reviewed. Since lithium niobate is used 
extensively for configuring integrated optical waveguides, this study, in principle, can be 
extended to waveguide geometries. Theoretical analyses and designs of integrated optical 
wavelength-selective switches (with potential operating speeds of a few tens of picoseconds or
faster) in the form of a cascaded Mach-Zehnder interferometer (MZI) are discussed in the 
subsequent chapter (Chapter 13). Cascaded MZI’s are an excellent candidate for configuring 
integrated optical wavelength interleavers due to their inherent strong wavelength
selectivity. In chapter 13, the authors propose a combination of Raman waveguide
amplifiers integrated in the arms of the first stage MZI and the integration of an attenuator 
in one of the arms of the second stage MZI as a means to achieve control of light amplitude
through stimulated Raman scattering. The authors also describe an alternative architecture
for such a switch in which three Raman amplifiers are placed in the lower arms of a three-
stage cascaded MZI. The efficiency of its switching operation is verified through computer
simulation by employing a finite difference beam-propagation-method. 

Chapter 14 discusses nonlinear integrated optical device platforms based on high-index
doped-silica materials. Often referred to as silicon photonics, this platform offers a 
compromise between the linear optical properties of single-mode fibers and those of
semiconductors and other nonlinear glasses. In particular, measurement techniques to
characterise the linear and third order nonlinearities, with specific applications to parametric
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four wave mixing (FWM) are described. Potential applications such as narrow line width, 
and/or multi-wavelength sources, on-chip generation of correlated photon pairs, as well as 
sources for ultra-low power optical hyper-parametric oscillators are also projected. 

Advances in inscription of waveguides and micro/nano-photonic devices through the 
use of high-power, focused femtosecond laser pulses, generally referred to as femtosecond 
micromachining, are reviewed in chapter 15. In this chapter, the authors highlight the 
interactions between a suitable material (typically glass) and short pulses that result in 
permanent changes in the physical, chemical and optical properties of the material on a sub-
micron scale. State-of-the-art femtosecond laser sources, machinable materials, and some of 
the current applications for this type of technology are also reviewed. Interestingly this 
technique has been used to produce phase masks, which are essential for fabricating 
wavelength selective fiber devices such as in-fiber Bragg gratings. This technology can be 
used to realize high aspect ratio, micron-scale channels as microfluidic lab-on-chip devices 
such as for measuring a specific particle to particulate sorting and counting. Due to the high 
point density that can be achieved through the spatial confinement of the femtosecond 
pulse-material interaction, this technology has been also used in high density data storage 
and retrieval applications, for creating sub-micron features in polymers through 
polymerization, producing photonic crystal structures and even for fabricating medical 
stents. The authors state that the industrialisation of micromachining processes will be of 
great significance in the future of solar cell and flexible organic light emitting diodes 
(OLEDs) or manufacturing techniques which require highly localised and fast creation of 
complex, machinable patterns. 

Magneto-optical materials for integrated optical waveguides, which form the topic of 
chapter 16, are attractive for optoelectronics because of their unique characteristics like non-
reciprocity and retention of memory. The most common example of one such component, 
which is required in an optical communication network, is an optical isolator, which is 
invariably used as an integral component in a fiber amplifier to prevent it from lasing. The 
authors of this chapter report on the growth of (Cd,Mn)Te waveguides on GaAs substrate 
for realizing  magnetooptical integrated optical isolator with a high isolation ratio of 27 dB, a 
low optical loss of 0.5 dB/cm, and a high magneto-optical figure-of-merit of 2000 
deg/dB/kG over a 25-nm wavelength range. They have also utilized the magnetization 
reversal of nano-magnets through spin-polarized photo-excited electrons for realizing non-
volatile, high-speed optical memory. Metal clad magnetooptical waveguides have also been 
described in this chapter. 

The subject of the next chapter 17 is based on hollow optical waveguides, known as 
Bragg reflectors, for integrated optics. These waveguides confine light by Bragg reflectors 
oriented transversely to the direction of propagation. A widely tunable Bragg reflector is 
introduced which demonstrates on-chip polarization control for adjustable compensation of 
polarization mode dispersion (PMD). Owing to a weak dependence of air on temperature, 
the phase delay suffered by the light confined in hollow core waveguides (which have been 
introduced in Chapter 1), is nearly temperature-insensitive, which is of significant 
advantage in waveguide-based sensors. By incorporating MEMS-based actuators on either 
of the multilayer Bragg mirrors, the air gap between the mirrors can be tuned to achieve 
tunable propagation characteristics of such waveguides. Chapter 18 is also devoted to Bragg 
gratings in which the grating is located exclusively along the longitudinal direction of a 
fiber’s core – the so-called Fiber Bragg Grating (FBG) - with a focus on increasing the 
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operating temperature ranges of these FBGs. The authors refer to these devices as 
regenerated fiber gratings, which can withstand temperatures in excess of 1200°C. These 
gratings have a number of potential applications, which include their role in monitoring 
furnace temperatures in various situations, and their utility as a component in high peak 
power fibre lasers. In the following chapter 19, optical deposition of carbon nano tubes 
(CNTs) onto optical fibers to realize CNT-based fiber devices is described including 
fundamental properties of CNTs, their fabrication, and CNT-based optical devices. Utility of 
CNT as a passive mode-locker, or as a saturable absorber for ultrashort pulse generation is 
well known for sometime now. Authors developed a method, which enables area-selective 
deposition of CNTs only onto the core region of an optical fiber end.  Evanescent coupling 
between CNTs and propagation mode of a microfiber is one way to realize a polarization 
insensitive CNT device. The authors demonstrate a passively mode-locked fiber laser 
having optically deposited CNTs (to serve as saturable absorber) circumscribing a 
microfiber, which’s tapered (realized through heat and stretch method) waist was ~ 6 μm. 

Thulium (Tm3+) doped fibers initially attracted attention from the point of view of their 
use as fiber amplifiers at the S-band. Chapter 20 describes high power Tm3+ fiber lasers and 
their utility as pump for chromium doped ZnSe (Cr2+:ZnSe) lasers. In Tm3+-doped fiber 
lasers, output at the mid-infrared wavelengths ~ 2 μm is realizable, which is extremely 
important from the point of view of laser microsurgery due to high absorption by water in 
this spectral region. Thus these lasers could provide high-quality laser tissue cutting and 
welding in biomedical optics besides potential applications in environment monitoring, 
LIDAR, optical-parametric-oscillation (OPO) OPO-based pump sources, and so on. Authors 
discussed a variety of double clad fiber structures to configure Tm3+ doped fiber lasers. This 
longest chapter spread over 70 pages in the book contains details of several issues e.g. 
spectroscopy, fabrication, scalability, nonlinear optical effects, wavelength tunability, self-
pulsing, Q-switched operation, etc. of Tm3+ fiber lasers.  

In chapter 21, development of ~ 2 μm wavelength emitting lasers in the form of crystal 
lasers, fibre lasers and semiconductor lasers are discussed. For the crystal and fiber lasers, 
authors focus on thulium and holmium doped systems, in which output powers close to 1 
kW and slope efficiencies of up to 68 % have been reported. The chapter also describes latest 
improvements of GaSb-based laser diodes and ends by indicating their potential 
applications in spectroscopy, sensing, surgery, and material processing. 

Chapter 22 focuses on the design and realisation of photonic crystal (PhC)-based micro 
resonators for lasers. In view of the versatility afforded by PhCs, optical properties of such 
resonator can be manipulated without almost any restrictions. Two different schemes for 
designing PhC laser resonators were discussed by the authors. The first one uses a bulk 
active region, which is surrounded by a PhC-mirror and the second type uses the PhC 
directly as the gain medium. Incorporation of PhCs allows for a full control of the dispersion 
relation of a resonator, and hence enables newer designs of resonators. Surface plasmonic 
waveguides, in which the active semiconductor region is sandwiched between two metallic 
layers of gold, were also used to realize THz quantum cascade lasers.  

Ceramic lasers form the subject matter of chapters 23 and 24. Due to their short 
fabrication period and being mass-producible, the cost of ceramic laser materials could be 
much lower than that of single crystals. Furthermore, no complex facilities and critical 
techniques are required for the growth of large sized ceramics. At a low doping 
concentration, efficiency of a diode-end-pumped Nd:YAG ceramic laser was found to be 
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higher than that of a Nd:YAG single crystal laser. A high-power (6.8 W) tunable Yb:YAG 
ceramic laser with a slope efficiency as high as 72% has been demonstrated at room 
temperature. A diode pumped passively mode-locked Yb:YAG ceramic laser was also 
demonstrated for the first time by the authors in chapter 23. Broad tunability in the spectral 
range from 994.35 to 1098.87 nm and from 992.52 to 1110.83 nm in two different cases at 
room temperature were also obtained in such Yb:YAG ceramic lasers. In chapter 24, 
polarization properties of laser diode pumped micro-chip Nd:YAG ceramic lasers is 
presented. The author of this chapter points out that ceramic lasers, which consist of 
randomly distributed single crystals surrounded by grain boundaries, are interesting for 
studying lasing properties in random media. Observed segregations into multiple local-
modes due to field interference effect among the local-modes and the associated variety of 
dynamic instabilities that occur in laser diode-pumped Nd:YAG ceramic samples were 
discussed.  

Chapter 25 is concerned with surface-emitting circular Bragg lasers.  Surface-emitting 
lasers have attracted attention because of their salient features such as low-threshold 
current, single-mode operation, and wafer-scale integration. Their low-divergence surface-
normal emission also facilitates output coupling and packaging. Vertical Cavity Surface 
Emitting Lasers (VCSELs) though available commercially, their single-modedness and good 
emission patterns are guaranteed only over a very small mode area (diameter of ~ μm).  
Attempts to further increase the emission aperture have failed mostly because of the 
contradictory requirements of large-area emitting aperture and single modedness. From this 
perspective, circular Bragg lasers could circumvent this problem. This chapter contains a 
comprehensive and systematic theoretical study on the surface-emitting Hankel-phased 
circular Bragg lasers in various geometries. According to the authors, these lasers should 
find applications in ultra-sensitive biochemical sensing, all-optical gyroscopes, and coherent 
beam combining, and as high-power, high-radiance sources in communications and display 
technology. 

The integration of optical and wireless mode of communication in access networks is 
the subject matter of chapter 26.  It essentially implied the convergence of two conventional 
technologies - radio frequency (RF) for wireless access in the last tens of meters and optical 
fiber for wired transmission across long-range links. RoF techniques have been discussed in 
an earlier chapter. Authors here argue that service providers for next-generation access 
networks are expected to offer end users greater choice, convenience and variety in an 
efficient way, which would require delivery of voice, data and video services with mobility 
feature to serve the fixed and mobile users in a unified networking platform. Ultra 
uncompressed HD Video with (UHDV) 7680 x 4320 pixels (33 Mega pixels) plus 22.2 sounds 
(24 channels in three layers) would require 40 GB/s or higher data speed. The chapter 
contains details of a variety of enabling technologies to accomplish such convergence 
including results from a test bed.  

Photonic crystal (PhC)-based optical multiplexers (MUX)/demultiplexers (DMUX) are 
discussed in chapter 27, in which the authors initially dwell on definition and functional 
principle of PhCs including role of defects in periodic structures of this kind for realizing 
optical components and devices. Two different geometries of PhC were studied in detail as 
MUX/DMUX of 1310/1550 nm wavelengths. According to them integration of PhC with 
planar lightwave circuits would play an important role in integrating photonic components 
and devices to an optical network. 
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Maximum transmission distance in a fiber optical community antenna TV (CATV) 
system is still limited by RF parameters. A number of techniques like split-band schemes, 
light-injection and dispersion compensation have been applied to extend this bottleneck. 
Authors of chapter 28 discuss these techniques with the target to make a cost effective fiber 
optic CATV system, for which they argued that it is important to combine fiber optical 
CATV systems with other applications, e.g. Internet access and WiMAX services. 

Active optical alignment of optoelectronic components in any optical communication 
system is an important issue especially in high-speed optical communication systems such 
as 10 Gb/s or higher. In most situations, passive techniques are employed. Chapter 29 
describes a bi-directional MEMS-based optical beam steerer as an active solution to 
minimize such technological issues. This was achieved through use of a silicon optical bench 
containing a set of micro-machined silicon components comprising of the substrate, RF feed-
through, hermetic sealing and optical alignment functions. 

As the editor, I feel extremely happy to present to the readers such a rich collection of 
chapters authored/co-authored by a large number of experts for this book covering the 
broad field of guided wave optics and optoelectronics from around the world. It was indeed 
a monumental task to edit such a large volume. Most of the chapters are state-of-the-art on 
respective topics or areas that are emerging. Several authors narrated technological 
challenges in a lucid manner, which was possible because of individual expertise of the 
authors on their own subject specialties. I have no doubt that the book would be useful to 
graduate students, teachers, researchers, and practicing engineers and technologists and 
they would love to have it on their book shelves for ready reference at any time.   

I thank Professor Vedran Kordic for inviting me to edit this book, which was a 
delightful experience for me in view of the ocean of knowledge and information that is 
contained in each chapter. In fact Professor Kordic contacted individual chapter lead 
authors. On behalf of Prof. Kordic and the publisher of this e-book, I would thank all the 
contributors for their scholarly contributions. Finally I would like to thank my daughter 
Parama Pal, presently with the Wellman Laboratory of Photomedicine at the Harvard 
University Medical School in Boston, USA and also my wife Subrata for helping me with the 
composition of the preface and editing of the book. 

January 27, 2010 

Editor 

Bishnu Pal 
Physics Department, 

Indian Institute of Technology Delhi 
New Delhi, India 
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1. Introduction 
Optical fiber technology was considered to be a major driver behind the information 
technology revolution and the huge progress on global telecommunications that has been 
witnessed in recent years. Fiber optic telecommunication is now taken for granted in view of 
its wide-ranging application as the most suitable singular transmission medium for voice, 
video, and data signals.  Indeed, optical fibers have now penetrated virtually all segments of 
telecommunication networks - be it trans-oceanic, transcontinental, inter-city, metro, access, 
campus, or on-premise [Pal, 2006]. Initial R&D revolution in this field had centered on 
achieving optical transparency in terms of exploitation of the low-loss and low-dispersion 
transmission wavelength windows of high-silica optical fibers. The earliest optical fiber 
communication systems exploited the first low loss wavelength window centered on 820 nm 
of silica with graded index multimode fibers as the transmission media. However, primarily 
due to unpredictable nature of the bandwidth of jointed multimode fiber links, since early-
1980s the system focus had shifted to single-mode fibers. This was accentuated by the 
discovery of the zero material dispersion characteristic of silica fibers, which occurs at a 
wavelength of 1280 nm [Payne & Gambling, 1975] in close proximity to its second low loss 
wavelength window centered at 1310 nm. The next revolution in lightwave communication 
took place when broadband optical fiber amplifiers in the form of erbium doped fiber 
amplifiers (EDFA) were developed in 1987 [Mears et al, 1987], whose operating wavelengths 
fortuitously coincided with the lowest loss transmission window of silica fibers centered at 
1550 nm [Miye et al, 1979] and heralded the emergence of the era of dense wavelength division 
multiplexing (DWDM) technology in the mid-1990s [Kartapoulos, 2000]. Recent development 
of the so-called low water peak fibers like AllWave™ and SMF-28e™ fibers, which are 
devoid of the characteristic OH− loss peak (centered at 1380 nm) extended the low loss 
wavelength window in high-silica fibers from 1280 nm (235 THz) to 1650 nm (182 THz) 
thereby offering, in principle, an enormously broad 53 THz of optical transmission 
bandwidth to be potentially tapped through DWDM technique!  State-of-the-art technology 
has already demonstrated exploitation and utilization of 25 ~ 30 THz optical bandwidth.  
The emergence of DWDM technology has also driven the development of various specialty 
fibers and all-fiber components for seamless growth of the lightwave communication 
technology. These application-specific fibers were required to address new issues/features 
such as broadband dispersion compensation, realization of specialized components such as 
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fiber couplers for multiplexing pump and signal wavelengths required in configuring fiber 
amplifiers, erbium doped fibers for realizing EDFAs, realization of wavelength sensitive in-
fiber grating-based components, low sensitivity to nonlinear impairments with propagation, 
and so on. There has also been a resurgence of interest amongst researchers to design and 
fabricate an exotic class of special fibers - fibers in which transmission losses of the material 
would not be a limiting factor while nonlinearity and dispersion characteristics could be 
conveniently tailored to achieve certain application-specific fibers, not necessarily for 
telecommunication applications only.  Research targeted towards such fiber designs led to 
the emergence of a new class of fibers, broadly referred to as microstructured optical fibers 
(MOF), which are characterized by wavelength-scale periodic refractive index features 
across its physical cross-section resulting in photonic bandgaps when appropriately designed. 
These features could be periodically located air holes/low refractive index regions in the 
cladding region, which surround the central core region, which could be of higher or lower 
refractive index than the average refractive index of the cladding region. Due to the large 
degree of design freedom and flexibility and also strong dependence on wavelength of the 
mode effective index, microstructured fibers have opened up a variety of new applications 
such as spectral broadening of a short pulse due to extreme nonlinear effects after 
propagating through a MOF resulting in generation of supercontinuum light, wide band 
transmission, high power delivery, endlessly single mode, very large or very small mode 
effective area, low-loss guidance of light in an air core and so on.  In this chapter we would 
attempt to describe several application-specific specialty fibers and include some results of 
our own work in this direction. 

2. Optical transparency  
2.1 Loss spectrum  
Loss spectrum, dispersion and nonlinear propagation effects are the three most important 
propagation characteristics of any signal transmitting single-mode optical fiber in the 
context of modern optical telecommunication. An illustrative example of the loss spectrum 
of a state-of-the-art commercially available conventional ITU1 recommended standard G.652 
type of single-mode fiber is shown in Fig. 1 [Pal, 2006]. Except for portion of the loss 
spectrum around 1380 nm at which a peak appears due to absorption by minute traces of 
OH− present in the fiber, the rest of the spectrum in a G.652 fiber could be well described 
through a wavelength dependence as Aλ−4 meaning thereby that signal loss in such fibers is 
essentially dominated by Rayleigh scattering; A is the Rayleigh scattering coefficient.  With 
GeO2 as the dopant and relative core-cladding index difference Δ ∼ 0.37%, where  
Δ ∼ [(nc-ncl)/nc,cl] estimated Rayleigh scattering loss in a high-silica fiber is about 0.18 – 0.2 
dB/km at 1550 nm; nc,cl correspond to core and cladding refractive indices, respectively.   
Superimposed on this curve over the wavelength range 1360 ∼ 1460 nm (often referred to as 
the E-band) is a dotted curve without the peak but overlapping otherwise with rest of the 
loss spectrum; this modified spectrum represents a sample corresponding to a low water 
peak fiber like AllWave™ or SMF-28e™ fiber. In real-world systems, however, there are 
other sources of loss, which are required to be accounted for, on case-to-case basis, 
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Fig. 1. Loss spectrum (full curve) of a state-of-the-art G.652 type single-mode fiber, e.g. SMF-28 
(adapted from Corning product catalogue©Corning Inc.): (a) 1.81 dB/km at 850 nm, (b) 0.35 
dB/km at 1300 nm, (c) 0.34 dB/km at 1310 nm, (d) 0.55 dB/km at 1380 nm, (e) 0.19 dB/km at 
1550 nm.  The dashed portion of the curve corresponds to that of a low water peak fiber due to 
reduction of the OH− peak in enhanced SMF; theoretical transmission bandwidths at different 
low loss spectral windows are also shown [After Pal, 2006; ©2006 Elsevier Press]. 

and which could add up to more than the inherent loss of the fiber. Examples of these 
potential sources are cabling-induced losses due to microbending, bend-induced losses 
along a fiber route due to wrong installation procedures, losses due to splices and 
connectors including those involving insertion of various components in a fiber link.  
Several of these also depend to a certain extent on the refractive index profile of the fiber in 
question. Detailed studies have indicated that these extraneous sources of loss could be 
addressed by optimizing mode field radius (WP, known as Petermann spot size/mode field 
radius) and effective cut-off wavelength (λce) [Pal, 1995]. The parameter WP effectively 
determines transverse offset-induced loss at a fiber splice as well as loss-sensitivity to 
microbends and λce essentially determines sensitivity to bend-induced loss in transmission. 
For operating at 1310 nm, optimum values of these parameters were found to range between 
4.5 and 5.5 μm and between 1100 and 1280 nm, respectively. An indirect way to test that λce 
indeed falls within this range is ensured if the measured excess loss of 100 turns of the fiber 
loosely wound around a cylindrical mandrel of diameter 7.5 cm falls below 0.1 dB at 1310 
nm and below 1.0 dB at 1550 nm [Pal, 1995].   

2.2 Dispersion spectrum  
Chromatic dispersion, whose very name implies that it is dependent on wavelength and 
whose magnitude is a measure of the information transmission capacity of a single-mode 
fiber, is another important transmission characteristic (along with loss) and it arises because 
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of the dispersive nature of an optical fiber due to which the group velocity of a propagating 
signal pulse becomes a function of frequency (usually referred to as group velocity dispersion 
[GVD] in the literature), which limits the number of pulses that can be sent through the fiber 
per unit time. This phenomenon of GVD induces frequency chirp to a propagating pulse, 
meaning thereby that leading edge of the propagating pulse differs in frequency from the 
trailing edge of the pulse. The resultant frequency chirp [i.e. ω (t)] leads to inter-symbol 
interference (ISI), in the presence of which the receiver fails to resolve the digital signals as 
individual pulses when the pulses are transmitted too close to each other [Ghatak & 
Thyagarajan, 1998]. Thus the signal pulses though started, as individually distinguishable 
pulses at the transmitter, may become indistinguishable at the receiver depending on the 
amount of chromatic dispersion-induced broadening introduced by the fiber after 
propagating through a given length of the fiber (see Fig. 2). For quantitative purposes, 
dispersion is expressed through dispersion coefficient (D) defined as [Thyagarajan & Pal, 
2007]  
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where τ is the group delay and neff is the mode effective index of the fundamental mode in a  
single-mode fiber.  It can be shown that the total dispersion coefficient (DT) is given to a very 
good accuracy by the algebraic sum of two components DT ≅  DM + DWG  where DM and DWG 
correspond to material and waveguide components of D, respectively. A plot of typical 
dispersion spectrum is shown in Fig. 3. It can be seen from it that DWG is all along negative 
and while sign of DM changes from negative to positive (going through zero at a wavelength 
of ∼ 1280 nm [Payne & Gambling, 1975]) with increase in wavelength. The two components 
of D cancel each other at a wavelength near about 1300 nm, which is referred to as the zero 
dispersion wavelength (λZD) and it is a very important design parameter of single- mode fibers. 
Realization of this fact led system operators to choose the operating wavelength 
 

 
Fig. 2.  a) Schematic showing dispersion of a Gaussian input pulse with propagation through a 
dispersive medium e.g. an optical fiber; frequency chirp is apparent in the dispersed pulse; b) 
Calculated dispersion induced broadening of a Gaussian pulse [Results courtesy Sonali Dasgupta] 
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Fig. 3. Dispersion coefficient, D as a function of wavelength of a typical G.652 type fiber; DM 
and DWG correspond to material and waveguide components, respectively of total D while 
λZD refers to wavelength for zero total dispersion [After Thyagarajan and Pal, 2006; ©2006 
Springer Verlag]. 

of first generation single-mode fibers as 1310 nm. These fibers optimized for transmission at 
1310 nm are now referred to as G.652 fibers as per ITU standards; millions of kilometers of 
these fibers are laid underground all over the world. Though it appears that if operated at 
λZD one might get infinite transmission bandwidth, in reality zero dispersion is only an 
approximation (albeit a very good approximation) because it simply signifies that only the 
second order dispersive effects would be absent.  In fact as per ITU recommendations, SMF-
28 type of standard G.652 fibers qualify for deployment as telecommunication media 
provided at the 1310 nm wavelength, its DT is < 3.5 ps/(nm.km). At a wavelength around 
λZD third order dispersion would determine the net dispersion of a pulse.  In the absence of 
second order dispersion, pulse dispersion is quantitatively determined by the dispersion 
slope S0 at λ = λZD.  A knowledge of D and S0 enables determination of dispersion (D) at any 
arbitrary wavelength within a transmission window e.g. EDFA band in which D in G.652 
fibers varies approximately linearly with the operating wavelength λ0 [Pal, 2006].  Besides 
pulse broadening, since the energy in the pulse gets reduced within its time slot, the 
corresponding signal to noise ratio (SNR) will decrease, which could be compensated by 
increasing the power in the input pulses.  This additional power requirement is termed as 
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wavelength of 1550 nm, we can write the following inequality as a design relation for 
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where B is measured in Gbits, D in ps/(nm.km) and L in km [Pal, 2006; Thyagarajan & Pal, 
2007]. Based on Eq. (2), Table I lists the maximum allowed dispersion for different standard 
bit rates for tolerating a dispersion power penalty of 1 dB.  
 

Data rate (B) Maximum allowed dispersion (D.L) 

2.5 Gb/s (OC-48)* 

10 Gb/s (OC-192) 
40 Gb/s (OC-768) 

~ 16000 ps/nm 
~ 1000   ps/nm 
~     60   ps/nm 

*OC stands for Optical Channels, which are standards for DWDM systems 
Table I. Maximum allowed dispersion at different standard signal transmission rates 

2.3 Nonlinear propagation effects 
With the emergence of DWDM transmission, a transmission fiber is typically required to 
handle large power density and long interaction lengths due to transmission of multiple 
channels over long fiber lengths.  In view of this, nonlinear propagation effects have become 
yet another important transmission characteristic of an optical fiber. It is well known that 
under the influence of intense electromagnetic fields (comparable to the inter-atomic fields 
that exist in the propagating medium) a fiber may exhibit certain nonlinear effects [Agrawal, 
2007]. This nonlinear response of the fiber could be mathematically described through the 
following nonlinear relation between P and E, where P represents polarization induced by 
the electric field E of the propagating em field: 

 ( ) ( ) ( )( )1 2 3
0 ......P E EE EEEε χ χ χ= + + +   (3) 

where ε0 is vacuum permittivity and χ(n) is the nonlinear susceptibility of the medium.  In 
silica, χ(2) is absent while χ(3) is finite, which is the major contributor to nonlinear effects in 
silica-based optical fibers. A consequence of this finite χ(3) is that it leads to an intensity 
dependent refractive index of silica as 

 1 2
NLn n n I= +  (4) 

where n1 is the linear part of the fiber core refractive index and n2 (~ 3.2 x 10-20 m2/W in silica 
as measured at 515 nm through self-phase modulation (SPM) technique; at the 1550 nm 
wavelength region it is usually less by ~10% [Agrawal, 2007])) is the nonlinear component of 
the nonlinear refractive index, related to χ(3) through [Ghatak & Thyagarajan, 1998] 
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and I is the intensity of the propagating em wave. For describing nonlinear effects in a fiber, 
often a parameter known as γ, which is defined through 
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is used, where [Agrawal, 2007] 
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is known as the mode effective area of a fiber. The parameter γ  ~ 1/(W.km) in a standard 
fiber like SMF-28 (of Corning Inc.). Its value could be enhanced either through smaller Aeff 
(obtainable through appropriate fiber designs) or choice of the glass materials or both.  
Values as large as 20 times that of SMF-28 has been reported in certain fibers through these 
routes [Okuno et al, 1999; Monro, 2006]. Often the fundamental LP01 mode of a single-mode 
fiber is approximately describable by a Gaussian distribution with a spot size (or mode field 
radius) of ω0; in that case πω02 would yield Aeff [Ghatak & Thyagarajan, 1998; Agrawal, 
2007]. For simple estimations, we may consider ω0 to be ~ 5 μm for a typical single-mode 
fiber at the operating wavelength of 1550 nm and hence Aeff ~ 75 - 80 μm2 ⇒ for a 
propagating power of ~ 100 μW across this cross-section of the fiber, net intensity would be 
~ 106 W/m2, resulting in a net change (= n2I) in refractive index of the fiber ~ 3.2 x 10-14, 
which though small in magnitude could lead to substantial nonlinear effect in a fiber.  This 
is because the typical fiber lengths encountered by a propagating optical signal could be few 
tens to hundreds of kilometers. Nonlinear effects in a fiber could be broadly classified into 
two domains depending on the physical mechanism involved: refractive index related 
effects like self-phase modulation (SPM), cross-phase modulation (XPM), and four wave 
mixing (FWM) or stimulated scattering effects like stimulated Brillouin scattering (SBS), 
stimulated Raman scattering (SRS), and soliton self frequency shift [Agrawal, 2007]. For 
example, FWM could lead to generation of new waves of different wavelengths in a DWDM 
link.  If there are N propagating signal channels, number of new waves generated [Li, 1995] 
due to FWM would be ~ N2(N – 1)/2.  In view of this, cross coupling of power between 
these waves/side-bands could lead to depletion of power from the signal channels and 
hence could result in lowering of signal to noise ratio in a particular signal channel. Detailed 
analyses show that FWM effect could be substantially reduced if the fiber is so designed that 
signals experience a finite dispersion within the fiber and/ or channel spacing is large in a 
DWDM stream.  As an example, for a single-mode fiber having average loss of 0.25 dB/km 
at 1.55 μm, FWM induced power penalty in terms of the ratio of generated power [at the 
new frequency ω1 (= ω3 + ω4 - ω2)] to the output power after a length of 100 km of the fiber 
for a channel spacing of 1 nm is ~ – 25 dB for D = 0 ps/(nm.km), ~ – 47 dB for D = 1 
ps/(nm.km), and ~ – 70 dB for D = 17 ps/(nm.km); if the channel spacing is reduced to 0.5 
nm, the corresponding power penalties are ~ – 25 dB, ~ – 35 dB, and ~ – 58 dB, respectively 
[Li, 1995]. Thus non-linear optical effects are important issues required to be accounted for 
in a DWDM communication systems of today. As per ITU standards, in a DWDM stream, 
signal channels are required to be equally spaced. One of the important parameters often 
considered in designing DWDM systems is known as spectral efficiency (SE), which is 
defined as the ratio of bit rate to channel spacing. Since, bit rate cannot be increased 
arbitrarily due to constraints imposed by electron mobility, SE could be enhanced through 
smaller and smaller channel spacing and hence in that context nonlinear effects like FWM 
becomes an important issue. For DWDM applications, fiber designers came up with new 
designs for the signal fiber for low-loss and dedicated DWDM signal transmission at the 
1550 nm band, which were generically named as non-zero dispersion shifted fibers (NZ-
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DSF).  For a while, in between there was a move to deploy single-mode fibers with D ~ 0 at 
the 1550 nm band to take simultaneous advantage of lowest transmission loss in silica fibers 
in that band. Such fibers were known as dispersion shifted fibers (DSF). However, they were 
found to be of no use for DWDM transmission because nonlinear effects would be 
significantly high due to D being 0 in these fibers! These fibers were designed to 
substantially suppress nonlinear effects like FWM by allowing each of the DWDM signals to 
experience a finite amount of dispersion during propagation [Pal, 2006]. ITU has christened 
such fibers as G.655 fibers, which should exhibit dispersion 2 ≤ D (ps/(nm.km)) ≤ 6 in the 
1550 nm band in order to detune the phase matching condition required for detrimental 
nonlinear propagation effects like four-wave mixing (FWM) and cross-phase modulation 
(XPM) to take place during multi-channel transmission of DWDM signals. 

3. Emergence of amplifiers  
3.1 Fiber amplifiers  
In the late 1980s typical state-of-the-art repeater-less transmission distances were about 40-
50 kms @ 560 Mb/s transmission rate. Maximum launched optical power into a fiber was 
below 100 μW, it was difficult to improve system lengths any further and use of electronic 
repeaters became inevitable. At a repeater, the so-called 3R-regeneration functions (re-
amplification, retiming, and reshaping) are performed in the electric domain on the incoming 
attenuated as well as distorted (due to dispersion) signals after detection by a photo-detector 
and before the revamped signals are fed to a laser diode drive circuits, wherefrom these 
cleaned optical pulses are re-injected in to next section of the fiber link.  However, these 
complex functions required unit replacement in case of network capacity upgrades because 
electronic components are bit rate sensitive.  By mid-1980s, it was felt that an optical amplifier 
is needed to bypass this electronic bottleneck.  Fortuitously in 1986, the Southampton University 
research group in England reported success in incorporating rare earth trivalent erbium ions 
into host silica glass during fiber fabrication [Mears et al, 1986]; Erbium is known to have 
strong fluorescence at 1550 nm.  Subsequently, the same group demonstrated that excellent 
noise and gain performance is feasible in a large part of the 1550 nm window with erbium-
doped silica fibers [Mears et al, 1987], which ushered in the era of erbium doped fiber 
amplifiers (EDFA) and DWDM networks; EDFAs went commercial by 1996. Absorption 
bands most suitable as pump for obtaining amplification of signals at the 1550 nm 
wavelength region are 980 nm and 1480 nm wavelengths although 980 is a more popular 
choice; in Fig. 4 a schematic of an EDFA is shown. When pumped at either of these 
wavelengths, an erbium doped fiber was found to amplify signals over a band of almost 30 
∼ 35 nm extending from 1530 ~ 1565 nm, which is known as the C-band fiber amplifier.  
Thus, a single EDFA can be used to amplify several channels simultaneously required for 
dense wavelength division multiplexing (DWDM). EDFAs are new tools that system 
planners now almost routinely use while designing high capacity optical networks. Practical 
EDFAs with output power of around 100 mW (20 dBm), 30 dB small signal gain, and a noise 
figure of < 5 dB are available commercially.  We may note that core diameter of an EDF is 
typically smaller (almost half) of the standard single-mode fibers like SMF-28 and require 
special program(s) in a fiber splice machine to achieve low-loss splice of these special fibers 
with signal carrying standard fibers like SMF-28. Further, it could be seen from Fig. 4 that an 
integral component of an EDFA is a fused fiber coupler, which multiplexes 980 nm pump 
and 1550 nm band of signal wavelengths at the input of the EDF. In order for the fiber 
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Fig. 4. Schematic of an EDFA in which 980 (or 1480) nm wavelength is used as a pump, 
which creates population inversion in Er+3 ions in the EDF and the weak WDM signals at the 
1550 nm band get amplified as it propagates through the population inverted EDF 
 

 
Fig. 5. Measured ASE spectrum (power vs wavelength) of an EDF as an example 

used to configure such a multiplexer to be single moded at both the pump and signal 
wavelengths, λce of the fiber should be < 980 nm. This led to development of special single-
mode fibers known as SMF 980™ and Flexcor™ fibers, both being registered trademark of 
two different companies. Figure 5 shows typical amplified spontaneous emission (ASE) 
spectrum of an EDF when pumped with a diode laser at 980 nm. It could be seen from the 
figure that the spectrum is non-uniform, this caharacteristic in conjunction with the 
saturation effects of EDFAs cause increase in signal power levels and decrease in the optical 
signal-to-noise ratio (OSNR) to unacceptable values in systems consisting of cascaded chains 
of EDFAs [Srivastava & Sun, 2006]. These features could limit the usable bandwidth of 
EDFAs and hence the amount of data transmission by the system. Accordingly various 
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schemes of gain equalizing filters (GEF) such as Mach-Zehnder filter [Pan et al, 1995], 
acousto-optic filter [Kim et al, 1998], long-period fiber-grating [Vengsarkar et al, 1996], fiber-
loop mirror [Li et al, 2001; Kumar et al, 2005], side-polished fiber based filter [Varshney et al, 
2007] and so on have evolved in the literature. However, in the design of certain special 
networks like a metro network, one of the major drivers is low installation cost in addition 
to achieving low maintenance/repair costs. Naturally one of the routes to achieve these 
objectives would be to use fewer components in the network.  Use of an intrinsically gain 
flattened EDFA would cut down the cost on the GEF head. This motivated some 
investigators [e.g., Nagaraju et al, 2009] to investigate design of an inherently gain flattened 
EDFA by exploiting a wavelength filtering mechanism inherent in a co-axial dual-core fiber 
design scheme.  An example of the design of such a gain-flattened EDFA is shown in Fig. 6, 
which was based on a highly asymmetric dual-core concentric fiber design (see Fig. 6), 
whose inner core was only partially doped with erbium [Nagaraju et al, 2009]. Refractive 
index profile (RIP) of the designed inherently gain flattened EDFA and the RIP of the 
corresponding fabricated preform are shown in Fig. 6(a) and Fig. 6(b), respectively; rd refers 
to ER+3 doping radius. The RIP was measured using a fiber analyzer. The so realized RIP 
was close to the designed one except for small profile perturbations typical in fibers 
fabricated by the MCVD process. Figure 7 shows the measured gain and noise figure as a 
 

 
Fig. 6. a) Schematic of the theoretically designed refractive index profile of an inherently 
gain-flattened EDFA; b) Corresponding refractive index profile of the fabricated fiber 
preform (After Nagaraju et al, 2009; ©2009 Elsevier Press) 

function of wavelength for the fabricated coaxial fiber; some improvements in the noise 
figure at longer wavelengths could be seen due to the increased overlap between the pump 
and the signal modes at longer wavelengths. Gain variation across the C-band was found to 
be more than the designed one, which is attributable to small variations in the fabricated 
fiber RIP parameters from the one that was designed. A very precise comparison is, in any 
case, difficult due to lack of sufficient precision inherent in measurement instruments for 
estimating various parameters of the fiber RIP and the dopant level. Phase-resonant optical 
coupling between the inner low index contrast core and the outer high index contrast 
narrow ring that surronds the inner core was so tailored through optimization of its 
refractive index profile parameters that the longer wavelengths within the C-band 
experience relatively higher amplification compared to the shorter wavelengths 
 



 Frontiers in Guided Wave Optics and Optoelectronics 
 

 

10 

schemes of gain equalizing filters (GEF) such as Mach-Zehnder filter [Pan et al, 1995], 
acousto-optic filter [Kim et al, 1998], long-period fiber-grating [Vengsarkar et al, 1996], fiber-
loop mirror [Li et al, 2001; Kumar et al, 2005], side-polished fiber based filter [Varshney et al, 
2007] and so on have evolved in the literature. However, in the design of certain special 
networks like a metro network, one of the major drivers is low installation cost in addition 
to achieving low maintenance/repair costs. Naturally one of the routes to achieve these 
objectives would be to use fewer components in the network.  Use of an intrinsically gain 
flattened EDFA would cut down the cost on the GEF head. This motivated some 
investigators [e.g., Nagaraju et al, 2009] to investigate design of an inherently gain flattened 
EDFA by exploiting a wavelength filtering mechanism inherent in a co-axial dual-core fiber 
design scheme.  An example of the design of such a gain-flattened EDFA is shown in Fig. 6, 
which was based on a highly asymmetric dual-core concentric fiber design (see Fig. 6), 
whose inner core was only partially doped with erbium [Nagaraju et al, 2009]. Refractive 
index profile (RIP) of the designed inherently gain flattened EDFA and the RIP of the 
corresponding fabricated preform are shown in Fig. 6(a) and Fig. 6(b), respectively; rd refers 
to ER+3 doping radius. The RIP was measured using a fiber analyzer. The so realized RIP 
was close to the designed one except for small profile perturbations typical in fibers 
fabricated by the MCVD process. Figure 7 shows the measured gain and noise figure as a 
 

 
Fig. 6. a) Schematic of the theoretically designed refractive index profile of an inherently 
gain-flattened EDFA; b) Corresponding refractive index profile of the fabricated fiber 
preform (After Nagaraju et al, 2009; ©2009 Elsevier Press) 

function of wavelength for the fabricated coaxial fiber; some improvements in the noise 
figure at longer wavelengths could be seen due to the increased overlap between the pump 
and the signal modes at longer wavelengths. Gain variation across the C-band was found to 
be more than the designed one, which is attributable to small variations in the fabricated 
fiber RIP parameters from the one that was designed. A very precise comparison is, in any 
case, difficult due to lack of sufficient precision inherent in measurement instruments for 
estimating various parameters of the fiber RIP and the dopant level. Phase-resonant optical 
coupling between the inner low index contrast core and the outer high index contrast 
narrow ring that surronds the inner core was so tailored through optimization of its 
refractive index profile parameters that the longer wavelengths within the C-band 
experience relatively higher amplification compared to the shorter wavelengths 
 

Application Specific Optical Fibers 
 

 

11 

 
Fig. 7. Experimental results for measured gain  (•) and noise figure ( ■ ) with wavelength on 
a 12 m long fabricated EDF (After Nagaraju et al, 2009; ©2009 Elsevier Press) 

thereby reducing the difference in the well-known tilt in the gains between the shorter and 
longer wavelength regions. The fabricated EDFA exhibited a median gain ≥ 28 dB (gain 
excursion below ± 2.2 dB within the C-band) when 16 simultaneous standard signal 
channels were launched by keeping the I/P level for each at –20 dBm/channel.  We may 
mention that another variety of EDFA is known as L-band EDFA, L standing for long 
wavelength band (1570 ~ 1610 nm) [Sun et al, 1997].  With suitable optimization of EDFAs, 
C-band and L-band amplifiers could be used as two discrete amplifiers to simultaneously 
amplify 160 signal wavelength channels by separating the transmission of two bands of 
weak signals for amplification by these amplifiers.  
In addition to EDFA, another kind of fiber amplifiers that is commonly used is known as 
Raman fiber amplifiers (RFA).  One of the nonlinear scattering processes namely, stimulated 
Raman scattering (SRS) is responsible for Raman amplification, which is quite broadband 
(up to 40 THz) with a broad peak appearing near 13.2 THz in bulk silica [Agrawal, 2007]. 
Classically this scattering process is described as an inelastic scattering process in which 
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is determined by the molecular vibrational levels of the medium, in this case the doped 
silica fiber, according to the well known fundamental process known as the Raman effect. 
Without going in to the details, quantum mechanically it can be shown that the process 
leads to an amplification of a co-propagating signal as long as the frequency difference ωP − 
ωS lies within the bandwidth of the Raman gain spectrum [Agrawal, 2007]. The most 
important parameter that characterizes the amplification process in a RFA is known as the 
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depicts a plot of CR as a function of the difference ωP − ωS in THz for three different variety 
of specialty fibers: NZDSF (Aeff ~ 55 μm2), super large area special fiber (SLA of Aeff ~ 105 
μm2), and a dispersion compensating fiber (DCF of Aeff ~ 15 μm2); pump wavelength was 
1.45 μm and signal wavelength was ~ 1.55 μm [Bromage, 2004].  It can be seen that CR is 
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largest in the case of DCF, which could be attributed to its Aeff that was the least and also it 
had a high Germania content compared to other two fiber varieties. Difference in the peak 
value of the Raman gain curve could be attributed to difference in Aeff and degree of overlap 
between the pump and the signal transverse modes [Urquhart & Laybourn, 1985; Bromage, 
2004]. It is known that GeO2 molecules exhibit larger peak gain (than silica) near 13.1 THz 
[15]. Dispersion compensating fibers, which represent one class of specialty fibers, are 
described in the next section; these are typically characterized with large Δ (typically ~ 2%) 
and small Aeff. In view of the large Raman gain exhibited by a typical DCF, these are often 
used as RFA. In certain DWDM systems, EDFA as well as RFA are used as a hybrid 
broadband amplifier for DWDM signals. 
 

 
Fig. 8. Mesured CR for three different variety of germanosilicate fibers having different 1550 
nm Aeff and each pumped with 1450 nm diode laser (After Bromage, 2004; ©2004 IEEE).  

3.2 Dispersion compensating fibers  
To counter potentially detrimental nonlinear propagation effects in a DWDM link since a 
finite (albeit low) D is deliberately kept in NZDSF fibers, signals would accumulate 
dispersion between EDFA sites! Assuming a D of 2 ps/(nm.km), though a fiber length of 
about 500 km could be acceptable @ 10 Gbit/s before requiring correction for dispersion, @ 
40 Gbit/s corresponding un-repeatered span would hardly extend to 50 km [see Eq. (2)]. 
The problem is more severe in G.652 fibers for which @ 2.5 Gbit/s though a link length of 
about 1000 km would be feasible at the 1550 nm window, if the bit rate is increased to 10 
Gbit/s, tolerable D in this case over 1000 km would be hardly ∼ 1 ps/(nm.km)! Realization 
of this fact triggered development of some dispersion compensating schemes in mid-1990s, 
which could be integrated to a single-mode fiber optic link so that net dispersion of the link 
could be maintained/managed within desirable limits. Three major state-of-the-art fiber-
based optical technologies available as options for dispersion management are: dispersion 
compensating fibers (DCF) [Ramachandran, 2007], chirped fiber Bragg gratings (CFBG) 
[Kashyap, 1999], and high-order-mode (HOM) fiber [Ramachandran, 2006].   
In order to understand the logic behind dispersion compensation techniques, we consider 
the instantaneous frequency of the output pulse from a single-mode fiber, which is given by 
[Thyagarajan & Pal, 2007] 
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where ωc represents carrier frequency, the center of the pulse corresponds to t = L/vg, where 
vg is the group velocity, and κ is a parameter, which depends on 2 2

0d dβ λ . Accordingly the 
leading and trailing edges of the pulse correspond to t < L/vg and t > L/vg, respectively.  In 
the normal dispersion regime (where operating wavelength < λZD) κ is positive, thus the 
leading edge of the pulse will be down-shifted i.e red-shifted in frequency while the trailing 
edge will be up-shifted i.e. blue-shifted in frequency with respect to the center frequency ωc.  
The converse would be true if the signal pulse wavelength corresponds to the anomalous 
dispersion region (operating λ > λZD) where κ  is negative. Hence as the pulse broadens with 
propagation due to this variation in its group velocity with wavelength in a dispersive 
medium like single-mode fiber it also gets chirped. If we consider propagation of signal 
pulses through a G.652 fiber at the 1550 nm wavelength band at which its D is positive, it 
would exhibit anomalous dispersion. If this broadened temporal pulse were transmitted 
through a DCF, which exhibits normal dispersion (i.e. its dispersion coefficient D is negative) 
at this wavelength band, then the broadened pulse would get compressed with propagation 
through the DCF.  Thus if the following condition is satisfied: 

 0T T c cD L D L+ =  (9) 

the dispersed pulse would recover back its original shape; subscripts T and c stand for the 
transmission fiber and the DCF. Consequently if a G.652 fiber as the transmission fiber is 
operated at the EDFA band, corresponding DCF must exhibit negative dispersion at this 
wavelength band ⇒ its DWG (negative in sign) must be large enough to be more than DM in 
magnitude. Large negative DWG is achievable through appropriate design tailoring of the 
refractive index profile of the fiber so that at the wavelengths of interest a large fraction of 
its modal power rapidly spreads into the cladding region for a small change in the 
propagating wavelength. The first generation DCFs relied on narrow core and large Δ 
(typically ≥ 2 %) fibers to achieve this task and hence necessarily involved relatively large 
insertion loss.  Accordingly, a parameter named as figure of merit (FOM) is usually ascribed 
to any DCF defined through  

 FOM c

c

D
α
−

=  (10) 

These DCFs were targeted to compensate dispersion in G.652 fibers at a single wavelength 
and were characterized with a D ~ − 50 to − 100 ps/(nm.km) and a positive dispersion slope. 
Since DWDM links involve multi-channel transmission, it is imperative that ideally one 
would require a broadband DCF so that dispersion could be compensated for all the 
wavelength channels simultaneously. The key to realize a broadband DCF lies in designing 
a DCF, in which not only that D versus λ is negative at all those wavelengths in a DWDM 
stream, but also its dispersion slope is negative. Broadband dispersion compensation ability 
of a DCF is quantifiable through a parameter known as relative dispersion slope (RDS), 
which is defined through [Pal, 2006; Thyagarajan & Pal, 2007] 

 c

c

SRDS
D

=  (11) 



 Frontiers in Guided Wave Optics and Optoelectronics 
 

 

14 

Values of RDS (nm-1) for well-known NZ-DSF’s like LEAF™, TrueWave-RS™, and Teralight™ 
are 0.0202, 0.01, and 0.0073, respectively. Thus if a DCF is so designed that its RDS matches 
that of the transmission fiber then that DCF would ensure perfect compensation for all the 
signal wavelengths.  Such DCFs are known as dispersion slope compensating fibers (DSCF). 
RDS for G.652 fibers at 1550 nm is about 0.00335 nm−1. One recent dual-core DCF design, 
whose refractive index profile was similar to that shown in Fig. 6 with the difference that it 
had a high refractive contrast for the central core and lower refractive contrast for the outer 
wider ring core, had yielded the record for largest negative D (− 1800 ps/(nm.km) at 1558 nm) 
in a DCF. The two cores essentially function like a directional coupler. Since these two 
concentric fibers are significantly non-identical, through adjustments of index profile 
parameters their mode effective indices could be made equal at some desired wavelength 
called phase matching wavelength (λp), in which case the effective indices as well as modal 
field distributions of the normal modes of this dual core fiber exhibit rapid variations with λ 
around λp [Thyagarajan & Pal, 2007].  Further research in this direction has led to designs of 
dual-core DSCFs for broadband dispersion compensation in G.652 as well as G.655 fibers 
within various amplifier bands like S-, C- and L- bands [Pal & Pande, 2002; Pande & Pal, 2003].  
Mode effective areas of dual core DSCFs could be designed to attain Aeff, which are 
comparable to that of the G.652 fiber (≈ 70 - 80 μm2). The net residual dispersion spectra of a 
100 km long G.652 fiber link along with so designed DSCFs (approximately in ratio of 10:1) at 
each of the amplifier band are shown in Fig. 9. It could be seen that residual average 
dispersion is well within ± 1 ps/(nm.km) within all the three amplifier bands.  

 
Fig. 9. Net residual dispersion at different amplifier bands of a dispersion compensated link 
design consisting of 100: 10 (in kms) of G.652 fiber and 10 km of a dual-core DSCFs (After 
Pal & Pande, 2004; ©2004 Elsevier Press). 

3.3 Fibers for metro networks [Pal, 2006]  
During the IT bubble burst, there has been a slowing down of business in optical 
communication due to the so-called huge fiber glut in the long haul networks (typically 
trans-oceanic). However, the gap between the demand and supply of bandwidth has been 
much less in the metro sector and in recent years metro optical networks have attracted a 
great deal of attention due to potentials for high growth. A metro network provides 
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generalized telecommunication services transporting any kind of signal from one point to 
another in a metro, usually running a couple of hundred kilometers in length.  In transport, 
DWDM is the key enabling technology to expand the capacity of existing and new fiber 
cables without optical-to-electrical-to-optical conversions. Accordingly the network trend in 
the metro sector has been to move towards transparent rings, in which wavelength channels 
are routed past or dropped off at the nodes [Ryan, 2003].  Gigabit Ethernet is fast evolving as 
a universal protocol for optical packet switching. Thus, in addition to voice, video, and data 
a metro network should be able to support various protocols like Ethernet, fast Ethernet, 
and 10 Gbit/s Ethernet. DWDM in a metro environment is attractive in this regard for 
improved speed in provisioning due to possibility of allocating dynamic bandwidth on 
demand to customers and for better-cost efficiency in futuristic transparent networks 
running up to 200 km or more.  Legacy metro networks relied heavily on directly modulated 
low-cost FP-lasers in contrast to the more expensive externally modulated DFB lasers.  
However directly modulated lasers are usually accompanied with a positive chirp, which 
could introduce severe pulse dispersion in the EDFA band if the transmission fiber is 
characterized with a positive D. The positive chirp-induced pulse broadening can be 
countered with a transmission fiber if it is characterized with normal dispersion (i.e. 
negative D) at the EDFA band. This is precisely the design philosophy followed by certain 
fiber manufacturers for deployment in a metro network e.g. MetroCor™ fiber of Corning 
Inc. For typical transmission distances encountered in a metro network, a DCF in the form of 
a standard SMF with positive D is used to compensate for dispersion in a MetroCor™ kind 
of fiber. However, due to a relatively low magnitude of D in a standard SMF, long lengths of 
it are required, which increase the overall loss budget and system cost. An alternative type 
of metro fiber has also been proposed and realized, which exhibits positive D ∼ 8 ps/(nm.km) 
at 1550 nm [Ryan, 2002]. The argument in favor of such positive dispersion metro-fibers is 
that dispersion compensation could be achieved with readily available conventional DCFs 
of much shorter length(s) as compared to standard SMFs that would be necessary to 
compensate for the negative dispersion accumulated by the metro fibers [Ryan, 2002].  

4. Microstructured Optical Fibers (MOF) 
4.1 Discovery of the concept of photonic crystals 
The state-of-the art in silica-based optical fiber technology could be described as  
• Loss close to theoretical limit (0.14 dB/km) 
• Dispersion could be tailored close to zero anywhere at a wavelength ≥ 1310 nm but not 

below 1200 nm unless fiber core is significantly reduced through tapering, for example 
[Birks et al, 2000] 

• Minimum nonlinear impairments over distances ≥ 100 km  
• High quality fiber amplifiers with low noise to compensate for whatever be the 

transmission loss; noise figure could be close to theoretical minimum of 3 dB 
• Demonstration of hero experiments at transmission rates > terabit/s over a single fiber 

through modulation techniques like CSRZ-DQPSK and polarization mode division 
multiplexing. 

With so much of development it appeared for a while that there was no further research 
scope for development of newer fibers. However it became increasingly evident in the early 
1990s that there is a need to develop specialty fibers in which material loss is not a limiting 
factor and fibers in which nonlinearity and/ or dispersion could be tailored to achieve 
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propagation characteristics, which are otherwise impossible to achieve in conventional 
fibers. Two research groups – Optoelectronic Research Center in University of Southampton 
in UK (and soon after University of Bath) and MIT in USA exploited the concept of Photonic 
Crystals (PhC), which were proposed for the first time independently in two papers, that 
appeared simultaneously in the same issue of Physical Review Letters in 1987 [Yablonovich, 
1987; John, 1987], to develop a completely new variety of specialty fibers broadly known as 
microstructured optical fibers. Yavlonovitch and John in their 1987 papers (coincidentally 
EDFA was also discovered in the same year!) showed independently that a lattice of 
dielectrics with right spacing and different optical properties could generate a photonic 
bandgap (analogous to electronic band gap in a semiconductor).  A square lattice of periodic 
air holes in a higher index dielectric like silica shown in Fig. 10 could be cited as an example. 
They showed that wavelength scale structuring of such lattices in terms of refractive index 
features could be exploited as a powerful tool to modify their optical properties. Light 
wavelengths falling within the structure’s characteristic band gap will not propagate i.e. 
would not be supported in that medium. If, however, a defect is created in the lattice (e.g. 
through removal of one hole at the center so that the region becomes a solid of same 
material as the rest of the medium) to disrupt its periodicity (akin to change in 
semiconductor properties by dopants), the same forbidden band of wavelengths could be 
supported and localized in that medium within the defect region. Thus if one were to extend 
this concept to a cylindrical geometry like a fiber, the defect region would mimic the core of 
an optical fiber with the surrounding 2D-periodic arrays of air holes in silica like PhC as 
forming a cladding of a lower average refractive index. This indeed formed the functional 
principle of “holey” type of MOFs. Due to strong interaction of the propagating light in the 
bandgap with the lattice, neff becomes a strong function of the propagating wavelength, 
which yields an additional functionality, which could be exploited to form a fiber that could 
function as an endlessly single-mode fiber over a huge bandwidth [Birks et al, 1997]. In view 
of this large bandwidth, holey fibers are usually not referred to as a photonic band gap 
structure while the other variety of microstructured fibers are often referred to as photonic 
bandgap guided fibers as described in the next sub-section.  
 

 
Fig. 10. A square lattice of periodic air holes in a higher index dielectric; Λ is the pitch and d 
is the diameter of the holes 

4.2 Holey and photonic bandgap MOFs 
Wavelength scale periodic refractive index features across its cross-section, which run 
throughout the length of the fiber, characterize MOFs [Monro, 2006]. These special fibers 
opened up a lot of application potentials not necessarily for telecom alone.  In contrast to the 
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fundamental principle of waveguidance through total internal reflection in a conventional 
fiber, waveguidance in a MOF is decided by two different physical principles – index guided 
and photonic bandgap guided (PBG). In index guided MOFs like holey fibers (see Fig. 11), in 
which the central defect region formed by the absence of a hole yielding a material of 
refractive index same as the surrounding solid, light guidance in these MOFs could be 
explained by a modified total internal reflection due to the average refractive index created by 
the presence of PhC cladding consisting of 2D-periodic arrays of air holes in the silica 
matrix, which is lower than the central defect region. This average index of the cladding 
depends on the relative distribution of the modal power supported by the silica and air hole 
lattice, which vary with wavelength. As the wavelength decreases, more and more power 
gets concentrated within the high index region, the cladding index increases and effective 
relative refractive index difference between the core and the cladding decreases. As a result 
the normalized frequency remains relatively insensitive to wavelength. Accordingly, over a 
broad range of wavelengths the fiber functions as a single-mode fiber. In fact, if the ratio of 
air hole diameter to the pitch of crystal is kept below 0.45, the fiber remains endlessly single 
moded [Knight et al, 1996; Birks et al, 1997]. For larger d/Λ, it supports higher order modes 
as long as λ/Λ is < a critical value. 
 

 
Fig. 11. Schematics of MOFs with white regions representing air or low index medium a) 
index guided holey type; b) Photonic bandgap guided fiber. 

In contrast, in a photonic band gap guided MOF, the central defect region is of a lower 
refractive index (usually air), which forms the core; typically it is larger in diameter than the 
low index regions of the PhC cladding. The central core region could have a refractive index 
same as that of the low index region of the periodic cladding. Functionally light within the 
photonic bandgap is confined in the central lower index region due to multiple Bragg 
reflections from the air-silica dielectric interfaces, which add up in phase. Though 
periodicity is not essential in case of index-guided structures, periodicity is essential in case 
of PBG guided structures.   

4.3 Dispersion tailored holey fibers 
Availability of MOFs offered a huge design freedom to fiber designers because a designer 
could manipulate propagation effects in such a fiber through either or all of the parameters 
such as lattice pitch (Λ), air hole size (d) and shape, refractive index of the glass, pattern of 
the lattice, core size and refractive index. We depict some sample results based on use of the 
software CUDOS* (of University of Sydney, Australia). It is evident from Fig. 12 that D 

                                                 
 
* CUDOS is license free software for simulating index-guided MOFs that is available from 
University of Sydney, Australia.  

a) b)
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becomes a stronger function of wavelength as pitch decreases for a fixed size of the hole and 
also for larger holes when pitch is kept fixed. Figure 13 depicts D versus wavelength for an 
index guided DCF, in which the air hole size of one of the outer rings has been reduced, 
thereby effectively functioning as an outer core of smaller index contrast.  Its effective 
refractive index profile is analogus to that of a dual concentric core fiber discussed earlier in 
the section on DCF. Figure 13 representing its dispersion spectrum shows broadband DCF 
nature of such a structure when appropriately optimised. Our deeper studies on such a 
broadband DCF have revealed that D vs λ curve becomes flatter and confinement loss 
becomes smaller when the outer core i.e. the ring with smaller sized holes is nearer to the 
core. Dispersion slope of the designed DCF is ~ − 3.7 ps/km.nm2, and accordingly its RDS is 
0.00357 nm-1, which matches well with the RDS value for standard G.652 type of single-
mode fibers (0.0036 nm-1).  Figure 14 depicts effect of varying d2 on D vs λ curve for the dual 
core holey fiber of the kind shown on Fig. 13. The confinement loss was found to reduce 
from ~ 103 to ~10-1 dB/m as the number of cladding rings increases from 5 to 8. 
 

 
Wavelength (μm) 

 
 

Fig. 12. Dispersion spectra in a holey fier having three cladding rings; a) for different pitch 
and constant hole diameter; b) foe different hole diameter and constant pitch [After Mehta, 
2009] 
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and constant hole diameter; b) foe different hole diameter and constant pitch [After Mehta, 
2009] 
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Fig. 13. Dispersion spectra of index guided DCF (shown on the side), whose pitch (Λ) is 0.8 
μm and  d1/Λ = 0.85; a) for d2= 0.58 μm, b) for d2= 0.56 μm; d1 corresponds to diameter for 
the bigger air holes in the cladding rings while  d2 (<d1) correspond to diameter of the air 
holes in the third outer ring.  Equivalent effective refractive index profile is also shown in 
the figure [After Mehta, 2009]. 

 
Fig. 14. Effect on dispersion spectrum for variation in d1 while d2 and pitch were kept fixed 
at 0.3 μm and 1 μm, respectively; (a) d1 = 0.85 μm, (b) d1 = 0.87 μm, (c) d1 = 0.9 μm. [After 
Mehta, 2009] 

Confinement loss is an important characteristic parameter of MOFs. It is defined as 
(Kuhlmey et al, 2002) 

 ( )
620 10 2Confinement loss (dB/m) Im

ln10 effnπ
λ

×
=  (12) 

where neff  is effective index of the fiber mode.  
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4.4 Birefingent microstructured optical fiber 
Birefringence could be easily generated in a MOF by increasing diameter of the holes 
adjacent to the core along one direction as shown in Fig. 15. Birefringence (B) is defined 
through Eq. (12).  In Fig. 16, we depict sample of a typical variation of B with the ring  
 

 ( )
2
x y

x yB n n
λ β β

π

−
= − =   (12) 

location in which the diametrically opposite larger sized pair of holes on a specific ring in 
the cladding. It is apparent that birefringence reduces as the pair of diametrically opposite 
air holes is located farther away from the core of the holey fiber. 
 
 

 
 

Fig. 15. Cross section of a sample birefringent index guided holey MOF 
 

 
 

Fig. 16. Birefringence as a function of location of the larger sized pair of holes with respect to 
the core of the holey fiber [After Mehta, 2009] 
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5. One dimensional photonic bandgap fibers: Bragg fiber 
5.1 Dispersion compensating Bragg fibers 
Bragg fibers represent an 1D-PBG MOF, which was first proposed in 1978 [Yeh et al, 1978], 
almost 10 years before the concept of PhC emerged; although the authors missed out in 
identifying the inherent photonic band gap characteristic feature of these fibers. These fibers 
consist of a low-index central region (serving as the core) that is surrounded by concentric 
layers of alternate high and low refractive index materials. Although in the first proposal the 
refractive indexes of the cladding bilayers were assumed to be higher than that of the core 
(see Fig. 17), Bragg fibers could also be designed such that only one of the cladding bilayers 
has a refractive index higher than that of the core [Katagiri et al, 2004].  
 

 
Fig. 17. a) Cross sectional view of a Bragg fiber; b) Corresponding refractive index profile 

In either case, the refractive index periodicity in the cladding spawns a PBG.  In mid-1980s, 
air-core Bragg fibers attracted some attention due to a possibility of guiding light in an air 
core, thereby offering the possibility of attaining a very low transmission loss [Doran & 
Blow, 1983].  With the emergence of the concept of PBGs in the context of photonic crystals 
there has been a resurgence of interest in air-core Bragg fibers as an alternative PBG fiber 
platform for a variety of applications. The first report on a solid silica-core Bragg fiber 
appeared in 2000 [Brechet et al, 2000], which aimed to achieve zero GVD at wavelengths 
shorter than conventional telecommunication wavelength windows; in addition, liquid-
filled polymer-based Bragg fibers [Cox et al, 2006; Pone et al, 2006], and hollow/low-index 
core Bragg fibers [Argyros et al, 2006; Skorobogatiy, 2005] also attracted attention because 
they exhibit diverse propagation characteristics. Bragg fibers with relatively large refractive 
index difference between its core material and cladding layer materials could essentially be 
modeled like planar stacks of periodic thin films of alternating materials, similar to  an 
interference filter [Dasgupta et al, 2006].  Inherently the Bragg fibers are leaky in nature due 
to its refractive index profile, however the loss can be minimized by appropriately choosing 
the cladding layer parameters.  For a given number of cladding layers, the following quarter-
wave stack condition minimizes the radiation loss of the TE modes supported by a Bragg fiber 

 0 1 1 0 2 2 2k n d k n d mπ= =  (19) 

where n1, n2 and d1, d2 are the refractive indices and thickness of odd and even layers, 
respectively, k0 is free space wave number at the operating wavelength, which is the central 
wavelength of the band gap that is characteristic of the Bragg fiber and the integer m (≥ 1) 
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represents order of the quarter wave stack condition.  Satisfying this condition implies that 
round-trip optical phase accumulated from traversal through a pair of claddings is 2π. By 
choosing m = 3, design of a dispersion compensating Bragg fiber (DCBF) of extremely large 
figure of merit has been reported [Dasgupta et al, 2005].  Figure 18 depicts radiation loss and 
dispersion spectra of the designed air-core high index contrast Bragg fiber based on a 
polystyrene-tellurium (PS-Te) material system. It could be seen that this DCBF exhibits 
dispersion and radiation losses of −1245 ps/(nm.km) and 0.006 dB/km (with 20 cladding bi-
layers), respectively, at 1550 nm. These values amount to an effective FOM of 200,000 
ps/(nm.dB), which are 2 orders of magnitude larger than that of conventional DCFs. The 
average dispersion of the DCBF is −1800 ps/(nm.km) across the C-band of an EDFA, with 
an estimated average radiation loss of 0.1 dB/km.  
 

 
Fig. 18. Dispersion and radiation loss spectra of an air-core Bragg fiber-based DCF [After 
Dasgupta et al, 2005; ©2005 OSA]  

5.2 Bragg fiber for metro networks 
Exact modeling of Bragg fibers as reported in [Yeh et al, 1978] was extremely computation 
intensive because of the large number of material interfaces involved. However, a semi-
asymptotic matrix approach involving much less complexity and computational time has 
been reported in [Xu et al, 2003], according to which the field in the first few of the inner 
cladding layers are assumed to be exact Bessel solutions while the field in the rest of the 
outer layers is assumed to be describable by the asymptotic form of Bessel functions.  The 
Bloch theorem is then applied to set up the eigen value equation, solutions of which give the 
propagation constants of the guided modes.  This formalism has been applied to design an 
air core metro centric Bragg fiber [Pal et al, 2005].  Figure 19 shows the dispersion spectrum 
of the lowest order TE mode of such a metro-centric Bragg fiber. Its dispersion 
characteristics are very close to that of the metro fiber of AlcaLuc, average dispersion of the 
fiber across the C band being 10.4 ps/(nm.km) with a dispersion slope of 0.17 ps/(nm2.km) 
at 1550 nm. This should enable a dispersion-limited fiber reach before dispersion 
compensation is required of ~ 96 km in the C band at 10 Gbits/s, assuming dispersion 
power penalty of 1 dB.  Its average dispersion across the L-band was 15.9 ps/(nm.km) with 
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a dispersion slope of 0.09 ps/(nm2.km) at 1590 nm.  Inserting a conventional dispersion 
compensating fiber or another Bragg fiber-based dispersion compensator discussed in the 
previous section can easily compensate the accumulated positive dispersion of this NZDSF 
in a metro-like network system. The strong confinement of the TE01 mode within the air-core 
allows the material-related losses in the cladding to be ignored at the design stage as 
compared to the radiation loss. The average radiation loss of the TE01 mode across the C 
band was estimated to be only 0.03 dB/km while it was nearly an order of magnitude lower 
across the L band.  To achieve efficient optical coupling, this Bragg fiber, which had a core 
diameter of ~ 10 μm, can be tapered to attain significant modal overlap between its TE01 
mode and the LP01 mode of the SMF-28 single-mode fiber pigtail of a laser diode.  
Additionally, the air-core of the Bragg fiber enhances the threshold for optical nonlinearity 
while simultaneously allowing a large mode effective area as compared to conventional 
fibers - both these features are attractive for large power throughput with low sensitivity to 
detrimental nonlinear effects. Large power throughput serves to offset the signal 
distribution losses at the nodes of a typical metro and/ regional network rings, which is 
advantageous from the point of view of power budgeting options.  Such a metro fiber, if 
realized should allow a fiber span length of ~ 100 km without requiring any dispersion 
compensating device and amplifier. These features, to a large extent, satisfy the required 
features like reduced installation and operational costs, and complexity of a metropolitan 
network. 

 
Fig. 19. Dispersion spectrum for the TE01 mode of a positive dispersion flattened air core 
Metro centric Bragg fiber [After Pal et al, 2005 ; ©2005 OSA] 

5.3 Nonlinear spectral broadening in solid core Bragg fibers 
Solid core Bragg fibers could be designed to have very small (~ 3 μm2) or very large mode 
area (~ 500 μm2). The first report on realization of a solid core Bragg fiber was reported in 
[Brechet et al, 2000]. Solid core Bragg fibers are attractive from fabrication point of view and 
also for investigating nonlinear effects in such fibers. As in index guided and photonic 
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bandgap guided MOFs fibers, zero dispersion in a Bragg fiber could be tailored to 
wavelengths below 1200 nm. An important additional advantage offered by a solid core 
Bragg fibers is that it could be fabricated by the widely well-known and mature process of 
modified chemical vapor deposition (MCVD) technology unlike the complex process 
involved in fabricating other varieties of MOFs. We have studied the phenomenon of 
supercontinuum generation centered at 1.05 μm in a solid core dispersion decreasing Bragg 
fiber (DDBF) [Pal et al, 2006; Dasgupta et al, 2007]. Since a silica-based solid core fiber 
amenable to fabrication by the MCVD technology would be a low index contrast fiber, 
evolution of a short high power pulse in a silica core Bragg fiber having 10 bi-layers of 
cladding was designed by modeling it through a matrix method applicable to LP modes of 
an optical fiber [Pal et al, 2006]. By simulating the propagation of different order soliton 
pulses, we observed that the shortest distance at which such a pulse is maximally 
compressed is ~ z0/(N − 1), where z0 is the soliton period, and N is the whole integral value 
for N ≥ 2. Beyond this propagation distance, the pulse begins to break up, and the 
corresponding frequency spectrum does not exhibit any further broadening. Pulse evolution 
with propagation in the frequency domain as modeled through solution of the nonlinear 
Schroedinger equation [Agrawal, 2007] and taking in to consideration higher order group 
velocity dispersion effects.  Maximum broadening of the pulse in the frequency domain was 
found to occur in a dispersion decreasing fiber (through up-taper along its length) of length 
~ 70 cm.  The nonlinearity induced broadening of the pulse as a supercontinuum pulse at 
the output of the dispersion decreasing Bragg fiber is shown in Fig. 20; it could be seen that 
the 25 BW of the output pulse is ~ 152 nm.  It could be broadened further but at the expense 
of worsening of the flatness of the spectrum.  Still broader spectrum would be possible if a 
lower dispersion slope Bragg fiber could be designed. More recently experimental 
demonstration of super continuum light from a solid core Bragg fiber fabricated through the 
MCVD method has been reported [Bookey et al, 2008] (as shown in Fig. 21).  
 

 
Fig. 20. Simulations demonstrating broadened frequency spectrum achieved through a 
dispersion decreasing solid core Bragg fiber for a 100 fs input pulse of peak power 4 kW 
[Calculations courtesy Dasgupta, 2006] 
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Fig. 21. a) Optical micrograph of the cross section of a solid core Bragg fiber fabricated 
through MCVD technology; b) Nonlinear spectral broadening in 3 cm of this Bragg fiber 
showing the input spectrum and for 19 kW, 59 kW, and 82 kW of launched peak powers 
from an optical parametric amplifier (OPA). OPA was tuned to 1067 nm and FWHM of the 
launched pulse was 120 fs (After Bookey et al, 2009; ©2009 OSA). 

6. Conclusion 
 In this chapter we have attempted to provide a unified summary description of the most 
important propagation characteristics of an optical fiber followed by discussion on several 
variety of special fibers for realizing fiber amplifiers, dispersion compensating fibers, 
microstructured optical fibers, and so on. Even though huge progress has been made on 
development of optical fibers for telecom application, a need for developing special fibers, 
not necessarily for telecom alone, has arisen. This chapter was an effort to describe some of 
these special fibers. Detailed discussions are given on our own work related to inherently 
gain-flattened EDFA, DCFs of large mode effective area, index-guided MOF and Bragg 
fibers for realizing dispersion compensation, for metro network centric applications, and for 
generating super continuum light.  
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1. Introduction     
Chalcogenide glasses are based on the chalcogen elements S, Se and Te with the addition of 
other elements such as Ge, As and Sb to form of stable glasses (Borisova, 1981). Due to their 
large IR transparency, fibers fabricated from these glasses are ideal for transmission of high 
power IR light.  Several applications of chalcogenide fibers for IR transmission have been 
documented (Sanghera et al., 2005a). Also of interest is the high nonlinearity of these glass 
compositions. The high χ(3) nonlinearities of chalcogenide glasses make them excellent 
candidates for applications such as all optical processing, Raman amplification, parametric 
amplifiers and supercontinuum generation.  

2. Glass preparation 
Chalcogenide glasses are melted directly in quartz ampoules using chemicals purified via 
distillation/sublimation (Sanghera et al., 1994a). Typical melt temperatures range from 
600oC to 900oC, depending upon composition. The liquids are quenched and the glass rods 
annealed at temperatures around the appropriate softening temperatures. The optical fibers 
are obtained by the double crucible (DC) process (Sanghera et al., 1995). The DC process 
enables adjustments to be made in the core/clad diameter ratio during fiber drawing by 
independent pressure control above each melt. Therefore both multimode and single mode 
fibers can be drawn with relatively few processing steps. 

3. Fiber properties 
Figure 1 compares the losses routinely obtained for a couple of chalcogenide glasses along 
with the lowest (“champion”) losses reported in the literature (Sanghera et al., 1994b; 
Churbanov, 1992). Depending upon composition, the sulfide, selenide and telluride based 
fibers transmit between about 0.8-7 μm, 1-10 μm, and 2-12 μm, respectively. Therefore, the 
practical applications dictate the type of fiber to be used.  As-S fibers loss routinely achieved 
is about 0.1-0.2 dB/m in fiber lengths of about 500 meters. Losses for As-Se fibers typically 
range from 0.5 to 1 dB/m in the near IR around 1.5 µm. 
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Fig. 1. Transmission loss spectra of (a) lowest loss sulfide fiber, (b) typical sulfide fiber, (c) 
lowest loss telluride fiber, and (d) typical telluride fiber. 

4.  Nonlinear properties 
It is well established that the values of χ(3) for chalcogenide glasses are about two orders of 
magnitude larger than silica (Nasu et al, 1989; Richardson et al, 1998). More recently, glasses 
have been reported with non-linearities approaching 1000 times silica (Lenz et al., 2000; 
Harbold et al., 2002). These large nonlinearities would allow small compact low power 
devices for telecommunications. The subpicosecond response of these nonlinearities is ideal 
for high data rate telecommunication devices.  
For efficient nonlinear devices utilizing the optical Kerr effect, the nonlinearity must be high 
and the nonlinear absorption must be low. A figure of merit FOM = n2/(βλ) can be defined 
as a useful metric to determine optimum compositions, where n2 is the nonlinear index and 
β is the nonlinear absorption. For isotropic medium, one and two photon resonant processes 
dominate the third-order susceptibility. For frequencies approximately half of the material 
resonance, two photon processes resonantly enhance the nonlinear index n2. Normally, 
however, the two photon resonance enhancement is accompanied by two photon absorption 
which competes with the nonlinear index n2. In the case of amorphous materials such as 
chalcogenide glass, an exponential Urbach tail exists and its absorption edge extends below 
the half gap. This edge leads to two photon absorption (TPA) below the half gap and thus n2 

may increase faster than TPA absorption in this region. Consequently, the best performance 
in terms of nonlinear index strength vs. TPA (FOM) will occur just below the gap.  Figure 2 
shows the bandgap of the As-S-Se system vs. Se concentration.   
Here, the bandgap is defined at the point of 103 cm-1 absorption. In the graph, Se content of 0 
at. % corresponds to pure As40S60 while Se content of 60 at. % corresponds to pure As40Se60.  
The bandgap of the glass system decreases with Se content. For operation at 1.55 µm (0.8 
eV), we would expect an optimum composition of As40Se60 where Eg/hν ~ 0.45. This is borne 
out by experimental data. 
Spectrally resolved two beam coupling measurements of As-S-Se system have been 
performed to determine the magnitude of the nonlinear index n2 and the two photon 
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Fig. 2. Bandgap of As-S-Se glass system (defined at the point of 103 cm-1 absorption). 

absorption coefficient. Details of these measurements can be found in (Harbold et al., 2002).  
Figure 3 shows the results of these measurements. Values for As-S were found to be ~220 
times higher than for silica at 1.55 µm and increased with Se substitution of S to a value of 
~930 times higher than silica for As-Se.  Likewise, two photon absorption also increases with 
increasing Se content. This data can be used to calculate the FOM for the As-Se system 
(Figure 4). As expected, the glasses with the largest FOM for operation at 1550 nm occurs for 
Eg/hν at ~0.45 which is the As-Se composition (Slusher et al., 2004). 
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Fig. 3. n2 and TPA absorption of As-S-Se glass system. 

High speed optical processing has been demonstrated by exploiting these high 
nonlinearities in chalcogenide glass fiber and waveguides. Earlier work on all optical 
switching in chalcogenide fiber was performed by Asboe (Asobe et. al. 1993) who 
demonstrated switching of an 80-GHz pulse train in a 2 meter length of As2S3 based fiber 
using an optical kerr shutter configuration.  More recently, 640 Gb/s demultiplexing has 
been demonstrated in a 5 cm long chalcogenide rib waveguide on silicon by utilizing FWM 
(Galili et. al. 2009).  40 Gb/s all optical wavelength conversion has also been demonstrated 
in chalcogenide tapered fibers (Pelusi, et. al. 2008). Here, a CW laser at the conversion 
wavelength was modulated by XPM with the co-propagating 40 Gb/s signal. 
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Fig. 4. FOM for As-S-Se glass system. 

5. Raman amplification 
Figure 5 shows the normalized Raman spectra of As40S60, As40Se60, and silica. As40Se60 glass 
has a much narrower Raman line (~60 cm-1) than silica glass (~250 cm-1). In addition, the 
Raman shift for As40Se60 glass is much smaller (~240 cm-1) than the Raman shift of silica 
glass (~440 cm-1) due to the heavier atoms present in the chalcogenide glass. Previous 
studies have looked at stimulated Raman scattering in As40S60 glass, a very similar glass 
system to As40Se60 (Asobe et al., 1995). These studies found the Raman gain coefficient of 
As40S60 to be almost two orders of magnitude higher than that of silica. It was also found 
that this enhancement in the Raman gain roughly corresponded to the enhancement in the 
nonlinear index, n2. Consequently, one might expect to see an even larger Raman gain 
coefficient in As40Se60 since the selenide glass has shown an even larger nonlinearity and 
also a narrower Raman spectrum.  
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Fig. 5. Raman spectra of As2S3 and As2Se3 glass. Silica glass is shown for reference. 
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Raman amplification at 1.55 µm has been demonstrated in small core As-Se fiber (Thielen et 
al., 2003a). The results of the Raman amplification experiment are shown in shown in Figure 
6. Over ~23 dB of gain was achieved in a 1.1-meter length of fiber pumped by a nanosecond 
pulse of ~10.8 W peak power at 1.50 µm. The peak of the Raman gain was shifted by ~230 
cm-1 to 1.56 µm. The Raman gain coefficient was estimated to be ~300 times silica in this 
experiment. More recent measurements of the Raman gain coefficient show a value of about 
780x greater than that of silica (Slusher et al. 2004).   
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Fig. 6. Raman amplification in As-Se fiber.  Shown is amplifier output with signal and no 
pump, pump and no signal (showing background stimulated Raman scattering (SRS) 
resulting from pump), and amplified signal with pump. 

The large Raman gain coefficient of chalcogenide glass coupled with its large IR 
transparency show promise for lasers and amplifiers in the near and mid-IR. The potential 
for Raman lasers and amplifiers can be assessed by defining a figure of merit (FOM).  The 
expression for single pass gain, GA, in a Raman fiber laser is given by [1]: 

 0exp R eff
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Where gR is the Raman gain coefficient, P0 is the pump power, Aeff is the fiber effective area 
and Leff is the fiber effective length. The fiber effective length is given by 

 ( )1 11 L
effL e α

α α
− ⋅= − ≈   (2) 

Where α is the fiber loss. For long lengths, Leff is approx 1/α. From these equations, the gain 
is proportional to exp (-gR /α) for long fiber lengths. Thus, the value gR /α can be used as a 
rough FOM for Raman amplification. Table 1 compares the performance of an As-Se Raman 
fiber laser or amplifier operating at 4 µm to a silica Raman fiber laser or amplifier operating 
in the telecommunications band at 1.5 µm. Here, the Raman gain coefficient of As-Se, gR, 
which is measured to be 780x silica at 1.5 µm is extrapolated to it value in the mid-IR since 
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the Raman gain coefficient scales inversely with wavelength.  α is the fiber loss. For silica, a 
loss of 0.2 to 0.3 dB/km is typical of telecommunication grade fiber. For As-Se, two losses 
are given.  The loss of 200 dB/km is typical of “champion losses” achieved at NRL for As-Se 
fiber while the loss of 3 dB/km is theoretical loss for As-Se fiber (Devyatykh et al., 1992).  
For the loss of 200 dB/km,  gR /α for an As-Se fiber Raman amplifier operating at 4 µm is 
about 0.38 compared to 1.1 for a silica fiber Raman amplifier. For the theoretical loss of 3 
dB/km,  gR /α for As-Se fiber operating at 4 µm is 23 times that of silica fiber operating at 
1.5-µm. 
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Table 1. Figure of merit for Raman amplification in As-Se fiber at 4-µm compared Raman 
amplification in silica fiber at 1.5-µm.  The loss value of 200 dB/km (a) for As-Se is typical of 
a “champion” loss value.  The loss value of 3 dB/km (b) is theoretical loss. 

A Raman laser has been demonstrated in As-Se fiber by Jackson (Jackson et. al. 2000). They 
generated 0.64 W of first Stokes at 2062 nm with a slope efficiency of 66% under 2051 nm 
pumping in a 1 meter length 6 µm core, 0.19 NA fiber. Reflection off the endface of the fiber 
(~22% at normal incidence) was used for feedback at the output end of the fiber while a 
broadband Au-coated mirror was used as a back reflector. Note that the braodband nature 
of the cavity reflectors allowed the Raman laser to oscillate on a number of vibrations. The 
line at 2062 nm was attributed to interlayer vibrations of As2Se3. Raman output at 2102 from 
bond bending vibrations and at 2166 nm for bond stretching vibrations were also observed.   
Stimulated Raman scattering (SRS) has been observed in the mid- IR.  Figure 7 shows the 
SRS in a ~ 1m length of As-Se fiber under CW CO laser pumping at ~ 5.4 µm. The SRS is 
seen at ~ 6.1 µm. Raman laser operating in the wavelength range of from 6.1 to 6.4 µm 
would have applications in laser surgery. These wavelengths correspond to amide bands in  
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Fig. 7. SRS signal observed at 6.1 µm under ~5.4 µm CO laser pumping. 
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Fig. 7. SRS signal observed at 6.1 µm under ~5.4 µm CO laser pumping. 
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tissues and studies have shown that ablation of soft tissue is possible at these wavelengths 
with minimal collateral damage, thus accelerating healing (Edwards et al. 1994). Modeling 
of a Raman laser operating at 6.45 µm under CO laser pumping at 5.59 µm has shown high 
slope efficiencies and moderate threshold power operation is possible (Thielen et al. 2003b). 

6. Supercontinuum generation 
Supercontinuum generation has been demonstrated between 2 to 3 µm in small core sulfide 
and selenide fibers as well as photonic crystal selenide fibers (PCF) (Shaw et al., 2005). The 1 
meter length of fibers were pumped with a Ti:sapphire pumped OPA laser at a wavelength 
of 2.5 µm using 100 fs pulses and 100 pJ/pulse. The outputs from the fibers are shown in 
figure 8. The sulfide and selenide fibers were 7 µm core diameter, while the PCF fiber had a 
10 µm core diameter.  In all cases, pumping was in the normal dispersion region of the fibers 
and much of the broadening can be attributed to self phase modulation (SPM) with some 
broadening to the red due to Raman (Hu et. al., 2008).   
 

 
Fig. 8. Supercontinuum generation in  small core chalcogenide fibers. The insert shows the 
cross-sectional view of the selenide PCF fiber. 

By using chalcogenide glass PCF, the dispersion of the fiber by can controlled and the zero 
dispersion wavelength can be shifted to the near-IR making it feasible to pump in the 
anomalous dispersion region of the fiber with conventional near-IR fiber laser pumps.  
Modeling has shown that very broad supercontinuum bandwidths can be generated with 
properly designed chalcogenide PCF fiber and proper pump (Hu et. al. 2009) 

7. Poling of chalcogenide glass 
Isotropic materials such as glasses lack a center of inversion symmetry and thus have no 
second order nonlinear susceptibility (χ(2)) they should not exhibit second harmonic 
generation (SHG) (Dianov et al., 1989). However, undoped and Pr-doped GaLaS glasses 
have exhibited SHG (De Aruajo et al., 1996) through optical pumping. This SHG may be due 
to crystallization or the effect of frozen-in electric fields. The latter arises from the 
relationship χ(2) = Edcχ(3), where Edc is the frozen-in electric field (Dianov et al., 1989). Electric 
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Fig. 9. (a) Modeled supercontinuum spectrum in As-S Photonic crystal fiber with Λ = 3 µm 
under 2 µm, 500 fs, 1 kW peak power pumping. (b) The central wavelength of the soliton 
with the largest power (dashed curve) and the ratio of the power generated between 3 µm 
and 5  µm to the total input power as a function of the pitch at the end of the tapered PCF 
(solid curve) (Hu, et. al. 2009) 

poling has been successfully used to produce SHG in silica based fiber systems (Kazansky et 
al., 1997). It is not unreasonable to expect similar results in chalcogenide fibers.  
Since χ(3) is about 2 to 3 orders of magnitude larger in chalcogenides compared with silica, 
we expect larger SHG efficiencies in electrically poled chalcogenide glasses. However, the 
question arises as to whether the electric fields can be frozen-in for chalcogenide glasses. 
Second harmonic generation has been observed at 780 nm using electrically poled arsenic 
sulfide glass when pumping a 1 mm thick arsenic sulfide glass disk at 1560 nm as shown in 
Figure 10. The sample was electrically poled at 100oC for 5 hours under nitrogen gas 
atmosphere. At the present time the magnitude appears comparable to silica glass but the 
mechanism is unknown. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

765 770 775 780 785 790 795

Wavelength (nm)

Si
gn

al
 (V

)

Pump laser : Mirage OPO
λ = 1.56 µm
pulsewidth = 5 ns
Rep Rate = 10 Hz

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

765 770 775 780 785 790 795

Wavelength (nm)

Si
gn

al
 (V

)

Pump laser : Mirage OPO
λ = 1.56 µm
pulsewidth = 5 ns
Rep Rate = 10 Hz

 
Fig. 10. Second harmonic generation in poled As-S glass.  Glass was pumped at 1.56 µm.  
Shown is the 780 nm SHG signal.  
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Fig. 10. Second harmonic generation in poled As-S glass.  Glass was pumped at 1.56 µm.  
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8. Brillouin scattering 
In order to estimate the Brillouin gain coefficient, the threshold power of the stimulated 
Brillouin scattering (SBS) process can be measured using the experimental setup detailed in 
Fig. 11. The threshold power is easily determined by measuring the amount or monitoring 
the spectrum of the reflected light using a high-resolution optical spectrum analyzer (OSA) 
as sampled by the circulator. The fibers can be coated with liquid gallium on 10-cm lengths 
on each end to eliminate the radiation leaking into the cladding. In the example provided, 
the fiber ends were not anti-reflection coated and hence cavity effects were significant due to 
the high refractive index of the fiber. The losses in the fiber and in the coupling optics are all 
taken into account when estimating the amount of pump launched into the core. A 45% 
coupling efficiency was estimated in the As2S3 case, and 37% in the As2Se3 case. These values 
can be optimized and hence the SBS threshold power can be reduced, which is desired trend 
from a system design perspective. 

 
Fig. 11. Experimental setup used for SBS threshold measurements. 

The spectral changes of the backward wave propagating through the chalcogenide fiber, as 
sampled by the circulator, are shown in Fig. 12 for the As2S3 fiber, and in Fig. 13 for the 
As2Se3 fiber, respectively. The cavity effects reduced the accuracy of the threshold 
measurement as indicated in the captions. Nevertheless, the threshold is easily identified by 
the significant jump in the peak of the Brillouin-shifted signal monitored on the OSA. 
Additionally, clamping of the pump output power was observed, once the threshold was 
reached, since most of the pump power wastransfered to the Stokes wave (Ruffin, 2004).  
The numerical aperture (NA) of a fiber determines the mode-field diameter and hence the 
effective area of the fundamental mode, with direct implications on the threshold power 
estimation for the SBS process. It also determines the number of modes supported by the 
fiber at a given wavelength, λ. The V-number for a step-index fiber is a function of NA as 
given in Eq. 3, where d is the core diameter:  

 πdV NA
λ

=   (3) 

A value of V=2.405, or lower, indicates single mode behavior. The V-number for the As2S3 

fiber used was ~2.8 During the experiments, the mode field pattern was monitored by 
imaging the output on a Vidicon camera to make sure only the fundamental mode was 
launched. Using the NA and V-number values, the Mode Field Diameter (MFD), d1/e2, for 
the fundamental mode will be given by Eq. 4 and is listed in Table 2: 
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Fig. 12. Typical spectra of the reflected light sampled by the circulator for different launched 
pump powers into the As2S3 fiber core. Fiber length was 10.0 m. Estimated SBS threshold: 
(27 ± 3) mW. Tick labels shown only on one plot for clarity. 
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Fig. 13. Typical spectra of the reflected light sampled by the circulator for different launched 
pump powers into the As2Se3 fiber core. Fiber length was 5.0 m. Estimated SBS threshold: 
(127 ± 7) mW. Tick labels shown only on one plot for clarity. 

Wavelength (nm) 

Wavelength (nm) 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

38 

-70

-60

-50

-40

-30

-20

-10

0

 

 

21 mW

 

 

 

23 mW

1548.25 1548.35 1548.45 1548.55 1548.65 1548.75
-70

-60

-50

-40

-30

-20

-10

0

 

 

 

27 mW

 

 

30 mW

 
Fig. 12. Typical spectra of the reflected light sampled by the circulator for different launched 
pump powers into the As2S3 fiber core. Fiber length was 10.0 m. Estimated SBS threshold: 
(27 ± 3) mW. Tick labels shown only on one plot for clarity. 
 

-70

-60

-50

-40

-30

-20

-10

0

 

 

80 mW

 

 

 

112 mW

1548.25 1548.35 1548.45 1548.55 1548.65 1548.75
-70

-60

-50

-40

-30

-20

-10

0

 

 

 

119 mW

 

 

133 mW

 
Fig. 13. Typical spectra of the reflected light sampled by the circulator for different launched 
pump powers into the As2Se3 fiber core. Fiber length was 5.0 m. Estimated SBS threshold: 
(127 ± 7) mW. Tick labels shown only on one plot for clarity. 

Wavelength (nm) 

Wavelength (nm) 

Nonlinear Properties of Chalcogenide Glass Fibers  

 

39 

 2 1.5 61/e

1.619 2.879d d (0.65 )
V V

= × + +   (4) 

The propagation loss is also an important parameter as it defines the effective interaction 
length for the Brillouin scattering process. The values reported in Table 2 represent 
relatively low losses for both singlemode fibers at 1.56 µm. However, it should be possible to 
lower the losses even further by improved fiber drawing and glass fabrication processes. 
 

Fiber 
Core 
dia. 
[µm] 

Clad 
dia. 
[µm] 

Core 
Refractive 

Index 
NA V-

number 

d1/e2 MFD 
[µm] 

(calculated) 

Loss 
[dB.m-1] 

As2S3 4.2 142.0 2.45 0.33 2.8 4.2 0.57 
As2Se3 6.5 175.0 2.81 0.14 1.8 9.0 0.90 

Table 2. Chalcogenide fiber parameters (at wavelength of 1.56 µm). 

From the experimentally determined threshold power values (Pth) shown in figures 12 and 
13, one can estimate the Brillouin gain coefficient (gB) using Eq. 5 (Song et al, 2006; Ippen 
and  Stolen, 1972): 

 eff
th

eff B

AP 21
L g k

≅   (5) 

In the Eq. 5, k is a constant which reflects whether the polarization is maintained constant 
throughout the interaction (k = 1) or not (k = 0.5, our case). Also, the Aeff and Leff are the 
effective area of the fundamental mode, and the effective interaction length, respectively. 
These are given by Eq. 6 and Eq. 7, where L is the fiber length, α is the propagation loss, and 
the mode-field diameter is determined by Eq. 3 above.  

 2
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eff

πd
A

4
=   (6) 
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eff

1L 1 e
α

−= −  (7) 

Using Eqs. 5-7, the parameters from Table 3, and the fiber lengths and pump threshold values 
indicated in Fig. 11 and Fig. 12, The Brillouin coefficient is estimated to be (3.9 ± 0.4) x 10-9 
m.W-1 for the As2S3 and (6.75 ± 0.35) x 10-9 m.W-1 for As2Se3. The value for the As2Se3 is close to 
the only other previously published result for this composition (Song et al, 2006). The value for 
the As2S3 fiber, although lower than the one for As2Se3, is still two orders of magnitude higher 
than that for fused silica ( ~4.4 x 10-11 m.W-1) (Song et al, 2006; Ogusu et al., 2004). 

9. Slow light 
The slow-light technique based on stimulated Brillouin scattering (SBS) in optical fibers has 
attracted interest as it allows a very simple and robust implementation of tunable optical 
pulse delays, using mostly standard telecom components. Especially important are non-
silica-based fibers with higher nonlinearity since these require lower powers and shorter 
lengths for practical implementations.  



 Frontiers in Guided Wave Optics and Optoelectronics 

 

40 

To date, there have been reports of slow-light generation in Bi-oxide high-nonlinearity fiber 
(Jáuregui, C. et al., 2006), telluride fiber (Abedin, K., 2008) and of very efficient slow and fast 
light generation in As2Se3 chalcogenide fiber (Song, K. et al., 2006). Additionally, the SBS 
process has been studied in As2S3 glass fibers (Florea et al., 2006).  The very large Brillouin 
gain coefficient presents the chalcogenide fibers as alternatives to silica fiber for slow-light 
applications. A figure of merit (FOM) has been proposed (Song et al., 2006) in order to 
quantify the usefulness of a given fiber for slow-light based applications. The Brillouin gain 
is considered a positive factor while the length, the refractive index, and the power are 
considered as negative factors impacting the response time and the onset of additional 
nonlinear effects in the system. The FOM (Song et al., 2006) requires knowledge of the actual 
Brillouin gain which has to be measured, and takes into account the effective length not the 
total length of fiber. One can re-write the FOM such as to reduce it to the primary quantities 
describing the fiber (effective area, length and propagation loss, refractive index, and 
Brillouin gain coefficient expressed in dB): 

 

p
B eff

eff

p p

P
10 log(exp(g k L ))

Gain[dB] AFOM 
P nL P nL

×
≡ =   (8) 

The FOM can be further reduced to: 

 B eff

eff

g kLFOM 4.34
nA L

=   (9) 

It is important to keep in mind that this FOM essentially determines what length and power 
are needed in a system to achieve a certain gain, and hence a certain time delay. The FOM as 
defined above in Eq. 9 tends to be a quantity which obscures the physical meaning 
contained in Eq. 8. Actually, the theoretical gain (Gth), expressed in dB, as given by Eq 10, 
could be used instead to compare different fibers, if one considers a standard fiber length of 
1 m and a standard pump power of 1 mW. Then, the theoretical gain is given by Eq. 10: 

          B eff L 1m
th

eff

g k 1mW L
G [dB] 4.34

A
=

× ×
=  (10) 

One can use this last, fairly simple expression to compare the most representative fibers 
considered so far: silica (Song et al., 2005; Ruffin et al., 2005), high-nonlinearity bismuth fiber 
(Jáuregui et al., 2006; Lee et al. 2005), As2Se3 fiber (Song et al., 2006), along with the results 
reported here. The comparison is provided in Table 3, with all the data reported for 
experiments without polarization control (k=0.5). Also included is the FOM as defined 
above for completion. One can easily notice the significant increase in the theoretical gain 
(or FOM) for the As2S3 fiber due to its smaller core, lower loss and slightly reduced 
refractive index. 
A typical experimental setup for slow light demonstration using chalcogenide fiber is 
detailed in Figure 14. The components contained within the dashed contour lines were only 
employed for the delay measurements. The output of a DFB laser (at 1548 nm) was split in 
two components, one which will serve as a pump while the other will serve as a counter-
propagating signal. 
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experiments without polarization control (k=0.5). Also included is the FOM as defined 
above for completion. One can easily notice the significant increase in the theoretical gain 
(or FOM) for the As2S3 fiber due to its smaller core, lower loss and slightly reduced 
refractive index. 
A typical experimental setup for slow light demonstration using chalcogenide fiber is 
detailed in Figure 14. The components contained within the dashed contour lines were only 
employed for the delay measurements. The output of a DFB laser (at 1548 nm) was split in 
two components, one which will serve as a pump while the other will serve as a counter-
propagating signal. 
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 Silica [a] Bi-HNL [b] As2Se3 [c] As2Se3 As2S3 
N 1.47 2.22 2.81 2.81 2.45 

Aeff [m2] 6.78x10-11 0.3x10-11 3.94x10-11 6.31x10-11 1.39x10-11 
loss [dB.m-1] 0.001 0.91 0.84 0.90 0.57 

L [m] 2.0 2.0 5.0 5.0 10.0 
Leff [m] 2.0 1.63 3.23 3.1 5.6 

gB [m.W-1] 4.40x10-11 6.43 x10-11 6.10x10-9 6.75x10-9 3.90x10-9 
Gth [dB] 0.076 0.003 1.084 0.719 3.398 

FOM [dB.W-1.m-1] 1 17 77 51 139 

 [a] Song et al.,2005; Ruffin et al., 2005 ; [b] Jáuregui et al., 2006 ; [c] Song et al., 2006 

Table 3. Comparison of figure of merit for slow-light based applications at 1.56 µm. 

  
Fig. 14. Experimental setup used for gain and delay (dashed contour line) measurements.  
Abbreviations: LD – laser diode, EOM – electro-optical modulator, FBG – fiber Bragg grating 
filter, EDFA – Er-doped fiber amplifier, VOA – variable optical attenuator, fPD – fast 
photodiode, Amp – electrical amplifier. 

The signal component is frequency shifted by a certain amount (fm) such as to match the 
Brillouin shift. Using a LiNbO3 modulator and a signal generator one can generate two side-
bands which are then separated by using a fiber Bragg grating (FBG) filter. The center 
frequency is suppressed through DC biasing. For the gain measurements, the signal is 
coupled into the chalcogenide fiber and the output is monitored with an OSA. For the delay 
measurements, the signal, prior to being coupled into the fiber, is modulated (sine wave at 
25 MHz) with a LiNbO3 modulator and a DS345 signal generator. The output is then passed 
through a variable optical attenuator (VOA) and detected with a fast photodiode and an 
amplifier on an oscilloscope. The VOA allowed us to control the signal on the detector such 
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that we maintained the same signal (as low as possible) throughout the gain measurement 
to avoid any electronics-induced time response.  
The pump is amplified with a standard EDFA and passed through a circulator before being 
coupled into the chalcogenide fiber, counter-propagating with the signal. The circulator 
allows us the signal to be picked off and sent to the detector.  
The in-house drawn fiber used in this work was similar to the one used in previous work 
(Florea et al., 2006) but this time the fiber was cabled and both ends were antireflection 
coated. The fiber had a core of 5.2 μm diameter and a clad of 150 μm diameter, while the loss 
at 1550 nm was measured to be 0.138 m-1 (0.6 dB.m-1). The effective area of the fundamental 
mode was measured and the critical power, Pth, for a 10-m length of fiber was determined, 
directly from the variation, with pump power, of the counter-propagating signal generated 
through Brillouin scattering. This was done in order to check the previous estimate of the gB 
coefficient (Florea et al., 2006), which was obtained by rather qualitatively analyzing the 
spectral changes of signal. By using Aeff and Pcr to determine gB as detailed below, this 
approach follows the method used in previous work (Song et al., 2006; Abedin, 2006) 
although a more exact analysis was proposed elsewhere (Ogusu, 2002). 
The effective area (Aeff) was measured by imaging the fiber output on a vidicon camera 
using an appropriate microscope objective. Aeff was measured directly rather than use a 
theoretical estimate (Song et al., 2006) due to the fact that the fiber had a very high NA 
(greater than 0.30) making it possible for a second, higher order mode to contribute to the 
fundamental mode field. The measuring system was calibrated by also imaging a patch of 
SMF28 fiber with well known mode-field diameter (MFD) of 10.4 ± 0.8 μm at 1550 nm. The 
MFD for the chalcogenide fiber was thus determined to be 5.2 ± 0.4 μm. 
The critical power was measured by monitoring the intensity of the Brillouin scattered 
signal versus the launched, counter-propagating pump power. A more precise analysis is 
usually performed in silica fibers (Ruffin et al., 2005). The coupling efficiency was estimated 
from fiber throughput measurements. The reflected signal was collected using a circulator, 
and the values of the Brillouin peak were read directly from the optical spectrum analyzer 
(OSA). Several measurements were made which yielded an average Pth of 29 ± 6 mW, which 
is close to the previously reported value (Florea et al., 2006) of 27 ± 3 mW. A typical data set 
is shown in Figure 15. 
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Fig. 15. Brillouin scattered signal in As2S3 fiber versus launched pump power. 
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through Brillouin scattering. This was done in order to check the previous estimate of the gB 
coefficient (Florea et al., 2006), which was obtained by rather qualitatively analyzing the 
spectral changes of signal. By using Aeff and Pcr to determine gB as detailed below, this 
approach follows the method used in previous work (Song et al., 2006; Abedin, 2006) 
although a more exact analysis was proposed elsewhere (Ogusu, 2002). 
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SMF28 fiber with well known mode-field diameter (MFD) of 10.4 ± 0.8 μm at 1550 nm. The 
MFD for the chalcogenide fiber was thus determined to be 5.2 ± 0.4 μm. 
The critical power was measured by monitoring the intensity of the Brillouin scattered 
signal versus the launched, counter-propagating pump power. A more precise analysis is 
usually performed in silica fibers (Ruffin et al., 2005). The coupling efficiency was estimated 
from fiber throughput measurements. The reflected signal was collected using a circulator, 
and the values of the Brillouin peak were read directly from the optical spectrum analyzer 
(OSA). Several measurements were made which yielded an average Pth of 29 ± 6 mW, which 
is close to the previously reported value (Florea et al., 2006) of 27 ± 3 mW. A typical data set 
is shown in Figure 15. 
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Using Equation 7, in which α is the fiber loss and L is the fiber length, an estimate of the 
effective fiber length (Leff) can be obtained, giving a value of 5.4 m. Finally, one can use these 
values for Aeff, Pth, and Leff, to estimate the Brillouin scattering coefficient using Equation 5, 
where k = 0.5, in this case. Using proper error analysis, the Brillouin scattering coefficient 
was determined to be (5.7 ± 2.0) x 10-9 m.W-1 for the As2S3 fiber. 

7.90 7.92 7.94 7.96 7.98 8.00 8.02
0.0

0.2

0.4

0.6

0.8

1.0

 

 

no
m

r. 
si

gn
al

 [a
.u

.]

frequency [GHz]

31 MHz FWHM
(Lorentzian fit)

 
Fig. 16. Typical linewidth of the Brillouin signal at low pump power. 
Additionally, the linewidth of the Brillouin signal was measured using a small probe (~ 8 
μW) launched counter-propagating through the fiber. The Brillouin shift was identified to be 
7.96 GHz while the linewidth of the Brillouin shift was found to be 31 MHz with typical 
data being represented in Figure 16. The linewidth was measured at low pump powers. 
Linewidth narrowing was observed for higher powers with linewidths as small as 19 MHz 
being recorded. 
Gain and delay measurements using a small signal (~ 8 μW) have been performed in the 
chalcogenide fiber. For the gain measurement, the signal peak values were read from the 
OSA for different pump powers. For the delay measurement, the relative shift of the sine 
wave was read from the oscilloscope. Typical set of traces is shown in Figure 17. 
 

 
Fig. 17. Typical waveforms showing the delay for different pump powers. 
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The observable gain and delay were limited by the damage threshold of the AR coating, 
which unfortunately was lower than the threshold for the bare As2S3 glass. A slow variation 
of the amplified signal was observed which perhaps was due to the lack of polarization 
control in the setup. The overall results are represented in Figure 18.  
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Fig. 18. (a) Gain and (b) pulse delay measurements in 10-m long As2S3 fiber at 1548 nm. 

The slope of gain-versus-power is twice as large as the best previously reported result 
(Abedin, 2008). This was expected based on the analysis of the figure of merit (FOM) for the 
SBS process in these fibers (Song et al., 2006; Florea et al., 2006).  However, the gain slope 
falls short of the theoretical estimate. Using the undepleted pump approximation, the small-
signal gain is given theoretically by Equation 11: 

 B eff
th

eff

g k L
G [dB] 4.34 P

A
× ×

= ×  (11) 
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Using the experimentally determined values for the involved parameters along with the 
associated uncertainties, Equation 11 gives us a slope in the range [1.8 … 5.0] dB.mW-1.  
Inhomogenities in the fiber core diameter which we have noticed, the potential presence of a 
second mode and the pump depletion approximation can be viewed as factors contributing 
to the discrepancy.  
The same factors can also influence the delay data. Once again one can predict theoretically 
how much the peak of the signal pulse would be delayed (Δt) assuming an undepleted 
pump. The group velocity (given by vg = c/ng, c – speed of light, ng total fiber group index) 
determines the time that a given pulse will take to travel the effective length of fiber. In the 
presence of the pump, the group velocity at the peak of the Brillouin gain will be modified 
according to Equation 12 (Okawachi et al., 2005), where Δυ is the linewidth (full-width half-
maximum) of the Brillouin shift: 

 
g

/1  
v 2

fg effn G L
c π ν

= +
× Δ

 (12)  

For a narrow linewidth pulse the delay, that is difference between the transit times required 
by the pulse with and without the pump, will then be given by Equation 5 (Okawachi et al., 
2005): 

 B eff

eff

g k LGΔt P
2 A 2π Δνπ ν

× ×
≈ = ×

×Δ × ×
 (13) 

Using the experimentally determined values for the involved parameters along with the 
associated uncertainties, Equation 13 gives us a slope in the range [2.1 … 5.9] ns.mW-1. For 
this type of fiber, Equation 13 indicates theoretically that delays on the order of 100 ns or 
more can be obtained for reasonable powers. 
While in practical terms a 19 ns delay was obtained for only 31 mW of pump power, which 
is marginally better than the result in the As2Se3 fiber (Abedin, 2008), these experimental 
values fall short of the theoretical expectations. The choice of the 25 MHz frequency for 
modulation of the signal was unfortunate since it turned out to be too close to the Brillouin 
linewidth, especially at low powers. Future work will try different modulation parameters 
and will also provide a study to gain an insight into the nature and origin of fiber 
imperfections and the role of polarization which can negatively influence the performance 
of this system. This understanding will pave the way forward for delays of the order of 20 
ns with as little as 10 mW of launched power. 

10. Conclusions 
The large nonlinearities and fast response of the nonlinearity of the As-S-Se system make 
fibers drawn from these glasses well suited for  optical switches, optical regenerators for 
high speed telecommunication systems.  Use of these materials will allow compact devices 
cm’s in length with optical powers <1W peak power (1 pJ in 1 ps pulses).  The large Raman 
gain of the As-S-Se fibers coupled with the large IR transparency make these well suited for 
compact Raman amplifiers for telecommunications as well as fiber lasers and amplifiers in 
the mid-IR.  These high nonlinearities also allow efficient supercontinuum generation which 
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is useful for broadband sources in the near and mid-IR.  Finally these materials can be poled 
to induce an effective χ(2), opening up the potential of waveguide parametric amplifiers.   
The stimulated Brillouin scattering process was studied in As2S3 and As2Se3 single mode 
fibers. Values of the Brillouin gain coefficient were measured to be (3.9 ± 0.4) x 10-9 m.W-1 
and (6.75 ± 0.35) x 10-9 m.W-1, respectively. An analysis of the figure of merit for slow-light 
based applications indicates that the smaller core As2S3 fiber performs best due to the lower 
loss, reduced core size and slightly lower refractive index.  The configuration using the 
small-core As2S3 fiber yields a figure of merit which is about 140 times larger, or a theoretical 
gain about 45 times larger, than the best silica-based configurations reported to date. 
The continued improvement of chalcogenide materials will make such devices feasible in 
the near term. 
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1. Introduction      
Intrinsic and extrinsic optical fiber-based sensors are promising devices to be used in very 
different and complex environments, by their very nature: capabilities to work under 
electromagnetic fields; possibility to carry multiplexed signals (time, wavelength 
multiplexing); small size and low mass; ability to handle multi-parameter measurements in 
distributed configuration; possibility to monitor sites far away from the controller. In the 
case of the optical fibers, the possibility to be incorporated into various types of sensors and 
actuators, free of additional hazards (i.e. fire, explosion), made them promising candidates 
to operate in adverse conditions as those required by space applications and terrestrial 
nuclear facilities (Alam et. al.a, 2006; Alam et al.b, 2006; Berghmans et al., 2008; Ott, 2002). In 
nuclear environments optical fibers found an application niche in optical communication 
links, embedded into various all-fiber or hybrid sensors or as light-guides for control and 
diagnostics (Alfeeli et al., 2007; Ahrens et al., 2001; Fernando et al., 2005; Fielder et al., 2005; 
Florous et al., 2007; Gan et al. 2008; Henschel  et al., 2001; Kimurai et al. 2002; O'Keeffe et al. 
2008; Reichle et al., 2007; Troska et al., 2003). For applications related to fusion installations 
the requirements are quite demanding because of the exposure to (Campbell, 2005; Griscom, 
1998; Hodgson, 2006; ITER Physics Expert Group on Diagnostics, 1999; Shikama, 2003; 
Zabezhailov, 2005): ionising radiation, high temperature, and high electromagnetic 
disturbances. 
One of the major drawbacks for optical fibers use under ionizing radiation is related to the 
development of colour centres, which affect dramatically the optical transmission in UV-
visible-NIR spectral ranges (Griscom, 1998; Karlitschek, 1995). For this reason, optical fibers 
are by more than 30 years in the focus of colour centres research (Friebele, 1976; Kaiser, 
1974). 
Research on radiation induced colour centres in pure and doped bulk silica materials has a 
long history of over 50 years (Weeks, 1956), but it is still actual (Radiation effects, 2007; 
Devine et al., 2000; Pacchioni et al., 2000), as new materials and devices (optical fibers, 
waveguides, multiplexers, or fiber lasers) are continuously devised and evaluated. Apart 
from the diversity of the investigated materials and devices new challenges are presented by 
the various irradiation conditions to which such materials and devices are subjected.  
The complexity of the colour centres dynamics lead to the use of complementary methods to 
individuate these centres (electron paramagnetic resonance: EPR, luminescence) besides the 
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traditional optical absorption spectroscopy. New insights are also provided by in-situ 
experiments, when optical absorption changes are monitored during the irradiation, aiming 
to evaluate the irradiation effects disentangled from post irradiation relaxation and with the 
target to go deeper into the mechanisms of defects generation. 
This chapter reports original results concerning the investigations carried out on optical 
fibers irradiated by gamma-ray, beta-ray, and neutron, using comparative measurements of 
optical absorption, EPR and luminescence. The optical measurements were performed 
mostly in the UV spectral range as the most effective colour centres are generated there. The 
EPR measurements were used to detect the presence of the intrinsic point defects E’ centers 
(Devine et al., 2000; Pacchioni et al., 2000), as well as H related paramagnetic point defects 
typically observed in H loaded fibers (Li et al, 1996; Karlitschek et al., 1998). Finally, the 
photoluminescence measurements were applied to reveal the presence of oxygen deficient 
defects (ODC(II)) induced by irradiation (Skuja, 1998; Skuja et al.; 2005). 

2. The physics of colour centres  
Up to now, most of the investigations on the use of optical fibers in radiation environments 
were done in relation to their use for sensing and data transfer. One approach of interest is 
related to the use of optical fibers for periscopes (light transmitting pipe-lights) for plasma 
diagnostics in fusion installations. Within such a task, the spectral behaviour of optical fibers 
in the UV-visible spectral range is of interest (Brichard, 2005). 
Many years of study on bulk silica and on preforms or silica fibers have enabled to evidence 
optical absorption effects from IR up to vacuum-UV induced by the devices manufacturing 
or by their subsequent use during high intensity light propagation or in irradiation 
environments (Devine et al., 2000; Pacchioni et al., 2000; Skuja, 1998). The relevant role of the 
absorption in affecting the optical efficiency of the devices has lead to isolate the 
contributions of various absorption bands. Many efforts have been done also to assign these 
bands to given point defects and to determine specific procedures that could enable to 
prevent the same defect formation and/or could let their conversion into optically inactive 
species. A short review of the main intrinsic absorption bands occurring in the UV spectral 
range will be given in the following. 
The ubiquitous and most easily induced absorption features in the UV range is the band at 
about 213 nm (5.8 eV), attributed to the E’ centers (Pacchioni et al., 2000; Skuja, 1998). This 
band is characterized by an oscillator strength, f, of about 0.2, and can be well described by a 
Gaussian profile with full width at half maximum (FWHM) of about (0.7±0.1) eV. The point 
defect responsible for this absorption is characterized by a microscopic structure consisting 
in an unpaired electron in an approximately sp3 hybrid orbital of a dangling bond of a 
threefold coordinated silicon atom: O≡Si•, where the symbol ≡ represents single bonds to 
three oxygen atoms and the symbol • stays for the unpaired electron (Pacchioni et al., 2000). 
The electronic excitation process associated to this absorption band has been strongly 
debated and, recently, support to its attribution to an electronic transition from the defect 
related bonding states to the unpaired electron level has been given (Agnello et al., 2008).  
It is noteworthy to observe that this defect is also paramagnetic and is characterized by an 
EPR signal (Weeks 1956) well correlated to the optical absorption (Weeks et al., 1963) with 
principal g-values (Weil et al., 1994, Pacchioni et al., 2000): g1=2.0003, g2=2.0006, g3=2.0018. 
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Another relevant absorption band, diffusely observed in the UV range in various forms of 
irradiated silica, is the one peaked at about 258 nm (4.8 eV) (Pacchioni et al., 2000; Skuja, 
1998). This band can be described by a gaussian profile with FWHM of 1.05 eV and 
oscillator strength f=0.03 (Cannas et al., 2006). Excitation within this absorption originates a 
well known red luminescence band at about 650 nm (1.9 eV) that has an additional 
excitation channel at 620 nm (2.0 eV). This overall optical activity has been attributed to the 
Nonbridging Oxygen Hole Centers (NBOHC) (Pacchioni et al., 2000). The microscopic 
model associated to this defect consists in a non-bridging oxygen atom: O≡Si-O•, having an 
unpaired electron in a non-bonding oxygen orbital (Pacchioni et al., 2000). The electronic 
transitions responsible for the absorption and emission of this defect are still debated but, 
usually, they are related to electron promotion from bonding states of the O≡Si-O• moiety to 
the non bonding states of the dangling O and, in particular, to that of the unpaired electron 
(Bakos et al., 2004). Due to the presence of an unpaired electron in the oxygen orbital, this 
defect is responsible also for an EPR signal (Pacchioni et al., 2000; Skuja, 1998). By studying 
the dependence of this signal as a function of temperature the following main g values have 
been determined:  g1=1.9999, g2=2.0095, g3=2.078 (Pacchioni et al., 2000). However, the 
identification of NBOHC by the EPR technique is complex due to the overlap with other 
signals and to the resonance line being spread over a wide magnetic field (about 80 G at 9.8 
GHz microwave frequency, X-band) that prevents its detection at low defect concentrations 
(typically below 1016 centers/cm3). 
Other defects responsible for the absorption increase around 258 nm (4.8 eV) are interstitial 
ozone molecule (O3) and the peroxy radical: O≡Si-O-O• (Skuja et al.; 2005). Both these 
defects should be observed as product of irradiation in oxygen rich materials or as a 
consequence of oxygen displacements processes induced by irradiation. Their detection is 
however difficult due to the overlap with the NBOHC band and, in particular, the 
attribution of an absorption band to the peroxy radical in this spectral range is still a matter 
of debate (Skuja et al.; 2005). 
A defect of particular relevance for the UV optical absorption in SiO2 is also the oxygen 
deficient center: ODC(II) (Pacchioni et al., 2000; Skuja et al.; 2005; Skuja, 1998). This defect is 
usually associated to an absorption band peaked at 248 nm (5.0 eV) and gives rise to two 
emission bands at 460 nm (2.7 eV) and 280 nm (4.4 eV) (Skuja, 1998). The ODC(II) can be 
induced during fiber fabrication but it is also relevant in relation to the photosensitivity of 
silica and in connection to fiber photon writing processes (Pacchioni et al. 2000; Karlitschek 
et al., 1998). In this respect, the connection of the ODC(II) with another defect usually named 
H(I) center is of particular importance due to the use of hydrogen for radiation hardening of 
fibers. This latter defect is paramagnetic and is characterized by a doublet of EPR lines split 
by 74 G (Skuja, 1998). The structural model for the H(I), confirmed by many experimental 
investigations, consists in a silicon atom bonded with two oxygen and one hydrogen and 
having an unpaired electron on silicon: O=Si•-H (Pacchioni et al., 2000; Skuja, 1998).  
The existence of a conversion between ODC(II) and H(I) has been evidenced by studies on 
surface defects on silica and has been used to support the model of the ODC(II) as consisting 
in a two-fold coordinated silicon: O=Si•• (Radzig, 1998, Skuja, 1998). 
Despite the almost clear identification of many absorption features in the UV spectral range, 
the processes of defect formation and defect stability are still matter of investigation, both 
experimentally and theoretically (Griscom, 2001; Mashkov et al. 1996; Kajihara et al., 2008). 
In particular, it has been shown that the defect formation processes feature a complex 
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dynamics related to the presence of precursor of the defects and also affected by the 
inhomogeneity intrinsic to the amorphous nature of the material. Furthermore, the stability 
of irradiation induced defects is affected by the presence of species present in the material 
and, in particular, it has been evidenced that H related species (H, H2, H2O) usually affects 
the formation and thermal removal of many defects as NBOHC, E’ and ODC(II) (Griscom et 
al., 1998; Devine et al., 2000; Pacchioni et al. 2000; Nuccio et al. 2009; Messina et al. 2009). 

3. Experiment 
The goals of the here reported investigations were: to further improve the optical absorption 
measurements in the UV-visible spectral range in fibers; to evaluate the possibility to use 
alternative methods for identifying colour centres in fibers (i.e. EPR, luminescence); to check 
through an inter-laboratory comparison the capabilities of two laboratories located in Italy 
and Romania in performing EPR tests on irradiated optical fibers. 
The investigated optical fibers were commercially available products. The characteristics of 
some of the investigated optical fibers are summarised in Table I. 
 

Characteristics 
Optical fiber 

sample nickname 

Core 
diameter 

(μm) 

Cladding 
diameter 

(μm) 

Maximum 
operating 

temperature (°C) 
Jacket type 

S42-1 1000 1035 (TECS) - Tefzel 

S43-1 400 440 (doped 
silica) 150 Tefzel 

S44-1 600 660 (doped 
silica) 300 Polyimide 

S45-1 600 660 (doped 
silica) 300 Polyimide 

S46-1 600 660 (doped 
silica) 300 Polyimide 

S47-1 400 500 - Tefzel 

Table I. The irradiated optical fibers. 

The optical fibers are either solarization resistant optical fibers, optical fibers with enhanced 
UV transmission or radiation hardened optical fibers developed for UV applications.  
The length of the samples for the optical absorption measurements was 120 mm. For the 
case of EPR and luminescence tests five pieces from the same optical fibers samples, without 
jacket and having a length of 10 mm each, were measured in the same time.  

3.1 Set-ups  
The general set-up for the off-line optical absorbance measurements is similar to that 
previously used (Sporea, 2005; Sporea, 2007), but, for the purpose of this investigation, it has 
a better S/N ratio (1,000:1 full signal), 16 bits A/D conversion resolution, a dynamic range 
of 25,000:1, a greater quantum efficiency in the UV range (65 % at 250 nm), spectral 
resolution 1.2 nm, a sensitivity of 0.065 counts/e-, and a minimum OD detection level of 0.4 
for the optical set-up used (this value is determined by two factors: first, the core of the 
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connecting optical fibers and the core of the samples are different, and second, the sample 
optical fibers have no fixed connectors, hence, a biasing level which limits the set-up lowest 
detectable OD). Such a detecting scheme makes possible a better tracking of the colour 
centre development in the UV spectral range and enables a higher range of absorption levels 
to be detected (O.D. of 4.4). For the reported optical absorption curves the signal was 
averaged over three detected acquisitions with a value of 2 for the box car parameter. 
Irradiation and off-line measurements were carried out at room temperature. 
Depending on the case, various set-ups were used for on-line measurements. During the 
gamma, beta and neutron irradiations tests were carried out both at room temperature and 
with the optical fiber heating. For these purposes specially designed set-ups were built 
(Figure 1), to make possible the simultaneous irradiation at room temperature (upper plate) 
and with the heating of the optical fibers (lower plate). In the case of neutron and beta 
irradiation a small oven was constructed which made possible the irradiation of the optical 
fibers in a linear geometry. For on-line measurements during gamma irradiation a circular 
geometry was used, the optical fiber samples (items 4 and 7 in Fig. 1 b) were coiled with a 
diameter of about 130 mm, and the gamma source was placed at the coil centre (item 6 in 
Fig. 1 b).  
 

 
a                                                                       b 

Fig. 1. The set-up for on-line measurements of gamma-irradiated optical fibers at room 
temperature and under heating conditions: a – the sketch of the irradiation hot-cell (1 – hot -
cell window; 2 – remote manipulators; 3 – set-up for the optical fibers positioning; 4 – 
shielding; 5 – connecting optical fibers; 6 – hot-cell room; 7- hot cell access door; 8 – optical 
fiber mini spectrometer; 9 – broad band stabilized light source; 10 – laptop); b – detail of the 
set-up for the optical fiber positioning and heating.  

The design of the special set-up made possible the irradiation at room temperature of one 
sample while a second sample was heated up to 240 °C. The possibility to have the sample 
heated during the irradiation enables the study of the colour centres dynamics under 
temperature stress. 

3.2 Irradiations and measurements 
The 60Co gamma-ray off-line irradiations have been performed at room temperature by 
using the SVST-Co-60/B, tote-box type, multipurpose irradiation facility of the National 
Institute for Physics and Nuclear Engineering – Horia Hulubei (IFIN-HH). The SVST-Co-
60/B irradiator has today an activity of 267000 Ci, and the irradiations were performed in 
the irradiation chamber, at a dose rate ~ 700 Gy/h.  



 Frontiers in Guided Wave Optics and Optoelectronics 

 

54 

For the absorbed dose measurements two dosimetric systems are used: ALANINE / EPR 
dosimetry system, calibrated for 20 Gy – 10 kGy range, and ECB dosimetric system, 
calibrated for 1 kGy – 100 kGy ranges. The measured absorbed doses for both the systems 
are traceable to RISO High Dose Reference Laboratory – Denmark, and their performances 
were tested by international dosimetric intercomparisons. The uncertainty of absorbed dose 
measurement is around 3%.  
The on-line irradiations were performed in a hot-cell at the 60Co gamma-ray irradiation 
facility of the “Horia Hulubei” National Institute of R&D for Physics and Nuclear 
Engineering–IFIN-HH. The dose rate can be modified by changing the distance of the 
optical fiber sample from the gamma source (i.e. a dose rate of 5.3 kGy/ h at 6 cm distance 
form the source). 
The beta irradiation conditions were the following: the mean electron energy: 6 MeV, the 
electron beam current: 1 μA, the pulse repetition rate: 100 Hz, the pulse duration: 3.5 μs, the 
beam diameter: 10 cm, the spot uniformity: +/- 5 %. In order to have Bremsstrahlung, the 
electron beam collided on a tungsten target, and gamma-rays were generated. To separate 
the electron flux from the gamma-rays two Al foils, one having a thickness of 3 mm, and one 
of 4 mm were placed at the distances of 10 mm and respectively at 120 mm away from the 
target. 
The neutron irradiation was performed at the Cyclotron accelerator facility of the National 
Institute of R&D for Physics and Nuclear Engineering “Horia Hulubei”, Magurele, based  on 
the reaction 9Be + d n + X, using a deuteron beam (13 MeV) and a thick beryllium target 
of 165 mg.cm-2. To obtain the desired neutrons fluencies the samples are located 
downstream at the distances from 10 to 40 cm from the Be target.  The neutrons flux above 1 
MeV is estimated with a relative error of about 20 %. The maximum neutron flux achievable 
in our setup, at a distance of 10 cm from the target, is 2.109 n.cm-2.s-1.μA-1, corresponding to a 
deuteron beam intensity of 10 μA. In practice, a neutron fluence of 1013 n.cm-2 can be 
obtained in about 1-6 days of irradiation, depending on the position of the samples in 
respect to the Be target. It is estimated that the neutron flux was uniform over 10 mm length 
of the optical fiber sample, with a spatial uniformity of 3%.  
The EPR measurements were performed in Romania at the IRASM irradiation facility 
(National Institute for Physics and Nuclear Engineering – “Horia Hulubei”) using an X band 
Magnettech MiniScope MS 200 spectrometer provided with a rectangular TE102 resonant 
cavity and 100 kHz modulation frequency.  
Both non-irradiated and irradiated samples have been introduced into fused quartz tubes (1 
cm sample length, 5 mm outer tube diameter) and fixed into the resonant cavity always in 
the same position. The mass of measured samples varied between 20 and 130 mg. The EPR 
spectra have been registered under the experimental conditions, detailed in the following 
figures, and with the magnetic field sweep rate of 18 G/min. The g-factors of the observed 
EPR signals have been determined by using a ZnS: Mn2+ standard. Similar measurements 
were done at the University of Palermo on a Bruker EMX-micro working in X-band (about 
9.8 GHz) with a rectangular TE102 resonant cavity and at 100 kHz magnetic field modulation 
using an EPR tube, 10 mm outer diameter, for sample mount. For specific colour centres 
detection, a preliminary calibration of the two instruments (the Magnettech MiniScope MS 
200 spectrometer in Romania and the Bruker EMX-micro in Italy) was run using a gamma 
ray irradiated sample of high purity silica to compare the sensitivity of the two instruments. 
Based on this calibration, additional parallel measurements were performed in the two 
laboratories and with the equipment of Palermo a concentration estimate has been carried out. 
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cm sample length, 5 mm outer tube diameter) and fixed into the resonant cavity always in 
the same position. The mass of measured samples varied between 20 and 130 mg. The EPR 
spectra have been registered under the experimental conditions, detailed in the following 
figures, and with the magnetic field sweep rate of 18 G/min. The g-factors of the observed 
EPR signals have been determined by using a ZnS: Mn2+ standard. Similar measurements 
were done at the University of Palermo on a Bruker EMX-micro working in X-band (about 
9.8 GHz) with a rectangular TE102 resonant cavity and at 100 kHz magnetic field modulation 
using an EPR tube, 10 mm outer diameter, for sample mount. For specific colour centres 
detection, a preliminary calibration of the two instruments (the Magnettech MiniScope MS 
200 spectrometer in Romania and the Bruker EMX-micro in Italy) was run using a gamma 
ray irradiated sample of high purity silica to compare the sensitivity of the two instruments. 
Based on this calibration, additional parallel measurements were performed in the two 
laboratories and with the equipment of Palermo a concentration estimate has been carried out. 
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The luminescence effects were investigated at this stage only in Palermo with a Jasco FP6500 
spectrofluorometer using a 150 W Xenon lamp. Excitation light impinged on the fiber 
samples perpendicularly to their axis using an artwork mount at 45° back-scattering 
configuration, and emission light was collected at 90° with respect to the excitation direction.  

4. Results 
Figures 2-4 illustrate the optical absorbance of the irradiated optical fibers as they were 
subjected to various total gamma irradiation doses. These spectra evidence that irradiations 
mainly induce the formation of bands below 300 nm that could be associated to E’-Si centres 
and Non-Bridging oxygen hole centres (Skuja, 1998), whose amplitude increase on 
increasing the irradiation dose. At higher wavelength negligible absorption is found. It can 
be observed that the fibers S44, S45 and S46 are more radiation resistant than the others. 

  
a                                                                              b 

Fig. 2. Optical absorption spectra in optical density units (OD) for: a - sample S42-1; b - 
sample S43-1. 

Optical fibers S44-1, S45-1 and S46-1 are hydrogen loaded type optical fibers, so they exhibit 
a higher radiation hardening than the other samples. Optical fibers S42-1 and S43-1 are 
optical fibers with an enhanced UV response and have a high OH content. The optical fiber 
S47-1 was designed for UV laser beam delivery applications with high fluorine content.  

 
a                                                                              b 

Fig. 3. Optical absorption spectra in optical density units (OD) for: a - sample S44-1; b - 
sample S45-1. 
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a                                                                              b 

Fig. 4. Optical absorption spectra in optical density units (OD) for: a -sample S46-1; b - 
sample S47-1. 

Decomposition of the spectra as a function of energy obtained from the data of fibers S43, 
S44 and S45 (Figs. 2, 3) has been carried out using Gaussian bands. This decomposition 
enabled to further explore the presence of specific point defects in the irradiated fibers. 
In Fig. 5 an example of the decomposition result is reported for the fiber S45 at the various 
irradiation doses. The found bands are characterized by peak position (4.8 ± 0.1) eV and 
FWHM (1.0 ± 0.1) eV, and by (5.7 ± 0.1) eV and FWHM (0.8 ± 0.1) eV, in reasonable 
agreement with the bands attributed to the NBOHC and to the E’ center (Pacchioni et al., 
2000; Skuja, 1998), respectively.  
It is found also that more than 70% of the absorption spectra is attributed to the absorption 
bands of the E’ center and of the NBOHC. A further band peaked at 198 nm (6.25 eV), whose 
origin is unknown, is necessary to describe the absorption below 210 nm (at energy larger 
than 5.9 eV). Usually this band contributes less than 25% to the overall decomposition. It 
was also found that these Gaussian amplitudes increase for all investigated dose evidencing 
that the induced absorption is related to the processes of these defects generation. 
Similar results are found for the other investigated fibers. As can be observed the spectra of 
the S43 sample (Fig. 2) feature a low contribution at about 258 nm (4.8 eV) with respect to 
the component at 213 nm (5.8 eV), at variance to the samples S44, S45 and S46 (Fig. 3, 4). 
These aspects are confirmed by the spectra decomposition. Since the ratio between the 
composing bands, and in particular those related to the E’ center and to the NBOHC, is not 
constant and depends on the fiber, it can be guessed that the microscopic process of defects 
generation depends on the specific preparation method and could be affected by hydrogen 
loading (Devine et al., 2000, Karlitschek et al., 1998 ). 
In Fig. 6 the change of the optical attenuation for an optical fiber with enhanced UV 
transmission, 400 μm core diameter, and Tefzel jacketing (sample similar to S43-1) under 
neutron irradiation at a total fluence of 1.18 x 1013 n/cm2 is given as an example.  
It is observed that also in this case the absorption increases non-linearly with the fluence for 
wavelengths below 400 nm. Due to the instrumental reduced sensitivity below 235 nm no 
specific feature can be associated to point defects in this case. 
A solarization resistant 600 μm core diameter, Polyimide jacketed optical fiber (sample 
similar to S46-1) was subjected to beta irradiation and separately to Bremsstrahlung (Fig. 
7a), at room temperature. During an additional experiment the same type of optical fiber 
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Fig. 5. Spectral decomposition using Gaussian bands of the spectra of sample S45-1 
irradiated at various doses; the circles represent experimental points, the dashed lines the 
component Gaussian bands (peaked at about 4.8 eV, 5.8 eV and 6.25 eV) and the full line the 
sum of dashed lines.  

 
a                                                                              b 

Fig. 6. The optical absorption spectra in the UV-visible range for an optical fiber with 
enhanced UV transmission, subjected to neutron irradiation: a - the UV-visible spectrum; b – 
detail of the attenuation spectrum in the 210 nm - 280 nm spectral range. 

was also heated during the irradiation (Fig. 7b). The tested optical fibers were of hydrogen 
loaded type and exhibit a lower radiation hardening under heating conditions, as the 
temperature contributes to hydrogen diffusion. 
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a                                                                              b 

Fig. 7. The change of the optical attenuation of an optical fiber subjected to beta irradiation 
(total dose of 139.15 kGy_e) and to  Bremsstrahlung  (total dose of  5.8 kGy_g): a - at  room 
temperature; b – heated at 240 OC during the irradiation. 

Investigation of the effects of irradiation on these fibers has been also carried out by EPR 
measurements. As shown in Fig. 8, these measurements evidenced the presence of 
resonance signals in some non-irradiated samples. A detailed investigation carried out in 
Palermo has shown that these signals do not arise from intrinsic defects of silica.  
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Fig. 8. The EPR signals for the non-irradiated samples corrected for sample mass (Power = 
3.2 mW; modulation amplitude = 4 G; scanning time = 655 s; receiver gain =  9 x 102 ). 
Spectra are arbitrarily vertically shifted. 

The EPR measurements carried out on the irradiated fibers are reported in Figs. 9 and 10. It 
is worth to note that in these figures the spectra recorded for the irradiated samples 
subtracted by spectra recorded for the respective pristine materials are reported, and show 
that the defects contents increase by irradiation. Furthermore, the higher radiation resistance 
of the samples S44, S45, S46 with respect to the other investigated fibers, already evidenced 
by optical measurements, is confirmed also by the EPR measurements. 
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Fig. 8. The EPR signals for the non-irradiated samples corrected for sample mass (Power = 
3.2 mW; modulation amplitude = 4 G; scanning time = 655 s; receiver gain =  9 x 102 ). 
Spectra are arbitrarily vertically shifted. 

The EPR measurements carried out on the irradiated fibers are reported in Figs. 9 and 10. It 
is worth to note that in these figures the spectra recorded for the irradiated samples 
subtracted by spectra recorded for the respective pristine materials are reported, and show 
that the defects contents increase by irradiation. Furthermore, the higher radiation resistance 
of the samples S44, S45, S46 with respect to the other investigated fibers, already evidenced 
by optical measurements, is confirmed also by the EPR measurements. 
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Fig. 9. The EPR spectra for 618 Gy irradiated samples corrected for sample mass, after non-
irradiated signal subtraction (Power = 3.2 mW; modulation amplitude = 4 G; scanning time 
= 655 s; receiver  gain: 1 x 102 for S 42 and 9 x 102 for the others). Spectra are arbitrarily 
vertically shifted. 
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Fig. 10. The EPR spectra for 1800 Gy irradiated samples corrected for sample mass, after 
non-irradiated signal subtraction. (Power = 3.2 mW; modulation amplitude = 4 G; scanning 
time = 655 s; receiver gain: 1 x 102 for S 42 and 9 x 102 for the others). Spectra are arbitrarily 
vertically shifted. 

In addition to the optical fiber specified in Table I, several irradiated samples (S7.7; S7.9; S1-
440B and S3-440B) were investigated through EPR for comparative studies both in Bucharest 
and Palermo. The results of EPR measurements performed in Bucharest are given in Figs. 
11-13 (spectra are arbitrarily vertically shifted and are not normalized for the samples 
weight).  
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These measurements evidence the presence of E’-Si centres (Pacchioni et al., 2000; 
Karlitschek, 1995) and of the H(I) defects in some of the irradiated samples (Skuja, 1998). 
The presence of H(I) defects, identified by the doublet of lines split by about 74G, is 
evidenced by the magnified spectrum. 
The same measurements have been done in Palermo showing qualitatively the same results, 
and supporting the calibration procedure to individuate specific point defects induced by 
irradiation. Furthermore, the quantitative analysis carried out in Palermo, enabled to 
estimate the concentrations of E’-Si and H(I) point defects as reported in Table II. 
 

Optical fiber 
sample 

nickname 

Sample 
mass 

(g) 

E’-Si defects 
(centers/cm3) 

H(I) defects 
(centers/cm3) 

S7.7 0.124 8.2 x 1016 1.2 x 1015 
S7.9 0.132 5.7 x 1016 1.0 x 1015 

S1_440B 0.023 3.3 x 1016 Not detected 
S3_440B 0.020 3.1 x 1016 Not detected 
SSU1.1 0.052 Not detected Not detected 

Table II. The concentration of E’-Si and H(I) point defects. 

For some non-irradiated and irradiated samples luminescence measurements were 
performed (Fig. 14). These measurements have shown that in the non-irradiated samples no 
PL associated to intrinsic point defects of silica could be detected.  
As shown in Fig. 14, in the irradiated fibers S7.9, S1_440B and S3_440B, the luminescence 
centred at about 4.4 eV excited at 5.0 eV associated to the oxygen deficient ODC(II) defects is 
detected (Skuja, 1998). 
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Fig. 11. The EPR signals for some irradiated samples at 113 kGy (samples S7.7 and S7.9) and 
at 40 kGy (samples S1-440B and S3-440B). Power = 0.1 mW; modulation amplitude = 0.1 G; 
scanning time = 655s; receiver gain = 1 x 102 for S7.7 and S7.9 and 9 x 102  for S1_440B and 
S3_440B. 
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Fig. 11. The EPR signals for some irradiated samples at 113 kGy (samples S7.7 and S7.9) and 
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Fig. 12. The EPR signals recorded in Bucharest for the S7.7 sample irradiated at the dose of 
113 kGy.  
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Fig. 13. The EPR signals recorded in Bucharest for the S7.9 sample irradiated at 113 kGy.  

Sample S.7.7 was a common, 1000 μm core diameter optical fiber, gamma irradiated up to 
113 kGy, in 4 steps, with sample heating at 100 OC for 4 h between each irradiation step. The 
optical fiber S.7.9 was a solarization resistant optical fiber of 1000 μm core diameter, gamma 
irradiated to 113 kGy.  Samples S1-400B and S3-440B were of the same type (enhanced UV 
transmission), irradiated by gamma-rays up to a total dose of 40 kGy, the first one was also 
subjected to temperature stress (140  OC  for 4 h, between the irradiation steps). In Fig. 14, 
the SSU1.1 fiber, not showing emission, is reported for comparison. Photoluminescence 
excitation spectra confirmed these attributions by evidencing an excitation band centred at 
5.0 eV, as reported in literature for ODC(II) (Skuja, 1998). The presence in the sample S7.9 of 
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the ODC(II) emission band agrees with the observation of the H(I) defects that, as reported 
in the paragraph 2, can be considered a product of the reaction between ODC(II) and H 
species dissolved in the sample (Skuja, 1998). As regards the samples S3_440B and S1_440B, 
the absence of H(I) centers signal is also compatible with the much lower amplitude of the 
emission band of ODC(II), proving a lower content of these latter defects. 
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Fig. 14. Photoluminescence spectra excited at 5.0 eV of fibers irradiated at 113 kGy (sample 
S7.9), at 40 kGy (samples S1-440B and S3-440B) and at 500 kGy (sample SSU1.1). 

5. Future work 
Further investigations on the generation/recovery of colour centres in the UV-visible 
spectral range are of interest as new radiation hardened optical fibers are developed and 
more accurate measuring means are available. We shall focus in the near future on the 
evaluation of the irradiation effects on commercially optical fibers from different vendors in 
order to assess the role played in such cases by the dopants, core/cladding ratio, 
temperature stress. On-line measurements have to be extended to have a better 
understanding of the colour centre dynamics. Tests at higher irradiation dose and dose rates 
will be run for gamma and beta rays irradiation. To complement the inter-laboratory 
comparison on EPR measurements a supplementary inter-comparison dedicated to 
photoluminescence investigations will be organized between laboratories in Romanian and 
Italy. 

6. Conclusions 
Eleven types of commercially available optical fibers operating in the UV spectral range 
were investigated as they were subjected to gamma, beta, and neutron irradiation. The 
evaluation of the irradiation induced colour centres was done by off-line optical absorption 
measurements, EPR, and luminescence. E’-Si and H(I) defects were revealed by EPR, the 
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Fig. 14. Photoluminescence spectra excited at 5.0 eV of fibers irradiated at 113 kGy (sample 
S7.9), at 40 kGy (samples S1-440B and S3-440B) and at 500 kGy (sample SSU1.1). 
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spectral range are of interest as new radiation hardened optical fibers are developed and 
more accurate measuring means are available. We shall focus in the near future on the 
evaluation of the irradiation effects on commercially optical fibers from different vendors in 
order to assess the role played in such cases by the dopants, core/cladding ratio, 
temperature stress. On-line measurements have to be extended to have a better 
understanding of the colour centre dynamics. Tests at higher irradiation dose and dose rates 
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6. Conclusions 
Eleven types of commercially available optical fibers operating in the UV spectral range 
were investigated as they were subjected to gamma, beta, and neutron irradiation. The 
evaluation of the irradiation induced colour centres was done by off-line optical absorption 
measurements, EPR, and luminescence. E’-Si and H(I) defects were revealed by EPR, the 
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ODC(II) diamagnetic centres were identified by photoluminescence. From the optical 
absorption measurements it is observed that the induced absorption increases for all the 
investigated doses suggesting a growth of the concentration of induced colour centres, with 
a prominent role of the E’ centers and of the NBOHC. A dependence of irradiation effects on 
the materials is found. 

7. Acknowledgements 
The work was done in the frame of the bilateral collaboration existing between the National 
Institute for Laser, Plasma and Radiation Physics in Bucharest, and the Department of 
Physical and Astronomical Sciences of the University of Palermo. The Romanian authors 
acknowledge the financial support of the Romanian Ministry for Education, Research and 
Innovation in the frame of the research grant 12084/2008. The Italian authors acknowledge 
the financial support by the University of Palermo grant CoRI 2006. The authors thank to the 
following colleagues, for their competent technical assistance and advice: Dr. Adelina 
Sporea for taking care of the optical absorption measurements and samples preparations, 
Ms. Rodica Gerogescu for gamma irradiations and some of the EPR measurements, Mr. I. 
Vata for neutron irradiation, Dr. C. Oproiu for beta irradiations, Mr. A. Alessi and Dr. L. 
Nuccio for part of EPR and photoluminescence measurements. 

8. References 
Agnello, S.; Buscarino G.; Gelardi, F.M. & Boscaino, R. (2008). Optical absorption band at 5.8 

eV associated with the E’γ centers in amorphous silicon dioxide: Optical absorption 
and EPR measurements, Physical Review B, Vol. 77, No.19 (May 2008), (195206 1-7), 
ISSN 1098-0121 

Ahrens, R. G.; Jaques, J.J.; Luvalle, M.J.; Digivanni, D. & Windeler, R.S. (2001). Radiation 
effects on optical fibers and amplifiers, Proceedings of Testing, Reliability, and 
Applications of Optoelectronic Devices, pp. 217-225, SPIE Vol. 4285, ISBN 
9780819439635, May 2001, SPIE 

Alama, M.; Abramczyk, J.; Manyam, U.; Farroni, J. & Guertin, D. (2006). Performance of 
optical fibers in space radiation environment, Proceedings of ESA/CNES,ICSO, 6th 
Intl. Confernce on Space Optics, ISBN 92-9092-932-4, Noordwijk, June 2006, ESA 
Publications Division, Noordwijk 

Alamb, M.; Abramczyk, J.; Farroni, J.; Manyam, U. & Guertin, D. (2006). Passive and active 
optical fibers for space and terrestrial applications, Proceedings of Photonics for Space 
Environment XI, pp. 1-14, SPIE Vol. 6308, ISBN 9780819463876, San Diego, August 
2006 

Alfeeli, B.; Pickrell, G.; Garland, M.A. & Wang, A. (2007). Behavior of random hole optical 
fibers under gamma ray irradiation and its potential use in radiation sensing 
applications”, Sensors, Vol. 7, No. 7, (2007), (676-688) EISSN 1424-8220 

Bakos, T.; Rashkeev, S. N. & Pantelides, S.T. (2004). Optically active defects in SiO2: The 
nonbridging oxygen center and the interstitial OH molecule. Physical Review B, Vol. 
70, No.7 (August 2004), (075203 1-9), ISSN 1098-0121 

Berghmans, F.; Brichard, B.; Fernandez Fernandez, A.; Gusarov, A.; Van Uffelen, M. & 
Girard, S. (2008). An introduction to radiation effects on optical components and 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

64 

fiber optic sensors, In: Optical Waveguide Sensing and Imaging, NATO Science for 
Peace and Security Series B: Physics and Biophysics, Bock, W.J.; Gannot, I. & Tanev, 
S. (Eds.), (127-165), Springer Netherlands, ISBN 978-1-4020-6950 

Brichard, B. & Fernandez Fernandez, A. (2005). Radiation effects in silica glass optical fibers, 
Short Course Notebook, New Challenges for Radiation Tolerance Assessment, RADECS 
2005, pp. 95-138, Cap d’Agde, Septembert 2005, RADECS Association 

Campbell, D.J.; Ingesson, L.C.; Cecconello, M. & Ciattaglia, E. (2005). ITER Diagnostics, 
Presented at ITER - Opportunities for European industry Workshop, Barcelona, 
December 2005 

Cannas, M.; Vaccaro, L. & Boizot, B. (2006). Spectroscopic parameters related to non-
bridging oxygen hole centers in amorphous-SiO2, Journal of Non-Crystalline Solids, 
Vol. 352, (January 2006), (203-208), ISSN 0022-3093 

Devine, R.A.B.; Duraud, J.P. & Dooryhée, E. (2000). Structure and Imperfections in Amorphous 
and Crystalline Silicon Dioxide, John Wiley & Sons, ISBN 978-0-471-97536-6, Chicester 

Fernando, W.; Gan, K.K.; Jackson, P. D.; Johnson, M.; Kagan, H.; Kass, R.; Rahimi, A.; Rush, 
C.; Smith, S. & Ter-Antonian, R. (2005). Radiation-Hard Optical Link for the ATLAS 
Pixel Detector, Presented at IEEE05, Puerto Rico 

Fielder, R.S.; Duncan, R. & Palmer, M. (2005). Recent advancements in harsh environment 
fiber optic sensors: An enabling technology for emerging nuclear power 
applications, Luna Innovations, Inc., 2005 

Florous, N.J.; Saitoh, K.; Murao, T. & Koshiba, M. (2007). Radiation dose enhancement in 
photonic crystal fiber bragg gratings: towards photo-ionization monitoring of 
irradiation sources in harsh nuclear power reactors, Proceedings of Conference on 
Lasers and Electro-Optics, CLEO 2007, pp. 1 – 2, ISBN: 978-1-55752-834-6, Baltimore, 
May 2007, Institute of Electrical and Electronics Engineers, Inc. 

Friebele, E.; Sigel, G. & Griscom, D. (1976). Drawing-induced defect centers in a fused silica 
core fiber, Applied Physics Letters. Vol. 28, No. 9, (1976), (516-518), ISSN 
DOI:10.1063/1.88839 

Gan, K.K.; Abi, B.; Fernando, W.; Kagan, H.P.; Kass, R.D.; Law, A.; Lebbai, M.R.M.; Rau, A.; 
Rizardinova, F.; Skubic, P.L. & Smith, D.S. (2008). Radiation-hard optical link for 
SLHC, J. of Physics: Conference Series, Vol. 110, (2008), doi:10.1088/1742-
6596/110/9/092011 

aGriscom, D. L. (1998). Radiation hardened fiber optics for fusion reactor diagnostics, Final 
Technical Report, Naval Research Laboratory, Department of the Navy 

bGriscom, D.L. & Mizuguchi, M. (1998). Determination of the visible range optical 
absorption spectrum of peroxy radicals in gamma-irradiated fused silica, Journal of 
Non-Crystalline Solids, Vol. 239, No. 1-3, (1998), (66-77), ISSN 0022-3093 

Griscom, D.L. (2001). Fractal kinetics of radiation-induced point-defect formation and decay 
in amorphous insulators: Application to color centers in silica-based optical fibers 
Physical Review B, Vol. 64, No.17 (October 2001), (174201 1-14), ISSN 1098-0121 

Henschel, H.; Körfer, M. & Wulf, F. (2001). Fibre optical radiation sensing system for TESLA, 
Proceedings DIPAC 2001 – ESRF, pp. 73-75, Grenoble,  May 2001, 
http://epaper.kek.jp/d01/papers/CT04.pdf 

Hodgson, E.R.; Decreton, M.; Cecconello, M.; Ingesson, C. & Campbell D.J. (2006). 
Radiation-hard ceramic materials for diagnostic and heating and current drive 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

64 

fiber optic sensors, In: Optical Waveguide Sensing and Imaging, NATO Science for 
Peace and Security Series B: Physics and Biophysics, Bock, W.J.; Gannot, I. & Tanev, 
S. (Eds.), (127-165), Springer Netherlands, ISBN 978-1-4020-6950 

Brichard, B. & Fernandez Fernandez, A. (2005). Radiation effects in silica glass optical fibers, 
Short Course Notebook, New Challenges for Radiation Tolerance Assessment, RADECS 
2005, pp. 95-138, Cap d’Agde, Septembert 2005, RADECS Association 

Campbell, D.J.; Ingesson, L.C.; Cecconello, M. & Ciattaglia, E. (2005). ITER Diagnostics, 
Presented at ITER - Opportunities for European industry Workshop, Barcelona, 
December 2005 

Cannas, M.; Vaccaro, L. & Boizot, B. (2006). Spectroscopic parameters related to non-
bridging oxygen hole centers in amorphous-SiO2, Journal of Non-Crystalline Solids, 
Vol. 352, (January 2006), (203-208), ISSN 0022-3093 

Devine, R.A.B.; Duraud, J.P. & Dooryhée, E. (2000). Structure and Imperfections in Amorphous 
and Crystalline Silicon Dioxide, John Wiley & Sons, ISBN 978-0-471-97536-6, Chicester 

Fernando, W.; Gan, K.K.; Jackson, P. D.; Johnson, M.; Kagan, H.; Kass, R.; Rahimi, A.; Rush, 
C.; Smith, S. & Ter-Antonian, R. (2005). Radiation-Hard Optical Link for the ATLAS 
Pixel Detector, Presented at IEEE05, Puerto Rico 

Fielder, R.S.; Duncan, R. & Palmer, M. (2005). Recent advancements in harsh environment 
fiber optic sensors: An enabling technology for emerging nuclear power 
applications, Luna Innovations, Inc., 2005 

Florous, N.J.; Saitoh, K.; Murao, T. & Koshiba, M. (2007). Radiation dose enhancement in 
photonic crystal fiber bragg gratings: towards photo-ionization monitoring of 
irradiation sources in harsh nuclear power reactors, Proceedings of Conference on 
Lasers and Electro-Optics, CLEO 2007, pp. 1 – 2, ISBN: 978-1-55752-834-6, Baltimore, 
May 2007, Institute of Electrical and Electronics Engineers, Inc. 

Friebele, E.; Sigel, G. & Griscom, D. (1976). Drawing-induced defect centers in a fused silica 
core fiber, Applied Physics Letters. Vol. 28, No. 9, (1976), (516-518), ISSN 
DOI:10.1063/1.88839 

Gan, K.K.; Abi, B.; Fernando, W.; Kagan, H.P.; Kass, R.D.; Law, A.; Lebbai, M.R.M.; Rau, A.; 
Rizardinova, F.; Skubic, P.L. & Smith, D.S. (2008). Radiation-hard optical link for 
SLHC, J. of Physics: Conference Series, Vol. 110, (2008), doi:10.1088/1742-
6596/110/9/092011 

aGriscom, D. L. (1998). Radiation hardened fiber optics for fusion reactor diagnostics, Final 
Technical Report, Naval Research Laboratory, Department of the Navy 

bGriscom, D.L. & Mizuguchi, M. (1998). Determination of the visible range optical 
absorption spectrum of peroxy radicals in gamma-irradiated fused silica, Journal of 
Non-Crystalline Solids, Vol. 239, No. 1-3, (1998), (66-77), ISSN 0022-3093 

Griscom, D.L. (2001). Fractal kinetics of radiation-induced point-defect formation and decay 
in amorphous insulators: Application to color centers in silica-based optical fibers 
Physical Review B, Vol. 64, No.17 (October 2001), (174201 1-14), ISSN 1098-0121 

Henschel, H.; Körfer, M. & Wulf, F. (2001). Fibre optical radiation sensing system for TESLA, 
Proceedings DIPAC 2001 – ESRF, pp. 73-75, Grenoble,  May 2001, 
http://epaper.kek.jp/d01/papers/CT04.pdf 

Hodgson, E.R.; Decreton, M.; Cecconello, M.; Ingesson, C. & Campbell D.J. (2006). 
Radiation-hard ceramic materials for diagnostic and heating and current drive 

Irradiation Effects in Optical Fibers  

 

65 

systems for ITER, Proceedings of the 33rd EPS Conference on Plasma Phys., Rome, June 
2006, http://epsppd.epfl.ch/Roma/pdf/P1_119.pdf 

ITER Physics Expert Group on Diagnostics (1999). ITER Physics basis, Nucl. Fusion, Vol. 39, 
(1999), (2541-2575) 

Kaiser, P. (1974). Drawing-induced coloration in vitreous silica fibers, JOSA, Vol. 64, No. 4, 
(1974), (475-481),  ISSN doi:10.1364/JOSA.64.000475 

Kajihara, K.; Hirano, M.; Skuja, L. & Hosono, H. (2008). Intrinsic defect formation in 
amorphous SiO2 by electronic excitation: Bond dissociation versus Frenkel 
mechanisms, Physical Review B, Vol. 78, No.9 (September 2008), (094201 1-8), ISSN 
1098-0121 

Karlitschek, P.; Hillrichs, G. & Klein, K.-F. (1995). Photodegradation and nonlinear effects in 
optical fibers induced by pulsed uv-laser radiation, Optics Communications, Vol. 116, 
No. 1-3, (1995), (219-230),  ISSN 0030-4018 

Karlitschek, P.; Hillrichs, G. & Klein, K.-F. (1998). Influence of hydrogen on the colour center 
formation in optical fibers induced by pulsed UV-laser radiation: Part 2: All-silica 
fibers with low-OH undoped core, Optics Communications, Vol. 155, (October 1998) 
(386-397),  ISSN 0030-4018 

Kimurai, E. Takada, Y. Hosono, M. Nakazawa, Takahashi, H. & Hayami, H. (2002). New 
Techniques to Apply Optical Fiber Image Guide to Nuclear Facilities, J. of Nuclear 
Sci. and Techn., Vol. 39, no 6, (603-607),  ISSN 0022-3131 

Li, J.; Lehman, R. L. & Sigel, G. H. Jr (1996). Electron paramagnetic resonance 
characterization of nonuniform distribution of hydrogen in silica optical fibers, 
Applied Physics Letters, Vol. 69, No. 14, (September 1996), (2131-2133), ISSN 0003-
6951 

Mashkov, V. A.; Austin, Wm. R. ; Zhang, Lin & Leisure, R. G. (1996). Fundamental role of 
creation and activation in radiation-induced defect production in high-purity 
amorphous SiO2, Physical Review Letters, Vol. 76, No.16 (October 1995), (2926-2929), 
ISSN 0031-9007 

Messina, F.; Agnello S.; Cannas, M. & Parlato, A. (2009). Room temperature instability of E′γ 
centers induced by γ irradiation in Amorphous SiO2, The Journal of Physical 
Chemistry A, Vol. 113, No.6, (December 2008), (1026-1032), ISSN 1520-5215 

Nuccio, L.; Agnello, S. & Boscaino, R. (2009). Role of H2O in the thermal annealing of the E’γ 
center in amorphous silicon dioxide, Physical Review B, Vol. 79, N. 12, (March 2009), 
(125205 1-8) ISSN 1098-0121 

O'Keeffe, S.; Fitzpatrick, C.; Lewis, E. & Al-Shamma'a, A.I. (2008). A review of optical fibre 
radiation dosimeters, Sensor Review, Vol. 28, No. 2, (136 – 142), ISSN 0260-2288 

Ott, M.N. (2002). Radiation effects data on commercially available optical fiber: database 
summary, Proceedings of  2002 IEEE Radiation Effects Data Workshop, pp. 24 – 31, 
ISBN 0-7803-7544-0, Phoenix, July 2002, Institute of Electrical and Electronics 
Engineers, Inc. 

Pacchioni, G.; Skuja, L. & Griscom, D. L. (2000). Defects in SiO2 and related dielectrics: science 
and technology, Kluver Academic Publishers, ISBN 0-7923-6686-7, Dordrecht 

Radiation effects, The 10 th Europhysical Conference on Defects in Insulation Materials, 
Phys. Status Solidi, Vol. 4, No. 3 , (2007), (1060-1175)  



 Frontiers in Guided Wave Optics and Optoelectronics 

 

66 

Radzig, V. A. (1998). Point defects in disordered solids: Differences in structure and 
reactivity of the (O≡Si-O)2Si: groups on silica surface, Journal of Non-Crystalline 
Solids, Vol. 239, (1998), (49-56),  ISSN 0022-3093 

Reichle, R.; Brichard, B.; Escourbiac, F.; Gardarein, J.L.; Hernandez, D.; Le Niliot, C.; 
Rigollet, F.; Serra, J.J.; Badie, J.M.; van Ierschot, S.; Jouve, M.; Martinez, S.; Ooms, 
H.; Pocheau, C.; Rauber, X.; Sans, J.L.; Scheer, E.; Berghmans, F. & Decréton, M. 
(2007). Experimental developments towards an ITER thermography diagnostic, J. of 
Nuclear Materials, Vol. 363-365, (June 2007), (1466-1471), 
doi:10.1016/j.jnucmat.2007.01.207 

Shikama, T.; Nishitani, T.; Kakuta, T.; Yamamoto, S.; Kasai, S.; Narui, M.; Hodgson, E.; 
Reichle, R.; Brichard, B.; Krassilinikov, A.; Snider, R.; Vayakis, G. & Costley A. 
(2003). Irradiation test of diagnostic components for ITER application in a fission 
reactor, Japan materials testing reactor, Nuclear fusion, Vol. 43, No. 7, (2003), (517-
521),  ISSN 0029-5515 

Skuja, L. (1998). Optically active oxygen-deficiency-related centers in amorphous silicon 
dioxide, Journal of Non-Crystalline Solids, Vol. 239, No. 1-3, (1998), (16-48),  ISSN 
0022-3093 

Skuja, L.; Hirano, M.; Hosono, H. & Kajihara, K. (2005). Defects in oxide glasses, Physica 
Status Solidi (c), Vol. 2, No.1, (2005), (15-24), DOI:10.1002/pssc.200460102 

Sporea D. & Sporea, R. (2005). Setup for the in situ monitoring of the irradiation-induced 
effects in optical fibers in the ultraviolet-visible optical range, Review of Scientific 
Instruments, Vol. 76, No. 11, (2005), DOI:10.1063/1.2130932 

Sporea, D.; Sporea, A.; Agnello, S.; Nuccio, L.; Gelardi,  F.M. & Brichard, B. (2007). 
Evaluation of the UV optical transmission degradation of gamma-ray irradiated 
optical fibers, CLEO/ The 7th Pacific Rim Conference on Lasers and Electro-Optics, Seoul, 
August 2007 

Troska, J.; Cervelli, G.; Faccio, F.; Gill, K.; Grabit, R.; Jareno, R.M.; Sandvik, A.M. & Vasey, F. 
(2003). Optical readout and control systems for the CMS tracker, IEEE Trans. 
Nuclear Sci., Vol. 50, No. 4, Part 1, (2003) (1067-1072), ISSN 0018-9499 

Weeks, R.A. (1956). Paramagnetic resonance of lattice defects in irradiated quartz, J. Appl. 
Phys., Vol. 27, No. 11, (1956), (1376-1381),  DOI:10.1063/1.1722267 

Weeks, R. A. & Sonder, E. (1963). The relation between the magnetic susceptibility, electron 
spin resonance, and the optical absorption of the E1’center in fused silica, In: 
Paramagnetic Resonance II, W. Low (Ed.), 869-879, Academic Press, LCCN 63-21409, 
New York 

Weil, J. A.; Bolton, J. R. & Wertz, J. E. (1994) Electron Paramagnetic Resonance, John Wiley & 
Sons, 0-471-57234-9, New York 

Zabezhailov, M.O.; Tomashuk, A.L.; Nikolin, I.V. & Plotnichenko, V.G. (2005). Radiation-
induced absorption in high-purity silica fiber preforms, Inorganic Materials, Vol. 41, 
No. 3, (2005), (315–321), ISSN 0020-1685 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

66 

Radzig, V. A. (1998). Point defects in disordered solids: Differences in structure and 
reactivity of the (O≡Si-O)2Si: groups on silica surface, Journal of Non-Crystalline 
Solids, Vol. 239, (1998), (49-56),  ISSN 0022-3093 

Reichle, R.; Brichard, B.; Escourbiac, F.; Gardarein, J.L.; Hernandez, D.; Le Niliot, C.; 
Rigollet, F.; Serra, J.J.; Badie, J.M.; van Ierschot, S.; Jouve, M.; Martinez, S.; Ooms, 
H.; Pocheau, C.; Rauber, X.; Sans, J.L.; Scheer, E.; Berghmans, F. & Decréton, M. 
(2007). Experimental developments towards an ITER thermography diagnostic, J. of 
Nuclear Materials, Vol. 363-365, (June 2007), (1466-1471), 
doi:10.1016/j.jnucmat.2007.01.207 

Shikama, T.; Nishitani, T.; Kakuta, T.; Yamamoto, S.; Kasai, S.; Narui, M.; Hodgson, E.; 
Reichle, R.; Brichard, B.; Krassilinikov, A.; Snider, R.; Vayakis, G. & Costley A. 
(2003). Irradiation test of diagnostic components for ITER application in a fission 
reactor, Japan materials testing reactor, Nuclear fusion, Vol. 43, No. 7, (2003), (517-
521),  ISSN 0029-5515 

Skuja, L. (1998). Optically active oxygen-deficiency-related centers in amorphous silicon 
dioxide, Journal of Non-Crystalline Solids, Vol. 239, No. 1-3, (1998), (16-48),  ISSN 
0022-3093 

Skuja, L.; Hirano, M.; Hosono, H. & Kajihara, K. (2005). Defects in oxide glasses, Physica 
Status Solidi (c), Vol. 2, No.1, (2005), (15-24), DOI:10.1002/pssc.200460102 

Sporea D. & Sporea, R. (2005). Setup for the in situ monitoring of the irradiation-induced 
effects in optical fibers in the ultraviolet-visible optical range, Review of Scientific 
Instruments, Vol. 76, No. 11, (2005), DOI:10.1063/1.2130932 

Sporea, D.; Sporea, A.; Agnello, S.; Nuccio, L.; Gelardi,  F.M. & Brichard, B. (2007). 
Evaluation of the UV optical transmission degradation of gamma-ray irradiated 
optical fibers, CLEO/ The 7th Pacific Rim Conference on Lasers and Electro-Optics, Seoul, 
August 2007 

Troska, J.; Cervelli, G.; Faccio, F.; Gill, K.; Grabit, R.; Jareno, R.M.; Sandvik, A.M. & Vasey, F. 
(2003). Optical readout and control systems for the CMS tracker, IEEE Trans. 
Nuclear Sci., Vol. 50, No. 4, Part 1, (2003) (1067-1072), ISSN 0018-9499 

Weeks, R.A. (1956). Paramagnetic resonance of lattice defects in irradiated quartz, J. Appl. 
Phys., Vol. 27, No. 11, (1956), (1376-1381),  DOI:10.1063/1.1722267 

Weeks, R. A. & Sonder, E. (1963). The relation between the magnetic susceptibility, electron 
spin resonance, and the optical absorption of the E1’center in fused silica, In: 
Paramagnetic Resonance II, W. Low (Ed.), 869-879, Academic Press, LCCN 63-21409, 
New York 

Weil, J. A.; Bolton, J. R. & Wertz, J. E. (1994) Electron Paramagnetic Resonance, John Wiley & 
Sons, 0-471-57234-9, New York 

Zabezhailov, M.O.; Tomashuk, A.L.; Nikolin, I.V. & Plotnichenko, V.G. (2005). Radiation-
induced absorption in high-purity silica fiber preforms, Inorganic Materials, Vol. 41, 
No. 3, (2005), (315–321), ISSN 0020-1685 

4 

Programmable All-Fiber Optical Pulse Shaping 
Antonio Malacarne1, Saju Thomas2, Francesco Fresi1,2, Luca Potì3,  

Antonella Bogoni3 and Josè Azaña2 
1Scuola Superiore Sant’Anna, Pisa, 

2Institut National de la Recherche Scientifique (INRS), Montreal, QC,  
3Consorzio Nazionale Interuniversitario per le Telecomunicazioni (CNIT), Pisa, 

1,3Italy  
2Canada 

1. Introduction 
Techniques for the precise synthesis and control of the temporal shape of optical pulses with 
durations in the picosecond and sub-picosecond regimes have become increasingly 
important for a wide range of applications in such diverse fields as ultrahigh-bit-rate optical 
communications (Parmigiani et al., 2006; Petropoulos et al., 2001; Oxenlowe et al., 2007; 
Otani et al., 2000), nonlinear optics (Parmigiani et al., 2006 b), coherent control of atomic and 
molecular processes (Weiner, 1995) and generation of ultra-wideband RF signals (Lin & 
Weiner, 2007). To give a few examples, (sub-)picosecond flat-top optical pulses are highly 
desired for nonlinear optical switching (e.g. for improving the timing-jitter tolerance in 
ultrahigh-speed optical time domain de-multiplexing (Parmigiani et al., 2006; Petropoulos et 
al., 2001; Oxenlowe et al., 2007)) as well as for a range of wavelength conversion applications 
(Otani et al., 2000); high-quality picosecond parabolic pulse shapes are also of great interest, 
e.g. to achieve ultra-flat self-phase modulation (SPM)-induced spectral broadening in super-
continuum generation experiments (Parmigiani et al., 2006 b). For all these applications, the 
shape of the synthesized pulse needs to be accurately controlled for achieving a minimum 
intensity error over the temporal region of interest. The most commonly used technique for 
arbitrary optical pulse shaping is based on spectral amplitude and/or phase linear filtering 
of the original pulse in the spatial domain; this technique is usually referred to as ‘Fourier-
domain pulse shaping’ and has allowed the programmable synthesis of arbitrary waveforms 
with resolutions better than 100fs (Weiner, 1995). Though extremely powerful and flexible, 
the inherent experimental complexity of this implementation, which requires the use of very 
high-quality bulk-optics components (high-quality diffraction gratings, high-resolution 
spatial light modulators etc.), has motivated research on alternate, simpler solutions for 
optical pulse shaping. This includes the use of integrated arrayed waveguide gratings 
(AWGs) (Kurokawa et al., 1997), and fiber gratings (e.g. fiber Bragg gratings (Petropoulos et 
al., 2001), or long period fiber gratings (Park et al. 2006)). However, AWG-based pulse 
shapers (Kurokawa et al., 1997) are typically limited to time resolutions above 10ps. The 
main drawback of the fiber grating approach (Petropoulos et al., 2001; Park et al. 2006) is the 
lack of programmability: a grating device is designed to realize a single pulse shaping 
operation over a specific input pulse (of prescribed wavelength and bandwidth) and once 
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the grating is fabricated, these specifications cannot be later modified. Recently, a simple 
and practical pulse shaping technique using cascaded two-arm interferometers has been 
reported (Park & Azaña, 2006). This technique can be implemented using widely accessible 
bulk-optics components and can be easily reconfigured to synthesize a variety of transform-
limited temporal shapes of practical interest (e.g. flat-top and triangular pulses) as well as to 
operate over a wide range of input bandwidths (in the sub-picosecond and picosecond 
regimes) and center wavelengths. However, this solution presents all the drawbacks due to 
a free-space solution where it is needful to strictly set the relative time delay inside each 
interferometer in order to “program” different obtainable pulse shapes. Therefore the 
pursuit of an integrated (fiber) pulse shaping solution, including full compatibility with 
waveguide/fiber devices, which can be able to provide the additional functionality of 
electronic programmability, manifests to be useful for a lot of different application fields. 
For this reason a programmable fiber-based phase-only spectral filtering setup has been 
recently introduced (Azaña et al., 2005; Wang & Wada, 2007). In the next section the 
working principle of this spectral phase-only linear filtering approach is discussed and an 
improvement of the solution reported in (Azaña et al., 2005) is presented and widely 
investigated. 

2. Programmable all-fiber optical pulse shaper 
A pulse shaper can be easily described in the spectral domain as an amplitude and/or phase 
filter. Using linear system theory it is possible to consider an input signal ein(t) whose 
frequency spectrum is Ein(ω) as reported in Fig. 1, and the corresponding output spectrum 
Eout(ω). The pulse shaper is represented by a filter transfer function H(ω) so that: 

 { }( ) ( ) ( ) ( )out in outE E H e tω ω ω= ⋅ = ℑ  (1) 

where H(ω) is found out so that the output temporal shape eout(t) = u(t) , with u(t) the desired 
target intensity profile. 
Previous solutions are based on amplitude-only filtering (Dai & Yao, 2008), amplitude and 
phase filtering (Petropoulos et al., 2001; Weiner, 1995; Park et al., 2006; Azaña et al., 2003), or 
phase-only filtering (Azaña et al., 2005; Wang & Wada, 2007; Weiner et al., 1993). In term of 
power efficiency phase filtering is preferred since the energy is totally preserved with 
respect to amplitude only or amplitude and phase filtering where some spectral components 
are attenuated or canceled. Avoiding any amplitude filtering, in principle we may achieve 
an energy lossless pulse shaping. Moreover, if only the output temporal intensity profile is 
targeted, keeping its temporal phase profile unrestricted, a phase-only filtering offers a 
higher design flexibility, even if obviously it rules out the possibility to obtain a Fourier 
transform-limited output signal or an output phase equal to the input one. Then, with 
phase-only filtering we are able to carry out an arbitrary temporal output phase but with a 
programmable desired temporal output intensity profile. 
In this case the system is represented by a phase-only transfer function M(ω) = K e jΦ(ω), 
where the design task is to look for Φ(ω) such that: 

 { }1 ( ) ( ) ( )inM E u tω ω−ℑ ⋅ =  (2) 

The very interesting fiber-based solution for programmable pulse shaping proposed in 
(Azaña et al., 2005) and used in (Wang & Wada, 2007) is based on time-domain optical 
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target intensity profile. 
Previous solutions are based on amplitude-only filtering (Dai & Yao, 2008), amplitude and 
phase filtering (Petropoulos et al., 2001; Weiner, 1995; Park et al., 2006; Azaña et al., 2003), or 
phase-only filtering (Azaña et al., 2005; Wang & Wada, 2007; Weiner et al., 1993). In term of 
power efficiency phase filtering is preferred since the energy is totally preserved with 
respect to amplitude only or amplitude and phase filtering where some spectral components 
are attenuated or canceled. Avoiding any amplitude filtering, in principle we may achieve 
an energy lossless pulse shaping. Moreover, if only the output temporal intensity profile is 
targeted, keeping its temporal phase profile unrestricted, a phase-only filtering offers a 
higher design flexibility, even if obviously it rules out the possibility to obtain a Fourier 
transform-limited output signal or an output phase equal to the input one. Then, with 
phase-only filtering we are able to carry out an arbitrary temporal output phase but with a 
programmable desired temporal output intensity profile. 
In this case the system is represented by a phase-only transfer function M(ω) = K e jΦ(ω), 
where the design task is to look for Φ(ω) such that: 

 { }1 ( ) ( ) ( )inM E u tω ω−ℑ ⋅ =  (2) 

The very interesting fiber-based solution for programmable pulse shaping proposed in 
(Azaña et al., 2005) and used in (Wang & Wada, 2007) is based on time-domain optical 
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phase-only filtering. This method originates from the most famous technique for 
programmable optical pulse shaping, based on spatial-frequency mapping (Weiner et al., 
1993). 
 

 
Fig. 1. Transfer function for a pulse shaper 
 

 
Fig. 2. Spatial-domain approach for shaping of optical pulses using a spatial phase-only 
mask 

The scheme is shown in Fig. 2: a spatial dispersion is applied by a grating on the input 
optical pulse, then a phase mask provides a spatial phase modulation and finally a spatial 
dispersion compensation is given by another grating. Its main drawback consisted in being 
a free space solution with all the problems related to a needful strict alignment, including 
significant insertion losses and limited integration with fiber or waveguide optics systems. 
For these reasons we looked for an all-fiber solution that essentially is a time-domain 
equivalent (Fig. 3) of the classical spatial-domain pulse shaping technique (Weiner et al., 
1993), in which all-fiber temporal dispersion is used instead of spatial dispersion. 
To achieve this all-fiber approach we started from a different solution based on the concept 
concerning a time-frequency mapping using linear dispersive elements (Azaña et al., 2005). 
As shown in Fig. 3 (top), applying an optical pulse at the input of a first order dispersive 
medium, we obtain an output signal edisp(t) dispersed in time domain corresponding to the 
spectral domain of the input pulse. In this way, a temporal phase modulation φ(t) applied to 
the dispersed signal coming out from the dispersive medium corresponds to a spectral 
phase modulation Φ(ω) applied to the input spectrum (Fig. 3, bottom). For a given first 
order chromatic dispersion coefficient β2, the correspondence between temporal and 
spectral phase modulations is: 

 2( ) ( )t tϕ ω β= Φ =  (3) 
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Fig. 3. Principle of time-frequency mapping for the time-domain pulse shaping approach. β2: 
first order dispersion coefficient; φ(t): temporal phase modulation applied to the dispersed 
signal; Φ(ω): spectral phase modulation applied to the input spectrum, corresponding to φ(t) 

To apply the mentioned phase modulation an electro-optic (EO) phase modulator will be 
used. As it will be more clear afterwards, any Φ(ω) that satisfies Eq. 2 will not be practical in 
terms of design and implementation. Therefore we restrict Φ(ω) to a binary function with 
levels π/2 and -π/2 and a frequency resolution determined by practical system 
specifications (input/output dispersion and EO modulation bandwidth). It is possible to 
demonstrate that with such a binary phase modulation with levels π/2 and -π/2, the re-
shaped signal is symmetric in the time domain. The temporal resolution of the binary phase 
code, similarly to Eq. 2, is related to the corresponding spectral resolution this way: 

 2/pix pixTω β=  (4) 

Finally, to achieve the inverse Fourier-transform operation on the stretched, phase-
modulated pulse, such a pulse is compressed back with a dispersion compensator providing 
the conjugated dispersion of the first dispersive element (Fig. 4). 
As reported in Fig. 4, the binary phase modulation is provided to the EO-phase modulator 
by a bit pattern generator (BPG) with a maximum bit rate of 20 Gb/s. 
Dispersion mismatch between the two dispersive conjugated elements has a negative effect 
on the performance of the system and for obtaining good quality pulse profiles it is critical 
to match these two dispersive elements very precisely. In our work, this was achieved by 
making use of the same linearly chirped fiber Bragg grating (LC-FBG) acting as pre- and 
post-dispersive element, operating from each of its two ends, respectively (Fig. 5); this 
simple strategy allowed us to compensate very precisely not only for the first-order 
dispersion introduced by the LC-FBG, but also for the present relatively small undesired 
higher-order dispersion terms. 
As reported in Fig. 6, reflection of the LC-FBG acts as a band-pass filter applying at the same 
time a group delay (GD) versus wavelength that is linear on the reflected bandwidth. In 
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post-dispersive element, operating from each of its two ends, respectively (Fig. 5); this 
simple strategy allowed us to compensate very precisely not only for the first-order 
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particular the slope of the two graphs of Fig. 6 (left) represents the applied first-order 
dispersion coefficient, respectively +480 and -480 ps/nm for each of the two ends of the LC-
FBG. 
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exploiting a binary phase-only filtering 
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Fig. 6. Reflection behavior of the LC-FBG. (left) Group delay over the reflected bandwidth 
for both the ends; (right) reflected bandwidth of the first end 

Similarly to any linear pulse shaping method, the shortest temporal feature that can be 
synthesized using this technique is essentially limited by the available input spectrum. On 
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the other hand, the maximum temporal extent of the synthesized output profiles is inversely 
proportional to the achievable spectral resolution ωpix. 

2.1 Genetic algorithm as search technique 
To find the required binary phase modulation function we implemented a genetic algorithm 
(GA) (Zeidler et al., 2001). A GA is a search technique used in computing to find exact or 
approximate solutions to optimization and search problems. GAs are a particular class of 
evolutionary algorithms that use techniques inspired by evolutionary biology such as 
inheritance, mutation, selection, and crossover (also called recombination), and they’ve been 
already exploited for optical pulse shaping applications (Wu & Raymer, 2006). They are 
implemented as a computer simulation in which a population of abstract representations 
(called chromosomes) of candidate solutions (called individuals) to an optimization problem 
evolves toward better solutions. Traditionally, solutions are represented in binary as strings 
of logic “0”s and “1”s. The evolution usually starts from a population of randomly 
generated individuals and happens in generations. In each generation, the fitness of every 
individual in the population is evaluated, multiple individuals are stochastically selected 
from the current population (based on their fitness), and modified (recombined and possibly 
randomly mutated) to form a new population. The new population is then used in the next 
iteration of the algorithm. Commonly, the algorithm terminates when either a maximum 
number of generations has been produced, or a satisfactory fitness level has been reached 
for the population. If the algorithm has terminated due to a maximum number of 
generations, a satisfactory solution may or may not have been reached. 
In our case we use GA to find a convergent solution for phase codes corresponding to 
desired output intensity profiles (targets), starting from an input spectrum nearly Fourier 
transform-limited. First we code each spectral pixel with ‘0’ or ‘1’ according to the phase 
value (π/2 or -π/2, respectively). Each bit pattern producing a phase code is a chromosome. 
We start with 48 random chromosomes. We select the best 8 chromosomes in terms of their 
fitness (in terms of cost function, explained later). We obtain 16 new chromosomes from 8 
pairs of old chromosomes (all of them chosen within the best 8) by crossover (2 new 
chromosomes from each pair). Then we obtain 24 new chromosomes from 24 random old 
chromosomes (1 new chromosomes from each) by mutation. Then we have 48 chromosomes 
again (“the best 8” + “16 from crossover” + “24 from mutation”). This iteration can be 
repeated a certain number of times. For our simulations we’ve chosen 10÷30 iterations 
corresponding to elaboration times in the range of 5÷15 seconds (10 iterations for flat-top 
and triangular pulses generation, 20÷30 iterations for bursts generation). 
The fitness of each chromosome is indicated by its corresponding cost function. Each cost 
function Ci generally represents the maximum deviation in intensities between the predicted 
output signal  eout(t) and the target u(t) in a time interval [ti,ti+1]: 

 { } 1max ( ) ( ) ; 0 [ , ]i out i iC e t u t t and t t t += − ≥ ∈  (5) 

while the total cost function Ctot is defined as sum of the partial cost functions Ci, each of them 
with a specific weight wi : 

 tot i i
i

C C w=∑  (6) 
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Fig. 7. Flow chart of the applied optimization technique 

During each iteration, thanks to GA we move in a direction that reduces the total cost 
function. This way we derived the particular phase code so as to obtain the desired output 
temporal intensity profile, whose deviation from the target hopefully is within an acceptable 
limit. After a sufficient number of iterations, the obtained phase profile can be then 
transferred to the experiment. In Fig. 7 the flow chart for a general optimization technique is 
shown. In our case within the block where we calculate the new array of transfer functions 
M(ω), we apply GA through crossover and mutation as explained above. 
To better understand what a cost function is, we report here a couple of examples 
concerning the cost functions used for single flat-top pulse and pulsed-burst generations. In 
Fig. 8 (left) the features taken into account for a flat-top pulse generation are shown. Since 
the generated signal is symmetric in the time domain, we considered just the right half of 
the output profile. 
Three time intervals correspond to three cost functions: the first one (C1) is related to the 
flatness in the central part of the pulse, the second one (C2) concerns the steepness of the 
falling edge, whereas the last one (C4) is related to the pedestal amplitude. In particular, in 
Fig. 9(a) we report the comparison between the simulated temporal profile carried out 
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through GA and its relative theoretical target for the case of a flat-top pulse. In this case, the 
defined total cost function was Ctot=5C1+C2+C4. 
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Fig. 8. (left) Cost functions for a single flat-top pulse generation. (right) Features taken into 
account with cost functions for a pulsed-burst generation 
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Fig. 9. Simulated and target profiles for a flat-top pulse (a) and a 5-pulses sequence (b). The 
used phase codes are shown in the insets (solid) together with the input pulse spectrum 
(dashed) 

In Fig. 8 (right) another example considering a pulsed-burst as target shows the considered 
features: the intra-pulse amplitude fluctuations, the timing fluctuations and the pedestal 
amplitude again. In particular, Fig. 9(b) shows the comparison between the simulated 
temporal profile and its relative theoretical target for the case of a 5-pulses sequence. In this 
case, even though we weighted the partial cost functions in order to obtain a sequence with 
flat-top envelope, because of the limited spectral resolution, the simulated sequence is not so 
equalized (inter-pulse amplitude fluctuations ≈ 25%) as the theoretical target. 
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To demonstrate the programmability of the proposed scheme, we targeted shapes like flat-
top, triangular and bursts of 2, 3, 4 and 5 pulses with nearly flat-top envelopes, defining a 
specific total cost function for each case. 

2.2 Experimental setup 
As shown in the experimental setup in Fig. 10, the exploited optical pulse source was an 
actively mode-locked fiber laser producing nearly transform-limited ~ 3.5 ps (FWHM) 
Gaussian-like pulses with a repetition rate of 10 GHz, spectrally centered at λ0 = 1542.4 nm. 
The source repetition rate was decreased down to 625 MHz, corresponding to a period of 
1.6 ns, using a Mach-Zehnder amplitude modulator (MZM) and a bit pattern generator 
(BPG 1) producing a binary string with a logic “1” followed by fifteen logic “0”. 
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Fig. 10. Experimental setup of the programmable all-fiber pulse shaper 

In order to temporally stretch the optical pulses, they were reflected in a LC-FBG, 
incorporated in a tunable mechanical rotator for fiber bending, which allowed us to tune the 
chromatic dispersion coefficient by changing the stretching angle θ (Kim et al. 2004). Such 
tunable dispersion compensator will be deepened and described in next Section (Section 
2.2.1). Setting θ = 3°, we obtained a first-order dispersion coefficient of 480 ps/nm (β2 ≈ -
606 ps2/rad) over a 3dB reflection bandwidth of 2.3 nm (centered at the laser wavelength 
λ0=1542.4nm). The dispersed pulses (port 3 of first circulator), each extending over a total 
duration of ~1.6 ns, were temporally modulated using an EO phase modulator (PM) driven 
by a second bit pattern generator (BPG 2), generating 32-bit codes, each with a bit rate of 
20 Gb/s and a period of 1.6 ns, according to the designed codes obtained from the GA. To 
accurately synchronize the phase code and the stretched pulse we employed an optical 
delay line (ODL) together with shifting bit by bit the code generated from BPG 2. In order to 
precisely compensate for the previously applied chromatic dispersion value, we used the 
same LC-FBG operated in the opposite direction, thus introducing the exact opposite 
dispersion (-480 ps/nm). At port 3 of the second circulator we obtained the desired output 
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pulse together with a small amount of the input pulse transmitted through the grating. The 
desired output was discriminated using a polarization controller (PC) and a polarization 
beam splitter (PBS). Finally, the output temporal waveform was monitored by a commercial 
autocorrelator first, and then acquired by a quasi asynchronous optical sampler prototype 
(Section 6 of Fresi’s chapter) based on four wave mixing (FWM), with a temporal resolution 
of ~ 100 fs. 

2.2.1 Tunable dispersion compensator based on a LC-FBG 
Referring to (Kim et al. 2004), a method to achieve tunable chromatic dispersion 
compensation without a center wavelength shift is based on the systematic bending 
technique along a linearly chirped fiber Bragg grating (LC-FBG). The bending curvature 
along the LC-FBG corresponding to the rotation angle of a pivots system can effectively 
control the chromatic dispersion value of the LC-FBG within its bandwidth. The group 
delay can be linearly controlled by the induction of the linear strain gradient with the 
proposed method. Based on the proposed method, the chromatic dispersion could be 
controlled in a range typically from ~100 to more than 1300 ps/nm with a shift of the 
grating center wavelength less than 0.03 nm over the dispersion tuning range. 
In our particular case, to “write” the LC-FBG prototype exploited in the experiment 
presented in Section 2.2, we used a setup where a UV laser with a wavelength of 244 nm 
was employed. Its light beam was deflected by a sequence of mirrors; the last mirror was 
fixed on a mechanical arm, whose position was automatically driven by a proper LabView 
software, so as to hit a phase mask. Such a mask divided the input beam in two coherent 
beams so as to create interference fringes through beating. Such fringes had the task to 
photo-expose the span of fiber in order to realize the LC-FBG. In this case the linear chirp 
(periodicity linearly increasing/decreasing along the fiber) was directly introduced by the 
phase mask. 
In Fig. 11 the measured reflection spectrum and the group delay (GD) of a typical LC-FBG 
are reported, showing excellent results in terms of amplitude ripples (< 0.5dB) (Fig. 11(a)) 
and linear behavior of the GD versus wavelength (Fig. 11(b)). The main difference between 
the LC-FBG described in this section and the one employed in Section 2.2 is the central 
wavelength (1542.4 nm instead of 1550.4 nm). 
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Fig. 11. (a) Reflection spectrum of a typical LC-FBG. (b) GD of the same LC-FBG 

The LC-FBG was carefully attached to the cantilever beam fixed on the rotation stage in 
order to compose the dispersion-tuning device (Kim et al. 2004). Through the device a 
certain tunable bending angle is applied on the metal beam where the grating is attached. 
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certain tunable bending angle is applied on the metal beam where the grating is attached. 
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Both the bandwidth and the chromatic dispersion value (the derivative of the graph in Fig. 
11(b)) of the grating change with the bending angle applied to the grating. In particular, 
increasing the rotation angle it is possible to decrease the chromatic dispersion and to 
increase the reflection bandwidth. 
In Fig. 12(a),(c) variation of reflection spectra with the rotation angle are shown, whereas in 
Fig. 12(b),(d) variation of GD with the rotation angle are reported. As shown in Fig. 12(a),(c), 
the central wavelength of the reflection bandwidth is fixed and equal to ~1550.4 nm. In Fig. 
13 variation of the chromatic dispersion (left) and the -3dB-bandwidth (right) with the 
rotation angle are reported. 
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Fig. 12. Measured results of the variation of (a),(c) the reflection spectra and (b),(d) the group 
delay of the tunable dispersion compensator with the rotation angle 
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Fig. 13. Variation of chromatic dispersion (left) and -3dB-bandwidth (right) of the tunable 
dispersion compensator with the rotation angle 
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Concluding, in the example reported in this section a LC-FBG has been fabricated through a 
proper setup and it has been employed with a mechanical rotator in order to compose an 
all-fiber tunable chromatic dispersion compensator able to provide a chromatic dispersion in 
the range (±134.4;±1320.4) ps/nm. The sign of the applied chromatic dispersion depends on 
which end of the grating we employ. Furthermore, adding a circulator on an end of the LC-
FBG, we obtain a system where port 1 and port 3 of the circulator represents the input and 
the output of the tunable dispersion compensator respectively (Fig. 14). 
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Fig. 14. Tunable chromatic dispersion compensator scheme. From input 1/output 1 a 
positive chromatic dispersion is provided whereas from input 2/output 2 a negative 
chromatic dispersion is provided 

2.3 Experimental results 
The capabilities of our programmable picosecond pulse re-shaping system were first 
demonstrated synthesizing the flat-top optical pulse related to Fig. 9(a) and the 5-pulses 
sequence related to Fig. 9(b), monitoring the temporal profile of the output signal through a 
commercial autocorrelator (Fig. 15), then the experiment has been repeated monitoring the 
output optical signal by an optical sampler. In particular we synthesized five different 
temporal waveforms of practical interest (Petropoulos et al., 2001; Park et al., 2006; Azaña et 
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Fig. 15. Experimental and simulated autocorrelation curves for the flat-top pulse (a) and the 
5-pulses sequence (b) 
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al., 2003) (see Fig. 16), namely a 9-ps (FWHM) flat-top optical pulse (Fig. 16(a)), a 8.5-ps 
(FWHM) triangular pulse (Fig. 16(b)), and three pulse sequences with flat-top envelopes, 
respectively a “11” (Fig. 16(c)), a “111” (Fig. 16(d)) and a “101” (Fig. 16(e)) sequence, with 
~ 20-ps bit spacing. 
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Fig. 16. Target and experimental profiles for a flat-top pulse (a), a triangular pulse (b), a “11” 
sequence (c), a “111” sequence (d) and a “101” sequence. The respective used phase codes 
are shown on the right (solid) together with the input pulse spectrum (dashed) 
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Fig. 16 shows the traces of the five synthesized pulse shapes experimentally acquired by the 
optical sampler in comparison with the simulated pulse shapes (the required binary codes to 
synthesize each of the target shapes are shown on the right of each graph), showing an 
excellent agreement between theory and experiments in all cases. Based on the values of the 
temporal pixel (the bit period of the BPG 2 was Tpix = 20 ps) and first-order dispersion used 
in our setup (Dλ = 480 ps/nm), we estimated a spectral resolution (Eq. 4) of ~ 13.1 GHz, 
which restricted the extension of the synthesized waveforms to ~ 76 ps, limiting the number 
of pulses per synthesized pulse burst, each with a repetition period of ~ 20 ps, to a 
maximum of three consecutive pulses. 
To show the behavior of the system working on targets with a temporal extent larger than 
the above mentioned maximum, in Fig. 17 we report the comparison between simulated 
targets and experimental output temporal profiles acquired by the optical sampler, for cases 
with a temporal extent larger than 80 ps. In the first case (Fig. 17(a)) even though the 
agreement between simulation and experiment is quite good by the amplitude peaks of the 
target, the pulse shaper is not able to maintain the pedestal amplitude within an acceptable 
level, especially by the logic “0”s of the sequence. Moreover, in the target of the sequence 
“1001” two side residual peaks are already present due to a limited spectral resolution. 
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Fig. 17. Target and experimental profiles for a “1001” sequence (a), a “1111” sequence with 
an equalized target (b) and a “1111” sequence with a non-equalized target (c) 

This limitation is due to the limited chromatic dispersion imposed by the LC-FBG (with a 
dispersion more than 480 ps/nm the reflection bandwidth would be narrower than the 
input signal bandwidth giving rise to unacceptable distortions on the output signal) and to 
the bit rate of the BPG 2 (20 Gb/s is the maximum value). 
If we consider all the features mentioned in Section 2.1 about a pulsed-burst (acceptable 
pulses amplitude fluctuations, timing fluctuations, pedestal amplitude), having a look on 
Fig. 17(b)-(c) it is possible to notice bad performances in particular for the equalization and 
the pedestal level of the pulsed sequence. Moreover, the mismatch between simulated 
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Fig. 16 shows the traces of the five synthesized pulse shapes experimentally acquired by the 
optical sampler in comparison with the simulated pulse shapes (the required binary codes to 
synthesize each of the target shapes are shown on the right of each graph), showing an 
excellent agreement between theory and experiments in all cases. Based on the values of the 
temporal pixel (the bit period of the BPG 2 was Tpix = 20 ps) and first-order dispersion used 
in our setup (Dλ = 480 ps/nm), we estimated a spectral resolution (Eq. 4) of ~ 13.1 GHz, 
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input signal bandwidth giving rise to unacceptable distortions on the output signal) and to 
the bit rate of the BPG 2 (20 Gb/s is the maximum value). 
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targets and experimental results increased if compared with all the cases shown in Fig. 16, 
confirming the non-correct working condition. 
Considering the frequency bandwidth of the output pulses from the pulse shaper 
(FWHM ≈ 4.5 ps corresponding to a bandwidth ≈ 222 GHz), the reported setup provided a 
fairly high time-bandwidth product > 16. 
As indicated by Eq. 4, a higher spectral resolution (i.e. longer temporal extension for the 
synthesized waveforms) can be achieved by increasing the bit rate of BPG 2 or by use of a 
higher dispersion. Using a higher dispersion would however require to decrease the 
repetition rate of the generated output pulses (assuming the same input pulse bandwidth). 
Other experimental non-idealities affecting the system performance include spectral 
fluctuations of the input spectrum, the non-perfect squared shape of the electric binary code 
produced by the BPG 2 and undesired higher order dispersion terms introduced by the LC-
FBG. 

3. Conclusion 
In conclusion, we have demonstrated a fiber-based time-domain linear binary phase-only 
filtering system enabling arbitrary temporal re-shaping of picosecond optical pulses. Flat-
top and triangular pulses together with two and three pulse-bursts have been synthesized 
from the same input pulse by properly programming the bit pattern code driving an EO 
phase modulator. 
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1. Introduction 
It is well known that the velocity of a light pulse in a medium, referred to as the group 
velocity, is smaller than the phase velocity of light, c/n, where c is the speed of light in 
vacuum, and n is the refractive index of the medium. The difference between phase and 
group velocity of light is a result of two circumstances: a pulse is generically composed of a 
range of frequencies, and the refractive index, n, of a material is not constant but depends on 
the frequency, ω, of the radiation, n = n(ω). A group index ng(ω) = n + ω(dn/dω) is used to 
quantify the delay (or advancement), Δtg, of an optical pulse, Δtg = ngL/c, which propagates 
in a medium of length L, where c/ng is called the group velocity (Brillouin, 1960).  
For about a century studies of this phenomenon, now topically referred to as slow light (SL), 
were mostly of a scholastic nature. In general the effect is very small for propagation of light 
pulses through transparent media. However when the light resonantly interacts with 
transitions in atoms or molecules, as for gain and absorption, the effect is greatly enhanced. 
Fig. 1 shows the gain (inverted absorption) spectral profile around a resonance together 
with its refractive index dispersion profile, the gradient of which results in ng(ω).  
 

 
Fig. 1. a), Normalized dispersion of the gain coefficient, g(ω), (dashed line), the refractive 
index, n(ω), and  b),the group index, ng(ω), for a gain resonance. 

As seen in the figure ng(ω) peaks at line centre and it is here that the group delay is a 
maximum. However in reality for a meaningful delay the gain required must be high and 
this leads to competing nonlinear effects, which overshadow the slowing down (Basov et al., 
1966). On the other hand in the vicinity of an absorbing resonance the corresponding 
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absorption is much too high to render the group effect useful. An exciting breakthrough 
happened in the early nineties when it was shown that group velocities of few tens of 
meters per second were possible with nonlinear resonance interactions (Hau et al., 1999). 
Two important features of nonlinear resonances make this possible: substantially reduced 
absorption, or even amplification, of radiation at a resonance, and sharpness of such 
resonances; the sharper a resonance, the higher dn/dω and so the stronger the enhancement 
of group index, and hence the greater the pulse is delayed. 
Widely ranging applications for slow light have been proposed, of which those for 
telecommunication systems and devices (optical delay lines, optical buffers, optical 
equalizers and signal processors) are currently of most interest (Gauthier, 2005). The 
essential demand of such devices is compatibility with existing telecommunication systems, 
that is they must be of wide enough bandwidth (≥10 GHz) and able to be integrated 
seamlessly into such systems.  
Of the various nonlinear resonance mechanisms and media, which allow sufficiently long 
induced delays, stimulated Brillouin and Raman scattering (SBS and SRS) in optical fiber are 
deemed to be among the best candidates. Currently SBS is the most actively investigated 
and many experimental and theoretical papers on pulse delaying via SBS in optical fiber 
have been published in the last few years, see the review paper (Thevenaz, 2008) and 
references therein. In this process the pulse to be delayed is a frequency down-shifted 
(Stokes) pulse. This is transmitted through an optical fiber through which continuous wave 
(CW) pump radiation is sent in the opposite direction to prime the delay process. It is 
supposed that the Stokes pulse is amplified by parametric coupling with the pump wave 
and a material (acoustic) wave in the medium (Kroll, 1965), and the amplification is 
characterised by a resonant-type gain profile. The dispersion of refractive index associated 
with this profile (which is similar to that in Fig.1) can then be used to increase the group 
index for optical pulses at the Stokes frequency (Zeldovich, 1972).  
Along with obvious device compatibility, there are several other advantages of the SL via 
SBS approach for optical communications systems: slow-light resonance can be created at 
any wavelength by changing the pump wavelength; use of optical fibre allows for long 
interaction lengths and thus low powers for the pump radiation, the process runs at room 
temperature, it uses off the shelf telecom equipment, and SBS works in the entire 
transparency range of fibers and in all types of fiber. Currently a main obstacle to 
applications of this approach is the narrow SBS gain spectral bandwidth, (Thevenaz, 2008), 
which is typically ≈ 120-200 MHz in silica fiber in the spectral range of telecom optical 
radiation (~1.3-1.6 μm) (Agrawal, 2006). 
This chapter reviews our ongoing work on the physical mechanisms that give rise to pulse 
delay in SBS. In section 2 the theoretical background of the SBS phenomenon is given and 
the main working equations describing this nonlinear interaction are presented. In section 3 
ways by which the SBS spectral bandwidth may be increased are addressed. Waveguide 
induced spectral broadening of SBS in optical fibre is considered as a means of increasing 
the bandwidth to the multi-GHz range. An alternative way widely discussed in the 
literature, (Thevenaz, 2008), is based on spectral broadening of the pump radiation. 
However it is shown through analytic analysis of the SBS equations converted to the 
frequency domain that pump radiation broadening by any reasonable amount has only a 
negligible effect on increasing the SBS bandwidth. Importantly in this section we show that, 
irrespective of the nature of the broadening considered, the SBS gain bandwidth remains 
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centred at the Brillion frequency which is far removed from the centre frequency of the 
Stokes pulse. Consequently the associated group index, which is enhanced at and around 
the SBS gain centre, cannot lead to group index induced delay of a Stokes pulse as claimed 
in the literature (Thevenaz, 2008). In section 4 the actual physical mechanisms by which a 
Stokes pulse is delayed through SBS are examined. Analytical analysis of the equations in 
the time domain shows that the SBS amplification process does not amplify an external the 
Stokes pulse and so again cannot induce group delay of this pulse. Rather the delay is 
shown to be predominantly a consequence of SBS gain build-up determined by inertia of the 
acoustic wave excitation. Finally in section 5 conclusions are drawn from this work in regard 
to current understanding of SL in SBS. 

2. Theory of stimulated Brillioun scattering 
In SBS, the resonance in a medium’s response occurs at the Brillouin frequency, ΩB, which is 
the central frequency of the variation of density in a medium, δρ(z,t) = 1/2{ρ(z,t)exp[-
i(ΩBt+qz)] + c.c.}. This density variation is resonantly induced by an electrostrictive force 
resulting from interference of two plane counter-propagating waves, the forward-going (+z 
direction) Stokes and backward-going (-z direction) pump optical fields, ES(z,t) = 
1/2{ES(z,t)exp[-i(ωSt-kSz)] + c.c.} and Ep(z,t) = 1/2{Ep(z,t)exp[-i(ωpt+kpz)] + c.c.}, respectively, 
where ρ(z,t), ES(z,t) and Ep(z,t) are the amplitudes of the acoustic wave and of Stokes and 
pump fields, with Ω = ωp - ωS and q = kp + kS, ωS and kS, and ωp and kp being their radian 
frequencies and wavevectors and c.c. is the abbreviation for complex conjugate. In an 
isotropic medium δρ(z,t) is described by the equation, (Zeldovich et al., 1985), 

 
2

22 2 2 2
02

1 ( , )
16sv A z t

t t
δρ δρ εδρ ρ

ρ π
∂ ∂ ∂

− ∇ − ∇ = − ∇ Ε
∂ ∂ ∂

,  (1) 

where νs is the speed of a free acoustic wave, A is its damping parameter, ∇2 ≡ ∂2/∂z2 in the 
chosen plane wave model, ε and ρ0 are the dielectric function and equilibrium density of the 
medium, and E(z,t) = Ep(z,t) + ES(z,t). Since the amplitude ρ(z,t) is supposed to be slowly 
varying in space, then ∇2δρ(z,t) ≅ -q2δρ(z,t) and Eq.(1) is usually reduced to 
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This is then the equation for the induced acoustic wave. It is a typical equation for an 
externally driven damped resonant oscillator, in which the right-hand side is the driving 
force, ΩB = qνs = 2νsωp/(c/n+νs) ≅ 2nνsωp/c is the resonant frequency of the oscillator, known 
as the Brillouin frequency, ΓB is the FWHM spectral width of the resonant profile with 2/ΓB 
being the decay time of the acoustic wave. 
The pump field reflected by the induced acoustic wave is a new Stokes field, which in turn 
interacts with the pump field to further electrostrictively enhance the acoustic wave and so 
the Stokes field and so forth. Increase of the Stokes field in SBS is therefore a direct 
consequence of increase of reflectivity of the acoustic wave for the pump field. As such, so 
called “SBS gain” characteristics are determined by the reflectivity, spectral characteristics 
and dynamics of the acoustic wave. In the approximation that the CW pump radiation is not 
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depleted over the interaction length, L, the spatial/temporal evolution of the Stokes signal is 
described by the nonlinear wave equation,  
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Eqs (2) and (3) are the basic equations, which describes the SBS phenomenon in an optically 
lossless medium in the small signal plane wave approximation. Since the density and Stokes 
field amplitudes, ρ(z,t) and ES(z,t), vary slowly in both space and time and the acoustic wave 
in SBS attenuates strongly, their evolution is usually reduced to two well known first order 
equations: from Eq.(2) the relaxation equation for ρ(z,t),  
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which describes the amplitude of the driven damped resonant oscillator, and from Eq.(3) the 
partial differential equation for ES(z,t), 
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Here δΩ = Ω - ΩB is the difference between the acoustic drive frequency, Ω, and the resonant 
Brillouin frequency and asterisk, *, marks complex conjugate. The right-hand side of Eq. (5) 
is a source of the Stokes emission. 

3. Spectral broadening of SBS 
In the literature on group index induced slow light it is argued that rate at which optical 
pulses may be delayed is ultimately determined by the spectral bandwidth of the resonance 
responsible for slow light generation in the material (Boyd & Gauthier, 2002). So, the 
narrower the bandwidth the larger is the delay. On the other hand, to minimize pulse 
distortion the bandwidth must exceed substantially that of the optical pulse to be delayed 
and consequently determines a lower limit for the duration of the optical pulse. This 
argument is correct for systems in which a resonance in the material is in resonance with the 
optical pulse to be delayed, such as those based on electromagnetically induced 
transparency and coherent population oscillation (Boyd & Gauthier, 2002). However as 
shown below this does not apply to SBS since the resonance occurs around the Brillouin 
frequency, ΩB, which is far from the frequency of the Stokes pulse to be delayed. This point 
has been overlooked in the literature on SL via SBS and as a consequence has led to 
misinterpretation of experimental findings of Stokes pulse delay in SBS. This issue is 
considered in some detail in section 4 where it is shown the Stokes delay arises from the 
inertial build up time of SBS and not group index delay as has been claimed throughout the 
literature. Nevertheless it is still of academic interest to consider ways in which the spectral 
bandwidth of SBS may be increased and this is considered below. 
The physical mechanism responsible for ΓB is attenuation of the Brillioun acoustic wave, in 
liquids and solid optical media this is predominantly due to viscosity (Zeldovich et al., 
1985). Such spectral broadening is homogeneous in nature. For bulk silica, ΓB, scales with 
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depleted over the interaction length, L, the spatial/temporal evolution of the Stokes signal is 
described by the nonlinear wave equation,  
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pump radiation wavelength, λ, as ΓB ≅ 2π40/λ2 MHz (Heiman et al. 1979), where λ is in μm. 
It is evident from this expression that the shorter the radiation wavelength the wider the 
spectrum, so for radiation in the short wavelength transmission window of silica, λ ≅ 0.2 
μm, ΓB is expected to be ~2π GHz compared to ~ 20 MHz at telecom wavelengths, λ ≅ 1.3-1.6 
μm. The SBS gain bandwidth in fibers may also be broadened through varying fiber design, 
doping concentration, strain and/or temperature (Tkach et al., 1986; Shibata et al., 1987; 
Azuma et al., 1988; Shibata et al., 1989; Yoshizawa et al., 1991; Tsun et al., 1992; Yoshizawa & 
Imai, 1993; Shiraki et al., 1995; LeFloch & Cambon, 2003). However the highest achieved 
line-width enhancement factor, compared to ΓB is ~5, (Yoshizawa et al., 1991). A potentially 
attractive solution to increasing ΓB is by waveguide induced spectral broadening (Kovalev & 
Harrison, 2000), which is discussed in some detail below (Sect. 3.1). Spectral broadening of 
the pump radiation has also been proposed (Stenner et al., 2005, Herraez et al., 2006) as a 
means for broadening ΓB and is currently a subject of considerable activity (Thevenaz, 2008). 
However, as shown below (see Sect. 3.2) the effect is in fact negligible.  

3.1 Waveguide induced spectral broadening of SBS 
Due to the waveguiding nature of beam propagation in optical fiber and its effect on the SBS 
interaction, such propagation has been shown to render the Stokes spectrum 
inhomogeneous (Kovalev & Harrison, 2000), the bandwidth of which is massive in fibers of 
high numerical aperture, NA (Kovalev & Harrison, 2002). The nature of the broadening 
arises from the ability of optical fiber to support a fan of beam directions within an angle 2θc 
(Fig. 2), where θc is the acceptance angle of the fiber, defined as 
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where ncl,co are the refractive indices of the fiber cladding and core, respectively.  
 

 
Fig. 2. Sketch showing the nature of waveguide induced broadening of SBS gain spectrum; 
a), schematic of fiber, and, b), homogeneously broadened spectral profiles for different 
angles of scattering, ϕ. 

The frequency shift of the Stokes depends on the angle, φ, between the momentum vectors 
of the pump and scattered radiation through the relation ΩB(φ)=4πnνssin(φ/2)/λ. So the 
range of ΩB(φ) in a fiber will be from ΩB(π) = 4πnνs /λ to ΩB(π-2θc) = 4πnνscosθc /λ. For every 
ΩB(φ) there corresponds a homogeneously broadened line of the form  
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The Stokes spectrum, broadened by guiding, is then the convolution of frequency-shifted 
homogeneously broadened components, each generated from a different angular 
component of the pump and Stokes signal (such broadening is inhomogeneous by 
definition). The shape of the broadened Brillouin linewidth is described by the equation 
(Kovalev & Harrison, 2002), 
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where θc is linked to NA through Eq.(6). Fig. 3 shows γi(Ω,θc) for five values of NA. 
 

 
Fig. 3. Line shape of the Brillouin gain spectrum in optical fiber for several NA values 
(Kovalev & Harrison, 2002). 
 

 
Fig. 4. Relation between, a), the gain profile (dashed) and the phase index (solid) and, b), 
group index, for SBS in optical fibers. 

Intuitively, the dispersion and group index profiles, which are associated with the 
convolutionally broadened SBS gain spectrum (dashed lines in Fig.4a), are expected to also 
be convolutionally broadened (solid lines in Fig.4a and Fig.4b). As seen (Fig.4b) the 
maximum ng is expected to be more or less constant and so it’s value for each and all the 
homogeneous spectral components that contribute to the group index profile is the same. 
The shape of the group index spectrum is determined more precisely by numerical 
simulation (Kovalev et al., 2008). The group index in the case of the SBS resonance in optical 
fiber can be expressed as (Okawachi, 2005; Kovalev & Harrison, 2005), 
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where g0 is the value of the SBS gain coefficient at the exact Brillouin resonance and Ip is the 
pump radiation intensity. When several resonant frequencies, ΩB, exist in the medium, and 
the distribution of their relative amplitudes over the range from ΩB(π) to ΩB(π-2θc) is some 
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function F(ΩB), the spectrum of the “broadened” group index, ngb(Ω), is described by the 
convolution integral, 
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Results of calculations for the case when F(ΩB) = 1 in the range from ΩB(π) to ΩB(π-2θc) are 
presented in Fig.5. For the sake of illustration the results are centred by shifting the limits of 
integration in such a way that the lower limit is ω1 = ω0 - mΓB/2 and ω2 = ω0 + mΓB/2, where 
m, which is called the rate of broadening, varies from 2 to 100. As seen the width of the 
profile increases continuously with increasing m. The original shape of the profile 
(individual components in Fig 4b) is retained for a broadening of m ≤ 2. Beyond this, the 
profile becomes top-hat, at m ≅ 4, and for m > 4 it exhibits a dip, the depth of which increases 
with increasing m. For m > 20 the dip tends to becomes flat-bottomed. It can therefore be 
seen that the value of group index can stay constant over a broad range of frequencies, 
especially when m > 60. However the price for this is a reduced magnitude of the group 
index. However, as seen in Eq.(9), this may be compensated for by increase of the pump 
intensity. 
 

 
Fig. 5. Shape of group index, ngb, spectrally broadened due to waveguiding nature of fiber, 
a) for m = 2-6, and b), for m = 2-100.  

Earlier work has shown that waveguide induced broadening is dependant on the numerical 
aperture of fiber through the equation (Kovalev & Harrison, 2002), 
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It follows from Eq.(11) that in the calculations above, m = 2 corresponds to NA = 0.12, which 
is standard for single-mode telecom fiber. However, it is now readily possible to realise 
single-mode fiber with much higher NA, ~0.8 (Knight et al., 2000). For such fiber the 
broadening is ~15 GHz, which is comparable with the needs of telecom devises. As noted 
above this analysis assumes that the homogeneously broadened Brillouin gain contributions 
to the inhomogeneous profile are uniformly distributed, F(ΩB) = 1. It is relatively straight 
forward to account for alternative distributions by introducing their appropriate shape 
function F(ΩB) into Eq.(10). 
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These considerations therefore show that waveguide induced spectral broadening of the 
gain bandwidth of SBS in optical fiber is potentially massive (> 10 Gb/s), and readily 
achievable. 

3.2 On the effect of the pump spectral width on spectral broadening of SBS 
It has been proposed in (Stenner et al., 2005) that spectral broadening of the pump radiation 
may lead to comparable spectral broadening of the Stokes pulse in SBS. This approach has 
since been the focus of many publications, (Minardo et al., 2006; Shumakher et al., 2006; Zhu 
& Gauthier, 2006; Zadok et al., 2006; Chin et al., 2006; Schneider et al., 2006; Kalosha et al., 
2006; Zhu et al., 2007; Song & Hotate, 2007; Lu et al., 2007; Zhang et al., 2007-1 & -2; Yi et al., 
2007; Shi et al., 2007; Pant et al., 2008; Ren & Tomita, 2008; Sakamoto et al., 2008; Wang et al., 
2008; Schneider et al., 2008; Cheng et al., 2008), aimed at high data rate applications of SL. In 
this section the validity of this assertion is examined and it is shown that the effect is in fact 
negligible.  
This may be seen from examining the spectral features of the medium’s response and the 
Stokes emission through Fourier transformation of Eqs (4) and (5) using the following basic 
properties of Fourier transforms, F(ω) ≡ S[f(t)], (Korn & Korn, 1967), 
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where f(t) is a function of time. Here ω and ν are Fourier transform frequencies, which are 
the difference frequencies of the acoustic, Stokes and pump signals from their respective line 
centers. Eqs (4) and (5) then give 
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Note that here we have primed the Stokes and pump fields within (13), which are 
responsible for inducing the acoustic wave, to distinguish them from the generated Stokes 
field, (LHS of (14)), and from the pump field, which generates the new Stokes field, (the field 

( )pE ω  under the integral in (14)). δΩ is a detuning parameter, which can influence only the 
strength of the medium’s response to the drive force at frequency, Ω. (In the case of non-
monochromatic pump and Stokes fields δΩ can be considered as the difference between the 
central frequencies of their bandwidths.)  
Consider the case of a typical SBS slow light experiment in which the spectrum of the Stokes 
signal corresponds to that of a temporally smooth pulse and the spectrum of the pump 
radiation is the Fourier-transform of a continuous wave field the amplitude of which is 
randomly fluctuating in time. As seen, the right-hand sides of these equations are 
proportional to the convolution integrals of spectra '*( )pE ω and ' ( , )SE z ω in Eq.(13), and ( )pE ω  
and *( , )zρ ω  in Eq.(14), respectively.  
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Eq. (13) is an algebraic equation, the solution of which gives the spectrum of the medium’s 
response 
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where  
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is the function which determines the spectrum of the driving force for the medium’s 
response. The spectrum of the medium’s response is then given by the modulus of ),(~* ωρ z , 

),(~ ωρ z . 
The spectrum of the Stokes field is described by the first order differential equation, Eq.(14), 
the solution of which is 
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where ),0(~ ωSE  is the spectrum of an input Stokes signal at z = 0 and  
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is the function which determines the spectrum of the source of the generated Stokes field. 
Equations (15)-(18) describe the spectral features of the SBS-induced material response and 
Stokes field when both optical fields, pump and Stokes, are non-monochromatic. Note that 
solution Eq.(17) in the spectral domain is entirely consistent with the analytical solution of 
Eqs. (4) and (5), previously obtained in the temporal domain for stimulated scattering 
induced by non-monochromatic pump and monochromatic Stokes fields in (Kroll, 1965, 
Charman et al., 1970, Akhmanov et al., 1971, Akhmanov et al., 1988), and for monochromatic 
pump and non-monochromatic Stokes fields in (Kovalev et al., 2009). 
It is easily seen that the solution (17) for the Stokes field differs substantially from that 
usually deduced in textbooks from (4) and (5) in the steady state approximation (that is 
when both pump and Stokes fields are considered monochromatic),  
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which results from the equation for the Stokes field of the form, (Zeldovich et al., 1985), 
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Here it is again important to remember that δΩ is a detuning parameter, the value of which 
is the difference between the frequencies of the monochromatic pump and Stokes fields as 
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chosen, Ω = ωp - ωS, and the resonant Brillouin frequency, ΩB, |EpEp*| is the pump radiation 
intensity, and g0 is the standard steady state SBS gain coefficient. Equation (20) means that 
the Stokes field is amplified in the medium with gain proportional to the pump radiation 
intensity. To appreciate the difference between this case and our case let us consider both 
pump and Stokes fields in Eqs.(13)-(18) to be monochromatic. The spectra of the amplitudes of 
driving forces and of the medium’s response then reduce to δ-functions at ω = 0 and these 
depend on z only. The equation for the Stokes field is then, 
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The physical meaning of Eq.(21) is substantially different from that of Eq.(20), though their 
mathematical forms may look similar. Equation (21) describes the spatial evolution of the 
amplitude of the Stokes field, which results from reflection of the pump field by the induced 
acoustic wave. Since the Stokes field on the RHS of Eq.(21) is responsible for creating the 
acoustic wave, it is not the same as the reflected Stokes field on the LHS of this equation and 
therefore it is distinguished by its prime. Though for this monochromatic case the Stokes 
fields have the same frequency, their roles still remain physically distinct as in our general 
treatment above. Such distinction is not made in the text-book treatment that leads to Eq.(20) 
and to its familiar exponential solution, Eq.(19), which displays “gain” and a “modified 
propagation constant” for the Stokes field (see (Zhu et al., 2005)). Evidently the solution for 
Eq.(21) cannot be the same. As such, though the RHS of this equation has both real and 
imaginary parts (in the case of non-zero detuning, δΩ), this does not modify the propagation 
constant for the reflected Stokes field and therefore it can have no bearing on changing the 
refractive and group index for this field.  
Returning now to the solutions (15)-(18) of Eqs. (13) and (14) for the general case in which 
either one of the fields or both have nonzero bandwidth, they display three important 
features of the SBS interaction: i) the external input Stokes signal, as seen in Eq.(17), 
propagates through a non-absorbing medium without gain or measurable loss (its energy 
loss for creating the acoustic wave is usually negligible), ii) the SBS-generated Stokes signal 
is a result of reflection of the pump radiation by the acoustic wave, which is created by the 
pump and the original Stokes fields (see Eqs. (4) and (5)), and iii) each spectral component of 
the generated Stokes signal arises from a range of spectral components of the non-
monochromatic pump and Stokes fields, see Eqs. (17) and (18).  
To see the consequences of this, consider the case when the growth of the Stokes field along 
z is small. As such, the z dependence of ( , )SE z ω  and *( , )zρ ω is dropped. While this 
approximation does not account for gain narrowing of the SBS spectrum, typical for higher 
amplification, (Zeldovich et al., 1985), it still captures reasonably well the trends in the 
spectral features of the Stokes field, ( , )SE z ω , the medium response, ( )ρ ω , and so the SBS 
gain and the modified refractive and group indices. It then follows from Eq.(17) that the 
output spectrum of the Stokes signal, ( )SE ω , is the sum of the Fourier spectra of the input 
Stokes signal, (0, )SE ω , and the convoluted spectrum of the pump field and medium’s 
excitation, characteristics which are described by the function FE(ω) (see Eq. (18)). The latter 
is the SBS-induced contribution to the Stokes signal, and is determined by which of ( )pE ω  
or *( )ρ ω  is spectrally broadest. These spectral features of the output Stokes radiation are 
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chosen, Ω = ωp - ωS, and the resonant Brillouin frequency, ΩB, |EpEp*| is the pump radiation 
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consistent with those predicted earlier in the low gain approximation using the temporal 
domain treatment of stimulated Raman scattering, (Akhmanov et al., 1971, Akhmanov et al., 
1988), and SBS, (Zeldovich et al., 1985), with non-monochromatic pump fields.  
In contrast to the spectral features of the Stokes emission, those of the medium’s response, 

( )ρ ω , have to date received little attention. According to Eq.(15) this case is not as 
straightforward as that of the Stokes spectrum since a Lorentzian shape multiplier of 
bandwidth ΓB appears in addition to the convolution integral, Fρ(ω). From Eq. (15), ( )ρ ω  is 
given as 
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Examples of the spectra, ( )ρ ω , are shown in Fig. 6 by solid curves for δΩ = 0 (Fig. 6(a)) and 
δΩ = 0.1 GHz (Fig. 6(b)).  
 
 

 
 

Fig. 6. a), LHS and RHS halves of the (symmetrical) spectra of |Fρ(ω)| (dashed) and of 
)(~ ωρ  (solid lines) respectively for spectral widths of Fρ(ω) 0.02(1), 0.2(2), 2(3) and 20(4) 

GHz, when ΓB = 0.2 GHz and δΩ = 0. The dotted line 5 is the Lorentzian-shaped spectrum 
with ΓB = 0.2 GHz; b), spectra of ( )ρ ω  for the same spectral widths of Fρ(ω) when δΩ = 0.1 
GHz. 

It follows from Eq.(22) that when the spectral width, δωρ, of the driving force, |Fρ(ω)| 
(shown by dashed curves in Fig. 6(a)), is narrower than ΓB, the width, Γ, and centre 
frequency of ( )ρ ω  is determined by |Fρ(ω)|, (the convolution of '*( )pE ω  and ' ( )SE ω  as given 

in Eq. (16)), the central frequency of which is detuned by δΩ as shown by curve 1 in Fig. 
6(b). Nonzero detuning δΩ results also in decreased amplitude of the medium’s response 
(compare solid curves 1 of Figs. 6(a) and 6(b)). As δωρ increases, Γ grows and for δωρ > ΓB it 
saturates at ~1.7ΓB (solid curves 3 and 4 in Fig. 6(a)), and the effect of the detuning δΩ on the 
features of the medium’s spectrum becomes negligible (compare solid curves 3 and 4 in 
Figs. 6(a) and 6(b)). In essence, this means that irrespective of how broad the bandwidth of 
the broadband pump and/or Stokes emission is/are, the bandwidth of the material 
response spectrum is predominantly determined by the features of the material and can 
never be much greater than that of the medium’s resonant response (~ΓB). This is exactly the 
features expected from an externally driven damped resonant oscillator (see Eq.(2)).  



 Frontiers in Guided Wave Optics and Optoelectronics 

 

94 

From Eq. (22) the SBS induced dispersion of refractive index, Δn(ω) ≅ (∂ε/∂ρ)| ( )ρ ω |/2n0, 
and its corresponding induced group index at the frequency of the Stokes radiation, 

0( ) ( ) ( / ) |
Sg S S Sn n d n d ωω ω ω ω= + Δ , may be directly determined. To do so let us replace the 

relative frequency ω in the equations above with the absolute frequency, ω’, and consider 
the spectrum of |Fρ(ω’)| to be Gaussian in shape centred at frequency ΩB, Fρ(ω’) = Fρaexp[-
(ω’-ΩB)2/δωρ2], where a p SF I Iρ = is the spectral amplitude and IS is the Stokes signal 
intensity. The induced group index at absolute frequency ω’ is then 
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The dispersion of the SBS-induced group index, which is described by Eq. (23), has a 
maximum at ω’ = ΩB - Δ and a minimum at ω’ = ΩB + Δ, where Δ is functionally dependent 
on δωρ and is < ΓB/2. These maximum and minimum, in principle, may be of very high 
amplitude, however it is critically important to note that they are located at ω’ ≈ ΩB. At the 
Stokes frequency, ω’ = ωS, since ωS >> ΩB > ΓB (ωS ≈ 1.7⋅104ΩB in silica), Eq.(23) reduces to  
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which shows that the SBS-induced ng(ωS) is independent of both ΓB and ΩB, and is negligibly 
small for any reasonable bandwidth, δωρ, of ( )ρ ω . As such the acoustic resonance can have 
next to no effect in enhancing or modifying the natural group index in the medium for the 
Stokes signal. Consequently spectral broadening of pump radiation by any reasonable 
amount results in only minute increase of the spectral width of the material’s resonant 
excitation in SBS, and furthermore because this resonance is far away from a Stokes optical 
signal frequency to be delayed the approach cannot be effective in modifying a natural 
group index of a medium.  
This may also be seen using the following less rigorous simple argument. The resonant 
Brillouin frequency, ΩB, that is the frequency of the acoustic wave, for Stokes radiation 
excited by a monochromatic pump radiation, is ΩB = 2nνsωp/c. Broadening of the pump 
radiation spectrum by Δωp then results in pump induced broadening of the acoustic wave 
spectrum, ΔΩB, = 2nνsΔωp/c. It follows that for Δωp of ~2π⋅(12-25) GHz (Zu et al., 2007; Song 
& Hotate, 2007), which is of order of ΩB for SBS excited by 1.55 μm pump radiation in silica 
fiber (n ≅ 1.45, νs ≅ 6 km/s), ΔΩB ≅ 2π⋅(0.6-1.5) MHz << ΓB ≅ 2π⋅16 MHz. Clearly then pump 
induced broadening of the acoustic wave spectrum is negligible compared to its 
homogeneous spectral width, ΓB, for any reasonable value of the pump spectrum width up 
to few tens of GHz. 

4. Effect of acoustic wave inertia on Stokes pulse delay in SBS 
In this section the underlying physical processes that give rise to Stokes pulse delay in SBS 
are addressed.  
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In typical SBS-based slow light experiments the CW pump power is kept below the value at 
which the SBS interaction experiences pump depletion. The pump power is therefore 
constant throughout the interaction length (in lossless media). This is also an underlying 
reason why the contribution of spontaneous scattering to the SBS interaction is considered 
sufficiently small to be ignored in theoretical treatments of this problem (Song et al., 2005; 
Okawachi et al., 2005; Zhu et al., 2005). Equations (4) and (5) with appropriate boundary 
conditions are therefore sufficient for describing the evolution of a Stokes pulse in a 
medium.  
It is convenient to introduce the new temporal coordinate t’ = t – zn/c and suppose that the 
centre frequency of the Stokes pulse spectrum coincides with the resonant Brillouin Stokes 
frequency, that is δΩ = 0. In terms of the new variables Eqs (4) and (5) can be rewritten as  
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This set of equations has an analytic solution, which can be obtained using Reimann’s 
method (Bronshtein & Semendyaev, 1973). Consider the case addressed in typical SL 
experiments, in which the duration of the Stokes pulse is much less than its transit time in 
the medium and the pump is CW monochromatic radiation. Assuming that there are no 
acoustic waves in the medium before a Stokes pulse enters, and ES(t’≤ 0) = 0, ES(z=0,t’) = 
ES0(t’) and Ep(z,t’) ≡ Ep = const, the solutions for the Stokes field and the density variation are 
then 
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Here Ip = |Ep|2 is the pump radiation intensity in [W/cm2], I0,1(x) are the Bessel functions of 
imaginary argument x, and g is the SBS gain coefficient, 

 
22

7 0
310 [ / ]

4
S

s

g cm W
nc v

ω ρ τ ε
ρ

⎛ ⎞∂
= ⎜ ⎟∂⎝ ⎠

. (29) 

Suppose that the input Stokes signal is an optical pulse, the time dependent intensity of 
which is given by 
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where IS0 is the intensity at the peak of the pulse, tp is the FWHM pulse duration. The shape 
of the pulse is shown in Figs. 7 and 8 (curves for G = gIpL =0) and it is a good approximation 
for pulses actually used in experiments (Pohl & Kaiser, 1970). Since the SBS exponential 
gain, G, in the fiber is supposed to be below the SBS threshold, this, according to (Kovalev & 
Harrison, 2007), limits G to ≤12 for standard silica fibers of > 0.1 km length.  
 

 
Fig. 7. Output Stokes pulse shapes for a), tp = 200 ns (>>τ ) and G = 0 (1), 1(0.42), 4(0.026), 
8(0.0006), and 12(0.000012) and b), for tp = 18 ns (=τ ) and G = 0(1), 1(0.9), 2(0.6), 4(0.2), 
8(0.09), and 12(0.00026), where numbers in brackets are the amplitude magnification factors. 
The numbers on curves are Gs. 

 

 
Fig. 8. Output Stokes pulse shapes for a), tp = 4 ns (<τ ) and G = 0(1), 2(1), 4(1), 6(1), 8(0.2), 
and 12(0.007), and b), for tp = 0.5 ns (<<τ ) and G = 0(1), 4(1), 8(1), and 12(1 at the first peak 
and 0.3 at the tail). LHS of b) is temporally stretched to show profiles.  

 

 
Fig. 9. Output Stokes pulse a), delay, b), broadening factor, and c), effective exponential gain 
at peak of output pulse vs gain G for pulse durations tp = 200 (dashed), 18 (dotted), 4 (thick 
solid in the main graph and in the insert), and 0.5 ns (dashed in the inset). Thin solid lines in 
a) and c) are ΔTd = 9G ns and Gef = G dependencies respectively. 
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Figs 7 and 8 show the calculated relative output Stokes pulse powers, PS(t) = |ES(t)|2S (S is 
the effective area of fiber–mode cross section), shapes, amplitudes and delays for four input 
pulse durations, tp, and different G. Here the decay time, τ, of the hyper-sound wave in silica 
is taken to be τ = 18 ns at a pump radiation wavelength ~1.55 μm. It should be emphasized 
that the decay time of the acoustic wave, which is determined by the viscosity of fused silica 
(Pinnow, 1970), is used in these calculations rather than the SBS spectral width. This is 
because the latter depends on intrinsic characteristics of the fiber (core/cladding design, 
doping type and concentration, numerical aperture, etc. and the ambient environment 
(mechanical, thermal and electromagnetic fields (see Sec. 3), all of which can result in 
substantial variation of the resonant Brillouin frequency, ΩB. However they do not 
appreciably effect the viscosity of the medium.  
It follows from Figs 7 and 8 that the induced delay of the output Stokes pulse, its duration 
and peak power, which is estimated to be PS0eGef, where Gef is the effective SBS exponential 
gain, in all cases increase with increase of G. Rates of these growths depend substantially on 
the ratio of pulse duration to acoustic wave decay time, tp/τ, as shown in Fig. 9.  
For a long input Stokes pulse, tp = 200 ns that is tp/τ = 200/18 >> 1, the output pulse, on 
increase of G, remains similar in form (Fig. 7(a)), and is increasingly delayed following 
ΔTd/G ≅ 11 ns as shown by the thick dashed line in Fig. 9(a). Additional calculations have 
shown that it may coincide with ΔTd ≅ τ G/2 ≅ 9G ns (shown by the thin solid line in Fig. 
9(a)), but this happens only when tp/τ ≅ 2.5±0.5 and >100. For tp/τ < 2 the growth of ΔTd falls 
below the value ΔTd ≅ 9G ns. The duration of the output pulse compared to that of the input 
is slightly broadened with increase of G (see dashed line in Fig. 9(b)), and Gef decreases very 
slightly compared to G (dashed line in Fig. 9(c)). 
For tp = 18 ns (Fig. 7(b)), that is tp/τ  = 1, ΔTd for the output pulse again increases with G 
though not linearly; at lower G (0 to ~2) with slope ΔTd /G ≅ 3 ns, and at higher G (> 2) with 
slope ΔTd /G ≅ 9 ns (dotted line in Fig. 9(a)). The pulse broadening in this case increases 
substantially with G, by a factor ≥ 5 at G > 10 (dotted line in Fig. 9(b)) and Gef decreases 
notably, by a factor of ~3 at lower G to ~1.5 at G ≥ 10 (dotted line in Fig. 9(c)).  
For the short pulses, tp ≤ 4 ns (Fig. 8), that is for tp/τ < 1, significant new features appear. For 
G < 4 the output pulses approximately retain their shape with only a slight increase of ΔTd 
with G (ΔTd /G ≅ 0.1-0.15 ns for tp = 4 ns and ΔTd /G ≅ 0.03 ns for tp = 0.5 ns, as is shown in 
inset of Fig. 9(a), solid and dashed lines respectively). In both cases Gef for the leading peak 
decreases substantially, by a factor ~10. For G between 4 and 6 there is substantial growth of 
the power in the tail of the pulses and for G > 8 the maximum of the pulse shifts to the tail 
(see Figs. 8(a) and 8(b)). This is because of the long decay of the acoustic wave excited by the 
short Stokes pulse interacting with the CW pump. The dependence of ΔTd on G for G > 8 
then follows the linear relation ΔTd ≅ (9G – 25) ns (thick solid line in Fig. 9(a)). The pulse 
broadening factor is then ~20 for tp = 4 ns (solid line in Fig. 9(b) at G > 6) and ~200 for tp = 
0.5 ns.  
It is interesting to note that analytical results presented in Figs. 7 and 8, which are obtained 
in the small signal limit, give dependencies of pulse delay and broadening on G quite 
similar to these obtained numerically both for long pulses, tp/τ ≅ 15 and 5 in (Zhu et al, 
2005), and for short pulses, 0.1 < tp/τ < 2 in (Kalosha et al., 2006). There are however some 
quantitative differences, which are important to highlight. The numerical modelling in (Zhu 
et al., 2005) gives ΔTd = τG/2 dependence for tp/τ ≅ 15, while calculations here predict this 
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only for tp/τ in the region ~2.5±0.5, while for tp/τ > 5 the slope ΔTd /G is a factor 1.2-1.3 
steeper. Also the shape of the ΔTd upon G dependence for tp/τ ≅ 5 in ((Zhu et al, 2005)) is 
similar to that in these calculations but for tp/τ ≅ 1. As to the numerical results presented in 
(Kalosha et al., 2006), the difference with findings here is most probably because all their 
results were obtained for an input Stokes power well above that for onset of pump depletion 
(input Stokes power is of 1 mW compared with pump power of ≤ 20 mW). 
To understand the underlying nature of the behaviour described above consider through 
Eq. (28) the temporal and spectral characteristics of the complex dielectric function variation 
in the medium, Δε = (∂ε/∂ρ)ρ = Δε’ + iΔε’’, induced by the interaction of the pump and 
Stokes signals; Δε(ω) results in the SBS gain and Δε’(ω) is responsible for modification of the 
refractive index, Δn(ω) ≅ Δε’(ω)/2n0, of the medium, where n0 is the refractive index of a 
medium without SBS. In the limit of small gain, G < 1, the Bessel function I0(x) in Eq. (28) 
may be set to unity, and analysis is greatly simplified. While this approximation does not 
allow us to describe gain narrowing of the SBS spectrum typical for higher G, it still captures 
reasonably well the trends in the temporal and spectral features of ρ, which determine those 
of the SBS gain and modified refractive index.  
When I0(x) = 1, the integral in Eq. (28) can be taken for ES0(t) given by Eq. (30). It results in 
the following analytic expression for ρ(t), 
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The temporal dynamics of the induced acoustic wave amplitudes and their spectra for 
values of tp/τ considered above are shown in Fig. 10 (the dynamics for tp = 0.5 ns is not 
shown on the timescale of Fig. 10(a)). The curves in Fig. 10(a) represent different 
characteristic types of SBS interaction: curves 1 give an example of quasi-steady state 
interaction when tp/τ >> 1, curves 3 demonstrate transient type interaction when tp/τ << 1, 
and curves 2 are for an intermediate case when tp/τ ≅ 1.  
In the first case of a long Stokes pulse, that is tp/τ >> 1, the shape of the acoustic wave pulse 
shown in Fig. 10(a) as the solid curve 1 almost reproduces the shape of the input Stokes 
pulse (dotted curve 1). The spectrum of the excited acoustic wave in this case, Fig. 10(b), 
reproduces the spectrum of the input Stokes pulse, shown by the solid and dashed curves 1 
respectively. These are both narrower than the Lorentzian-shaped spectrum corresponding 
to τ = 18 ns (dotted curve 5).  
This is to be expected since Eq. (2) is in essence the equation for the amplitude of a driven 
damped oscillator; for such a system the spectrum of the induced oscillations is fully 
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determined by the spectrum of the driving force when it is narrower than the reciprocal 
decay time of the oscillator. 
 
 

 
Fig. 10. a), Dynamics and b), spectra of the normalised acoustic wave amplitude (solid lines) 
for Stokes pulses of the shape given by Eq. (30) (dashed lines) with tp = 200(1), 18(2), 4(3)  
and 0.5 ns(4), τ = 18 ns. The dotted line 5 in b), is the Lorentzian spectrum with τ = 18 ns. 
Curves in b) show half spectra of pulses at LHS and of corresponding medium’s response at 
RHS. 

In the case of shorter Stokes pulses, tp/τ ≤ 1, (dashed curves 2 and 3 in Fig. 10(a)) the 
spectrum of the driving force, that is that of the input Stokes pulse, is broad band, (dashed 
curves 2 and 3 and also curve 4 for tp = 0.5 ns pulse in Fig. 10(b)). As seen the dynamics of 
the medium’s response (solid curves 2 and 3 in Fig. 10(a)) and its spectra (solid curves 2, 3 
and 4 in Fig. 10(b)) differ substantially from those of the Stokes pulses and their spectra. In 
the temporal domain the maximum amplitude of the induced ρ(t) decreases with decrease 
of pulse duration and a long tail appears after a Stokes pulse, which decays exponentially 
with a decay time of τ. The spectra of ρ(t) in these cases are narrower, increasingly so for 
shorter pulses, than the spectra of the driving force (input Stokes pulse). Their width is then 
determined predominantly by the reciprocal decay time of the oscillator (dotted curve 5 in 
Fig. 10(b)) as is to be expected for a damped oscillator, which is driven by a broad-band 
force. Reduction of amplitude of the induced ρ(t) with decrease of pulse duration results in 
reduced amplitude of the output Stokes pulse and its effective G as shown in Fig. 9(c). 
The imaginary part of ρ(ω) described by Eq. (13) gives the refractive index of the medium 
modified by the SBS interaction, n(ω) = n0 + Δn(ω) ≅ n0 + (∂ε/∂ρ)ρ(ω)/2n0 and its 
corresponding group index, ng(ω) = n0 + ω[dΔn(ω)/dω] (Okawachi et al., 2005, Zhu et al., 
2005). Spectra of the Stokes pulses and the group indices induced by these pulses are shown 
in Fig. 11 for the four different tp/τ. It is important to remember (see section 3.2, Eqs (23) and 
(24)) that the group index profile is frequency shifted from the centre frequency of the 
Stokes pulse by ~1.7⋅104ΩB and therefore has negligible effect on the Stokes pulse delay. In 
the literature on SL via SBS, it is assumed that their centre frequencies coincide. However 
even if this were so it is clear from Fig. 11 that the spectral width of a Stokes pulse is bigger 
than that of the SBS induced group index regardless of tp/τ. As such, in this hypothetical 
case, while some, central, part of the input spectrum may experience a group delay, other 
parts of the spectrum will experience group advancement or neither delay or advancement 
(see Figs. 11(c) and 11(d)). 
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It therefore follows that regardless of the pulse length of the input Stokes pulse the pulse 
delays associated with SBS amplification of a Stokes pulse, as described above, cannot be 
attributed to SBS induced group delay. They are predominantly a consequence of the 
phenomenon of SBS build-up. 
 

 
Fig. 11. Relation between the spectra of a Stokes pulse and of the group index induced by 
this pulse for tp = 200 a), 18 b), 4 c), and 0.5 ns d). Horizontal scales are in GHz. 

5. Conclusions 
The results presented in this chapter raise the question of whether slow light, as first 
discussed in (Zeldovich, 1972), can be realised. To answer this recall the nature of the group 
delay effect. It is a linear phenomenon exhibited by a pulse propagating through a medium 
with normal dispersion of refractive index (Brillouin, 1960). The effect is greatly enhanced in 
the vicinity of a medium’s resonance, which for a gain medium is normally dispersive. For 
SBS the maximum of this resonantly enhanced dispersion is centred around the Brillioun 
frequency, ΩB, and it is all but negligible at the Stokes frequency. As such the acoustic 
resonance can have next to no effect in enhancing or modifying the natural group index in 
the medium for the Stokes signal. Consequently pulse delay associated with Stokes pulse 
induced SBS cannot be attributed to SBS induced group delay. It is predominantly a 
consequence of the phenomenon of SBS build-up, which arises from the inertia of the 
medium in responding to the optical fields. Also, spectral broadening of the pump radiation 
by any reasonable amount has next to no effect on the SBS spectral bandwidth of the excited 
acoustic wave in the medium, which is commonly believed to determine the SBS gain 
bandwidth (Thevenaz, 2008).  
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1. Introduction 
To accommodate rapidly increasing quantities of information and communication, optical 
fiber transmission technology with high-speed high-capacity is demanded. The 
development of an optical gain medium and fiber amplifiers to cover the 1250~1650 nm 
region, which is the entire optical telecommunication windows of silica fiber, becomes an 
important issue for ultra-wide broadband optical communication. Bismuth-doped glasses 
exhibit a broadband luminescence in the near infrared region. Thus, they are potential gain 
media for extending the spectral bandwidth of the current erbium-doped silica fiber 
amplifiers. There are several reports on an infrared luminescence from bismuth-doped 
glasses such as germanate, phosphate, borate et al. (Meng et al., 2005ab; Peng et al., 2005abc; 
Suzuki & Ohishi, 2006). According to their research, bismuth-doped glasses are therefore 
very promising for creating broadband amplifiers for fiber telecommunication lines and 
tunable or femto-second lasers.  
There are two useful wavelengths for optical communication. One is the 1550 nm, erbium-
doped fiber amplifiers (EDFAs) working wavelength, which has minimum losses. EDFA 
developments within the third telecommunication window have contributed to the rapid 
growth of wavelength division multiplexing (WDM) transmission systems. The L-band 
(1570~1605 nm) of EDFA can be used in WDM systems in conjunction with C-band 
(1530~1560 nm). However, efforts to use WDM techniques to exploit this capability have 
been hampered by nonlinear fiber effects such as four-wave mixing. In addition, the 
amplification bandwidth of silica-based EDFA is as small as ~70 nm (Yamada et al., 1998). A 
broadband amplifier with a gain bandwidth of more than 70 nm was reported by the 
integration of EDFA with thulium-doped fiber amplifiers or fiber Raman amplifiers (FRAs) 
(Yamada et al., 1998). 
The other useful wavelength (1300 nm) for optical communication is O-band, between 1260 
and 1360 nm, which is the natural zero-dispersion region of silica glass fiber where the 
temporal distortion of transferred optical pulses can be minimized. For example, 
praseodymium-doped fluoride fiber amplifiers (PDFFAs) and FRAs have been successfully 
used for 1300 nm amplification, but it also suffer from narrow bandwidth (~25 nm) in 
operating wavelength and low efficiency (Miyajima et al., 1991; Whitley, 1995). In addition, 
a PDFFA normally made from fluoride glass, which is very brittle and cannot be fusion 
spliced to the silica glass fiber. An alternative core fiber material and fiber amplifier for 1300 
nm amplification is expected.  
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High-average-power lasers are widely used for material processing, thin film fabrication 
with ablation, generation of extreme ultraviolet light sources for lithography, and various 
scientific research purposes. As there are so many applications of high-power lasers, 
demand is growing rapidly for more powerful lasers; therefore, the requirements for 
thermally resistant laser media are becoming tougher. Some of the absorption energy 
created in a laser medium by excitation with flash lamps or laser diodes is extracted as an 
output of laser energy, but most of the absorption energy generates heat accumulation in the 
medium. This heat accumulation causes a thermal lensing effect and a thermal birefringence 
in the medium; of course, the excess heat accumulation leads to destruction of the medium. 
Therefore, laser media must be operated under strict conditions during excitation. 
Silica glass is one of the most attractive materials for high-peak-power or high-average-
power lasers because it has favourable thermal and mechanical toughness, high optical 
transmittance from the ultraviolet to the infrared regions, and a low nonlinear refractive 
index compared to the other commercial laser glasses. These properties are indispensable to 
the laser driver for inertial confinement fusion because phosphate laser glasses have such 
weak thermal shock toughness that they cannot work at a high repetition rate (Fujimoto et 
al., 1999). 
Bismuth-doped silica glass (BiSG) is a new material that emits a broadband fluorescence 
peak at around 1250 nm with a bandwidth over 300 nm. We suggested BiSG which can 
complement the problems of the other optical amplifiers (Fujimoto & Nakatsuka, 2001; 
2003). It is important to understand the optical properties of the BiSG for technological 
applications such as optical fiber amplifier and fiber laser. It is well known that bismuth ions 
contribute to increase the refractive index of the glass and give no specific absorption band 
in the visible and near infrared region. However, BiSG has three excitation bands at 500, 700 
and 800 nm showing the luminescent bands at 750, 1120 and 1250 nm respectively. Its 800 
nm absorption band makes this material have a potential to be pumped by commercialized 
powerful laser diodes. In addition, cw lasing has been obtained in the spectral region 
between 1150 and 1300 nm in a bismuth-doped aluminosilicate glass fiber (Dianov et al., 
2005; Dvoyrin et al, 2006; 2007). 
We previously reported a new infrared luminescent BiSG that had a possibility of being a 
high-power laser material and a possibility of being an optical fiber amplifier. Also, we 
achieved optical amplification in a BiSG and bismuth-doped silica fiber(BiDF) at 1310 nm 
with 810-nm excitation. BiSG has many attractive features, which make it suitable as a core 
fiber material of an optical fiber. The near-infrared spectral regions with a wide 
luminescence in the range from 1000 ~ 1600 nm and a long lifetime of about 100~600 μs of 
luminescence make such a fiber promising for the development of lasers and amplifiers. 
In this chapter, we demonstrate an optical amplification at the 1260~1360 nm region (O-
band) in various BiSG and fiber. The optical amplification was observed at five different 
wavelengths between 1260 and 1360 nm with 810 nm excitation. The optical gain profile is 
similar to the fluorescence spectrum and the amplification bandwidth is greater than 75 nm 
in the 1300 nm region. The laser diode pumped fiber amplifier at 1310 nm showed gain 
characteristics with a 5.0, 8.0-cm length BiDF and a wide-band tuned amplification through 
an over 100-nm bandwidth. We also report on a simultaneous amplification results for BiSG 
and fiber at two different wavelengths in the 1300 nm region. Simultaneous amplification of 
25 nm bandwidth in four different wavelength regions was obtained. This technique can be 
useful for WDM optical amplifiers at the second telecommunications window.  
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2. Optical amplification in a BiSG 
2.1 Sample preparation and experimental setup 
The sample compositions (mol %) of BiSG are shown in Table 1. In the case of sample A, 
bismuth-oxide (Bi2O3; 99.9 %), aluminum-oxide (Al2O3; 99.99 %) and silica powder (SiO2; 
99.8 %) were mixed and kneaded in a mortar. The mixture compound of Bi2O3: 1.0 mol %, 
Al2O3: 7.0 mol %, and SiO2: 92 mol % was put in an alumina crucible and then melted at 
1750 °C for 50 hour in the air atmosphere. In the case of sample B, lithium oxide (Li2O) was 
added and the mixture was put in an alumina crucible and then melted at 1700 °C for 30 
hours. The composition of the sample B was Bi2O3 (1.0 mol %), Al2O3 (7.0 mol %), SiO2 (92-x 
mol %) and Li2O: (x = 1, 5, and 10 mol %). The samples were cut in the pieces (0.5 cm × 0.5 
cm × 0.24 cm) and optically polished. The color of the prepared samples was reddish brown 
but transparent, with a transmittance of ~90 % at 1300 nm region. 
 

Bi2O3 Al2O3 SiO2 Li2O Sample (mol %) (mol %) (mol %) (mol %) 
A 1 7 92  
 1 7 91 1 

B 1 7 87 5 
 1 7 82 10 

Table 1. Glass composition of bismuth-doped silica glass and added in lithium oxide, Li2O. 

 
Fig. 1. The experimental setup for the optical amplification in a bismuth-doped silica glass. 

The experimental setup for optical gain measurement is shown in Fig. 1. The 810 nm 
semiconductor laser (Unique Mode: UM2500-50-15) was used as an excitation source. 
Distributed feedback (DFB) semiconductor lasers (Mitsubishi Electric Corp.: FU-436SDF-
EW41Mxx) with five different wavelengths were used as probe beams. The wavelengths of 
the five DFB semiconductor lasers were 1272.5, 1297.6, 1307.5, 1322.8 and 1347.4 nm, and 
these probe beams can be adjusted using a single laser driver. The probe laser beams were 
combined with the excitation beam using an optical coupler (OFR: 810/1310 nm), and then 
focused into the multi-mode fiber (MMF) with an output focusing lens (focuser). The 
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combined beam was focused into the BiSG sample surface by the focuser and the probe 
beam was detected by an optical spectrum analyzer (Ando: AQ6317B) using a pigtail 
focuser. The excitation beam is manually chopped to make the state of a probe beam 
without excitation I0 and a probe beam with excitation I. The optical gain coefficient was 
defined as g = (1/l ) ln (I/I0), where l is the length of the BiSG sample. 
The transmittance and the fluorescence spectra were measured using U-4100 spectrometer 
(Hitachi Ltd.) and SS-25 spectrometer (JASCO Corp.) with 150 W Xe lamp excitation. The 
transmittance of the new sample in the region of 1000 to 2500 nm was 90 % at maximum, 
which is higher than previous result (Fujimoto & Nakatsuka, 2001). The fluorescence spectra 
of BiSG samples with 800 nm excitation have a peak at ~1250 nm and the broad emission 
with a FWHM of ~300 nm. The strong absorption at 300 nm is considered to be the 
absorption edge of the Bi2O3-containing glass system (Sugimoto et al, 1996). However, we 
could not find any luminescence derived from previously reported Bi3+ luminescence and 
the infrared emission was hardly observed from the sample without aluminum (Parke & 
Webb, 1973; Weber & Monchamp, 1973). 

2.2 Gain characteristics of the bulk-type BiSG 

 
Fig. 2. Optical gain profiles of each sample at thickness 0.24cm. 

We have measured the gain characteristics of the BiSG samples over a useful part of the 1300 
nm optical communication window. The probe beam (1307.5 nm) and the excitation beam 
(810 nm) were focused onto the sample surface. Between the two MMF pigtail focuser, we 
measured amplified signals in BiSG samples with the maximum launched pump power (1.0 
W) at 810 nm. Figure 2 shows the optical gain profile of two samples at 1307.5 nm. The 
optical gain increases linearly with excitation power up to 1.0 W. In the case of sample A, 
the maximum optical gain and the gain coefficient was 1.16 and 0.62 cm-1, respectively. The 
absorbed energy was calculated as 42 % of excitation power, which is 0.42 W at 1.0 W 
excitation for a 0.24 cm thick sample. If the excitation length such as fiber core material 
becomes longer, the absorption will increase then the gain will be larger than that is 
demonstrated in this experiment. In the case of sample B, the maximum optical gain and the 
gain coefficient was 1.08 and 0.32 cm-1, respectively.  
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The spectral dependence of the optical gain is important if optical fiber amplifier is to be 
incorporated in broadband WDM system. As shown in Fig. 3, the measured spectral 
dependence of the optical gain shows a close resemblance to the fluorescence spectrum, as 
shown by the dotted line. The optical gain was observed at five wavelengths, 1272.5, 1297.6, 
1307.5, 1322.8 and 1347.4 nm. The optical gain spreads widely between 1260 and 1360 nm. A 
maximum optical gain and gain coefficient was 1.18 and 0.70 cm-1 respectively at the 1272.5 
nm wavelength region, which is closed to the peak wavelength of the fluorescence 
spectrum. Moreover, the broad fluorescence spectrum suggests that optical gain in excess of 
1.09 (0.35 cm-1) should be available over a bandwidth as large as ~75nm (Seo et al., 2006a).  
 

 
Fig. 3. Optical gain as a function of different signal wavelength 1272.5, 1297.6, 1307.5, 1322.8 
and 1347.4 nm. Points and curve represents experimental measurements and fluorescence 
spectrum at 800 nm excitation, respectively. 

3. Optical amplification in a 6.5-cm-long BiSG 
3.1 Sample preparation and experimental setup 
The composition of this sample was Bi2O3 (1.0 mol %), Al2O3 (7.0 mol %), and SiO2 (92.0 mol 
%). The BiSG can be drawn by pulling the melted material upward using an alumina bar. The 
fabricated sample was cut in the same shape of 6.5-cm-long with an elliptical cross section (250 
× 450 µm). The BiSG was optically polished at both ends to provide good optical transmission. 
The experimental setup for optical amplification in a BiSG is shown in Fig. 4. For the probe 
beam, a 1308 nm distributed feedback (DFB) semiconductor laser (Afonics: FXP0034, peak at 
1308 nm) and four DFB semiconductor lasers (Mitsubishi Electric Corp.: FU-436SDF-
EW41Mxx) with different wavelengths 1272.5, 1297.6, 1322.8, and 1347.4 nm respectively, 
were combined using a singlemode fiber (SMF) WDM coupler. And the probe beams can be 
adjusted using a single driver. The DFB semiconductor laser of 1308 nm was used as the 
anchor wavelength. The probe laser beam was combined with the excitation beam in the 
optical coupler (OFR: 810/1310 nm) and then focused into the MMF with an output focusing 
lens (focuser). The combined beam was focused into the BiSG sample by the focuser, and the 
gained probe beam was detected by an optical spectrum analyzer (Ando: AQ6317B) using 
another pigtail focuser.  
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Fig. 4. Experimental setup for optical amplification in a 6.5-cm-long bismuth-doped silica 
glass 

3.2 Gain characteristics of the rod-type BiSG 
We measured the gain characteristics of the BiSG at 1300 nm optical communication 
window. By pigtail focuser, the probe beam (1308 nm) and excitation beam (810 nm) were 
focused onto the sample surface. The maximum optical gain was calculated to be 4.79 (6.80 
dB) and therefore, gain coefficient g was 0.24 cm-1. The optical gain increases linearly with 
excitation power up to 360 mW. The measured signal input/output power for BiSG was -8.3 
dBm / -1.5 dBm (@ 1308 nm), exhibiting much lower power conversion efficiency. The 
optical gain in the previous result with a bulk-type BiSG was 1.19 with excitation power of 
2.0 W, though the sample thickness was 0.26 cm (Fujimoto & Nakatsuka, 2003). Because the 
optical gain coefficient of bulk sample was 0.13 cm-1 at 360 mW excitation power, the fiber 
shape clearly affects the gain increment due to beam mode matching between the pump and 
the probe. If the excitation length is longer, absorption power will increase greatly, and then 
the gain will be larger than that demonstrated in this experiment.  
Between the two MMF pigtail focusers, we measured optical amplification in the BiSG with 
a threshold of 360 mW launched pump power at 810 nm. Figure 5 shows simultaneous 
amplification at two wavelengths near 1300 nm second telecommunication window. The 
wavelength of the excitation beam was 810 nm, and the sample length was 6.5 cm. The 
probe wavelengths to measure the simultaneous amplification in the BiSG sample were 
adjustable wavelengths (1272.5 nm, 1297.7 nm, 1322.8 nm and 1347.4 nm) and anchor 
wavelength (1308 nm). For the four cases of amplification experiments, the maximum 
optical gain at these wavelengths were 3.30 (5.19 dB), 3.18 (5.02 dB), 3.05 (4.84 dB) and 2.87 
(4.58 dB) respectively and 3.12 (4.94 dB) at the anchor wavelength was obtained. The optical 
gain shown in simultaneous measurements of two wavelengths suggests that it is possible 
to realize WDM optical fiber amplifiers in O-band (1260~1360 nm) by using this gain 
material. 
The spectral dependence of optical gain is an important consideration if a fiber amplifier is 
to be incorporated in a broadband WDM system. As shown in Fig. 6, the measured spectral 
dependence of the optical gain coefficient appears to closely resemble the fluorescence 
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Fig. 5. Simultaneously optical amplification properties at two wavelengths of 1300 nm 
range: (a) 1308 nm and 1272.5 nm; (b) 1308 nm and 1297.6 nm; (c) 1308 nm and 1322.8 nm; 
and (d) 1308 nm and 1347.4 nm. 

 
Fig. 6. Optical gain coefficient as a function of different signal wavelengths: 1272.5, 1297.6, 
1308.0, 1322.8 and 1347.4 nm. Points and curve represent experimental measurements and 
fluorescence spectrum at 800 nm excitation, respectively. 
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spectrum, as represented by a dotted line. The optical gain spread widely from 1250 to 1360 
nm. The maximum optical gain was obtained at 1272.5 nm. This wavelength is close to the 
peak wavelength of the fluorescence spectra. Moreover, broad fluorescence spectrum 
suggests that optical gain coefficient exceeding 0.165 cm-1 should be available over a 
bandwidth as large as 75 nm (Seo et al., 2006b). 

4. Optical amplification in a multi-mode BiDF 
4.1 Sample preparation and experimental setup 
BiDF sample was fabricated by modified rod-in-tube method. The mixture compound of 
this sample was Bi2O3: 1.0 mol %, Al2O3: 7.0 mol %, and SiO2: 92 mol %. Glass core was 
inserted into a tube of glass cladding to form a preform, which was drawn by heating in the 
drawing furnace. The fiber with refractive index difference, Δn~0.017, was drawn from the 
perform. The 8.0 cm long sample was optically polished at both ends to provide good 
optical transmission. Its core diameter and outer diameter was 13 μm and 230 μm, 
respectively.  
 

 
Fig. 7. Schematic diagram for optical gain measurement in bismuth-doped silica fiber. 

The experimental setup for optical gain measurement in BiDF is shown in Fig. 7. An 810-nm 
CW laser diode was used as the pump source. A 1308 nm distributed feedback (DFB) laser 
diode and two laser diodes with different wavelengths were used as probe beam. The 
wavelengths of the two laser diodes were 1297 nm and 1323 nm, respectively, and these 
probe beams can be adjusted using a single driver. The probe laser beam was combined 
with the excitation beam in the optical coupler (OFR 810/1310 nm), and focused on an end 
of the fiber by an objective lens. The amplified probe signal was observed with an optical 
spectrum analyzer, and an optical low path filter cut out the unused pump light. 

4.2 Gain characteristics of the multi-mode BiDF 
Glass core was the optical amplification in an 8.0 cm long BiDF sample at single wavelength, 
1308 nm, is shown in Fig. 8. The maximum optical gain was calculated to be 3.76 (5.8 dB) 
and therefore, gain coefficient was 0.038 dB/mW. The optical gain increased linearly with 
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nm. The maximum optical gain was obtained at 1272.5 nm. This wavelength is close to the 
peak wavelength of the fluorescence spectra. Moreover, broad fluorescence spectrum 
suggests that optical gain coefficient exceeding 0.165 cm-1 should be available over a 
bandwidth as large as 75 nm (Seo et al., 2006b). 
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drawing furnace. The fiber with refractive index difference, Δn~0.017, was drawn from the 
perform. The 8.0 cm long sample was optically polished at both ends to provide good 
optical transmission. Its core diameter and outer diameter was 13 μm and 230 μm, 
respectively.  
 

 
Fig. 7. Schematic diagram for optical gain measurement in bismuth-doped silica fiber. 

The experimental setup for optical gain measurement in BiDF is shown in Fig. 7. An 810-nm 
CW laser diode was used as the pump source. A 1308 nm distributed feedback (DFB) laser 
diode and two laser diodes with different wavelengths were used as probe beam. The 
wavelengths of the two laser diodes were 1297 nm and 1323 nm, respectively, and these 
probe beams can be adjusted using a single driver. The probe laser beam was combined 
with the excitation beam in the optical coupler (OFR 810/1310 nm), and focused on an end 
of the fiber by an objective lens. The amplified probe signal was observed with an optical 
spectrum analyzer, and an optical low path filter cut out the unused pump light. 

4.2 Gain characteristics of the multi-mode BiDF 
Glass core was the optical amplification in an 8.0 cm long BiDF sample at single wavelength, 
1308 nm, is shown in Fig. 8. The maximum optical gain was calculated to be 3.76 (5.8 dB) 
and therefore, gain coefficient was 0.038 dB/mW. The optical gain increased linearly with 
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Fig. 8. Optical gain profile of an 8.0 cm long bismuth-doped silica fiber. 
 

 
Fig. 9. Simultaneous optical amplification properties at two wavelengths of 1300-nm range: 
(a) 1308 nm and 1297 nm; (b) 1308 nm and 1323 nm. 

excitation power up to 152 mW. The measured signal input/output power for BiDF was -29 
dBm / -23 dBm (@ 1308 nm), exhibiting much lower power conversion efficiency. The 
optical gain in the previous result with a bulk-type BiSG was 1.16 with excitation power of 
1.0 W, though the sample thickness was 0.24 cm. Because the specific gain coefficient of the 
bulk sample was 0.62 cm-1/W, the fiber shape affects the gain increment due to beam mode 
matching between the pump and the probe. 
Figure 9 shows simultaneous amplification at two wavelengths near the 1300 nm region. 
The signal wavelengths to measure the simultaneous amplification in the BiDF were 
adjustable wavelengths (1297 and 1323 nm) and anchor wavelength (1308 nm). For the two 
cases of amplification experiments, the maximum gain coefficients at the adjustable 
wavelengths (0.046 and 0.036 cm-1) and the anchor wavelength (0.036 and 0.034 cm-1) were 
obtained. The optical gain shown in simultaneous measurements of two wavelengths 
suggests that it is possible to realize WDM optical fiber amplifiers in O-band (1260~1360 
nm). Performance of fiber amplifier largely depends on the fiber specification. Optical gain 
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in this experiment was much smaller than that for EDF or PDFFA. The smaller core cross 
section gives promising potential to the practical gain performance. The gain characteristics 
will be further improved by optimizing the fiber structure, such as a partially doped core 
structure and deformed shape of first clad layer for efficient pumping (Seo et al., 2007a). 

5. Optical amplification in a single-mode BiDF 
5.1 Sample preparation and experimental setup 
 

 
Fig. 10. Schematic diagram for the optical gain measurement of a bismuth-doped silica fiber. 

BiDF with a refractive index difference, Δn~0.017, was drawn from the preform. Its core 
diameter and outer diameter was 1.54 μm and 125 μm, respectively. The experimental setup 
for the optical gain measurement in the BiDF is shown in Fig. 10. An 810-nm cw laser diode 
was used as a pump source. A 1310 nm distributed feedback (DFB) laser diode and four 
laser diodes with different wavelengths were used as a probe beam. The wavelengths of the 
four DFB laser diodes were 1272, 1297, 1323 and 1347 nm, and these probe beams can be 
adjusted by using a single laser driver. The probe laser beams were combined with an 
excitation beam using a WDM coupler (810/1310 nm). BiDF was fusion spliced (FSM-40PM, 
Fujikura) to output coupler with a SMF. The combined beam goes through into the BiDF, 
and the gained probe beam was detected by an optical spectrum analyzer (Ando: AQ6317B).  

5.2 Gain characteristics of the single-mode BiDF 
The optical amplification in a 5.0-cm long BiDF sample at a single wavelength, 1310 nm, is 
shown in Fig. 11. The maximum optical gain was calculated to be 9.6 dB and therefore, the 
gain coefficient was 0.442 cm-1. The optical gain increased linearly with an excitation power 
up to 100 mW. The measured signal input/output power for the BiDF was -30.0 dBm / -20.4 
dBm (@ 1310 nm), exhibiting a much lower power conversion efficiency. The optical gain in 
the previous result with a bulk-type BiSG was 1.16 with an excitation power of 1.0 W, 
though the sample thickness was 0.24 cm (Seo et al, 2005; 2006a). Because the specific gain 
coefficient of the bulk sample was 0.62 cm-1/W, the fiber shape clearly affects the gain 
increment due to a beam mode matching between the pump and the probe. If the excitation 
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length is longer, absorption power will increase greatly, and then the gain will be larger 
than that demonstrated in this experiment. 
 

 
Fig. 11. Optical gain profile of the bismuth-doped silica fiber at a length of 5.0 cm. 

Figure 12 shows a simultaneous amplification at two wavelengths near the 1300 nm region. 
The wavelength of the excitation beam was 810 nm, and the sample length was 5.0-cm. The 
signal wavelengths to measure the simultaneous amplification in the BiDF were adjustable 
wavelengths (1297 nm and 1323 nm) and an anchor wavelength (1310 nm). For the two cases 
of amplification experiments, the maximum optical gain at these wavelengths were 7.99 dB 
and 7.17 dB respectively and 8.69 dB at the anchor wavelength was obtained. The optical 
gain shown from the simultaneous measurements of two wavelengths suggests that it is 
possible to realize WDM optical fiber amplifiers in the O-band (1260~1360 nm).  One of the 
most fundamental parameters, the pump efficiency is defined as the net gain per unit pump 
power. Net gain is obtained for over a 100-mW pump power. The pump efficiency is 0.095 
dB/mW (Seo et al., 2007b).  
 

 
Fig. 12. Simultaneous optical amplification properties at two wavelengths of the 1300-nm 
range: (a) 1310 nm and 1297 nm; (b) 1310 nm and 1323 nm. 
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6. Conclusion 
The BiSG can complement other optical fiber amplifiers by solving such problems as fusion 
splicing and wideband amplification. Understanding the optical properties of BiSG is 
important due to its potential technological applications in optical fiber amplifiers and fiber 
lasers. The spectroscopic properties of the investigated BiSG are different from those of the 
previously reported luminescence from Bi3+ ions ((Parke & Webb, 1973; Weber & 
Monchamp, 1973). The peaks of absorption and emission spectra of BiSG exist in the visible 
and infrared regions, respectively. The absorption cross section of the 1S0→3P1 allowed 
transition for Bi3+ ions was estimated to be 2.4×10-17 cm2; that for bismuth ions of BiSG is 
1.2×10-20 cm2 at best. The Stokes shift between absorption and emission in a BiSG sample is 
much larger than rare earth ions. Because of the large Stokes shift, population inversion can 
be realized, and optical amplification occurs via the stimulated emission process. 
The origin of light emission in a BiSG, which is still unclear, is the valence electrons of the 
bismuth ions. We are considering more important reasons why aluminum ions are needed 
to generate BiSG luminescence. Aluminum ions are needed to generate BiSG luminescence. 
Aluminum is expected to have a special role in the formation of Bi luminescent center. 
Therefore, discovering the aluminum status in BiSG, especially the aluminum coordination 
state, will help us understand the unknown luminescent center. Aluminum coordination 
state can be investigated by using 27Al-NMR and XAFS. Co-doping of Al and Bi is 
indispensable for the broadband infrared luminescence of BiSG. The aluminum ion has to 
roles in BiSG: assisting the configuration of the peculiar luminescent center of Bi ion with 
some coupling effect, and increasing compatibility with the silica network (Fujimoto & 
Nakatsuka, 2006; Ohkura et al., 2007).  
There are many attractive characteristics of BiSG for a laser application, such as, a long 
emission lifetime (over 600 μs) and a high absorption cross-section which enable an effective 
pumping and a short pulse generation. It is important to measure the quantum yield, 
because the performance of a laser amplification and oscillation is very sensitive for the 
quantum yield. The quantum yield is defined as the rate of the emitted photon number to 
the absorbed photon number. The quantum efficiency of the BiSG was measured as 60-70 % 
(Fujimoto et al, 1999).  
BiSG has many attractive features that make it suitable for use in an optical fiber amplifier. 
First, because BiSG is a silica-based material, it can be transformed to an optical fiber and 
easily fusion connected to the silica fibers of a network system. Second, the peak wavelength 
is at 1250 nm, and the bandwidth is 300 nm of FWHM, which is five or six times wider than 
erbium-doped silica fibers. Third, as the simultaneous amplifying signals near the 1300 nm 
region (~75 nm), BiSG fiber amplifier is considered a more effective solution for WDM 
broadband systems. Fourth, a common commercial semiconductor laser (~808 nm) can be 
used for excitation of this medium. As discussed above, BiSG is a promising candidate for 
the core fiber material of an optical amplifier at a natural zero-dispersion wavelength, 1300 
nm, of silica glass fiber (Fujimoto & Nakatsuka, 2001; 2003). 
In conclusion, we have demonstrated optical amplification in a bismuth-doped silica glass 
and BiDF at second telecommunication window. The amplification was obtained at five 
different wavelength and the amplification bandwidth is greater than 75 nm (1272.4 ~ 1347.4 
nm) in a 0.24 cm BiSG. And we demonstrated simultaneous optical amplification at two 
wavelengths of the 1300 nm region in a BiSG. Simultaneous amplification was obtained at 
four different wavelengths, and the amplification bandwidth was greater than 75 nm. This 
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technique can be useful for WDM optical amplifiers at 1300 nm second telecommunication 
windows. Therefore, this gain medium is expected to be useful for applications in ultrawide 
broadband optical communication.  
Also we reported optical amplification in a BiDF. The optical gain obtained in an 8.0-cm-
long multi-mode BiDF at 1308 nm with 810-nm excitation and discussed simultaneous 
amplification at two wavelengths of the 1300 nm region. And we have demonstrated on the 
optical amplification phenomenon in a 5.0-cm-long single-mode BiDF at 1310 nm and 
discussed a simultaneous amplification at two wavelengths of the 1300 nm region. These 
spectroscopic characteristics and the amplification observed at the 1300 nm range have 
shown that such fibers are good candidates for cw and pulsed fiber lasers and fiber 
amplifiers for a spectral range of 1100~1400 nm. 
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1. Introduction   
Radio-over-fibre (RoF) techniques have been subject of research during the last decades and 
find application in optical signal processing (photonic analogue-to-digital converters, 
photonic-microwave filters, arbitrary waveform generation), antenna array beamforming, 
millimetre-wave and THz generation systems, or photonic up- and down-converting links 
for applications such as broadband wireless access networks, electronic warfare and 
RADAR processing, imaging and spectroscopy or radio-astronomy (Seeds & Williams, 2006; 
Capmany & Novak, 2007). In these applications a radio signal typically in the millimetre-
wave band is transmitted through optical fibre employing laser sources and electro-optical 
devices. 
The use of optical fibre links to distribute telecommunication standards is the more 
successful application of RoF technology, usually known as hybrid fibre-radio (HFR) 
networks (Jager & Stohr, 2001). HFR networks have been deployed in the last decade due to 
the increasing demand of high-bitrate communication services in today’s access network. 
This demand is based on the steady market introduction of services requiring the 
transmission of massive data quantities, like high-definition movie distribution, on-line 
gaming and rich Internet experience by example (Merill Lynch, 2007).  
The HFR concept applied to the enhancements of community antenna television (CATV) 
networks reflected in the so-called hybrid-fibre coax (HFC) network, in which a combination 
of digital and analogue channels is distributed from a central location to many users 
distributed geographically (Darcie & Bodeep, 1990; Wilson et al., 1995). In HFC networks the 
last mile connection is provided through coaxial cable whilst in HFR networks the last mile 
connection is always a wireless link. This is not a minor difference, as the wireless 
environment is much more hostile than cable imposing restrictive RoF link performance 
requirements in terms of linearity, noise and power handling capabilities, key parameters to 
guarantee a spurious free dynamic range (SFDR) for the whole link high enough to cope 
with geographical dispersion of users and complex modulation formats used by current 
wireless standards. A simplified schematic of a HFR network is shown in Fig. 1.  
RoF technology allows centralising the required RF signal processing functions in one 
shared location (Central Office, CO) and then to use optical fibre to distribute the RF signals 
to the remote access units (RAU). This allows important cost savings as the RAUs can be 
simplified significantly, as they only need to perform optoelectronic conversion and filtering 
and amplification functions. It is possible to use wavelength multiplexing techniques 
(WDM) in order to increase capacity and to implement advanced network features such as 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

120 

dynamic allocation of resources. This centralised and simplified RAU scheme allows lower 
cost system operation and maintenance, which are reflected into major system OPEX 
savings, especially in broadband wireless communication systems where a high density of 
RAUs is necessary. 
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Fig. 1. Simplified schematic of a RoF system. LD: Laser diode. BS: Base Station. RAU: 
Remote Access Unit. BPF: Band-pass filter. Amp: Electrical amplifier. 
The CO and the RAU perform electro-optical (E/O) and opto-electronic (O/E) conversion of 
wireless signals respectively. E/O conversion is achieved employing either directly 
modulated laser sources or external electro-optic modulators. O/E conversion is done 
employing photodetectors or photoreceivers (Seeds & Williams, 2006).  Regarding the RF 
transport, when the signal is transported directly at the frequency of operation there are 
benefits regarding cost, complexity and upgradeability, as there is no need for complex RF 
signal processing at the RAU involving up/down conversion or base-band mux/demux 
(Capmany & Novak, 2007; Jager & Stohr, 2001). 
RoF techniques and complete transmission systems have been demonstrated for frequencies 
up to 120 GHz (Hirata et al., 2003). As mentioned before, the most successful application of 
RoF technologies has been the transmission of wireless standards over optical fibre links in 
centralized architectures, also known as distributed antenna systems (DAS) for both indoor 
and outdoor applications. The broad bandwidth of the optical fibre facilitates standard- 
independent multiservice operation for cellular systems, such as GSM (Owaga et al., 1992), 
UMTS (Persson et al., 2006), wireless LAN (WiFi 802.11 a/b/g/n) (Chia et al., 2003; Niiho et 
al., 2004; Nkansah et al., 2006) and also for emerging technologies WiMAX (Pfrommer et al., 
2006) and Ultra-wideband (UWB) (Llorente et al., 2007). Available commercial systems 
however are typically limited to frequency ranges between 800-2500 MHz. Demonstrations 
of such DAS systems include their deployment to provide uniform wireless coverage in 
important sportive events such as the 2000 Olympic games and 2006 world cup (Rivas & 
Lopes, 1998; Cassini & Faccin, 2003). For indoor applications where picocell configurations 
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centralized architectures, also known as distributed antenna systems (DAS) for both indoor 
and outdoor applications. The broad bandwidth of the optical fibre facilitates standard- 
independent multiservice operation for cellular systems, such as GSM (Owaga et al., 1992), 
UMTS (Persson et al., 2006), wireless LAN (WiFi 802.11 a/b/g/n) (Chia et al., 2003; Niiho et 
al., 2004; Nkansah et al., 2006) and also for emerging technologies WiMAX (Pfrommer et al., 
2006) and Ultra-wideband (UWB) (Llorente et al., 2007). Available commercial systems 
however are typically limited to frequency ranges between 800-2500 MHz. Demonstrations 
of such DAS systems include their deployment to provide uniform wireless coverage in 
important sportive events such as the 2000 Olympic games and 2006 world cup (Rivas & 
Lopes, 1998; Cassini & Faccin, 2003). For indoor applications where picocell configurations 
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are envisaged, advanced multi-function devices such as waveguide electro-absorption 
modulator (Wake et al., 1997) or polarization independent asymmetric Fabry-Perot 
modulators (Liu et al., 2003; Liu et al., 2007) are used as detector/modulator. 
Two key factors limiting the overall transmission performance in RoF systems are the 
optical source and the electro-optic modulation technique employed. Regarding the laser 
source, at frequencies used for major wireless standards (GSM, WiFi 802.11 a/b/g, UMTS) 
and also WiMAX up to 5-6 GHz, directly modulated semiconductor lasers are preferred due 
to lower cost (Qian et al., 2005). For higher frequencies, the required performances can be 
satisfied only by externally modulated transmitters. Devices with bandwidth handling 
capabilities in excess of these required by near-term WIMAX deployments, in particular 
distributed feedback (DFB) lasers offering the required bandwidth and performances, exist 
commercially, but normally at a high cost taking into account the number of devices 
required for typical applications. Recently, a lot of research efforts have been devoted to the 
development of low-cost/high-performance transmitters, for instance uncooled lasers 
(Ingham et al., 2003; Hartmann et al., 2003) or vertical-cavity surface-emitting lasers 
(VCSEL) (Persson et al., 2006; Chia et al., 2003).  Probably, the most restrictive requirement 
for wireless services provision over RoF systems is the SFDR. Nowadays SFDRs in excess of 
100 dB·Hz2/3 have been demonstrated experimentally, providing enough dynamic range to 
be employed in real applications (Seeds & Williams, 2006). 

2. Ultra-wideband radio-over-fibre 
2.1 Optical generation  
The basic elements of RoF systems are broadband laser sources either employing direct or 
external modulation, a suitable transmission media such as multi-mode fibre (MMF), single-
mode fibre (SMF) or plastic optical fibre (POF), and broadband photodetectors or 
photoreceivers (Seeds & Williams, 2006; Capmany & Novak, 2007; Dagli, 1999). The laser 
source and modulation method is the key element in the performance of RoF applications. 
The generation of the optical signal to be transmitted in the RoF system is of special 
difficulty in the case of UWB signals. UWB is a radio technology intended for cable 
replacement in home applications within a range of tens of meters (picocell range), with 
high-definition video and audio communications a potential application (Duan et al., 2006). 
UWB is also attractive in many other applications including medicine, sensor networks, etc. 
UWB radio offers: High data rate capability (>1 Gbit/s), low radiated power spectral density 
(PSD) minimising the interference, low-cost equipment commercially available. UWB is 
available in two main implementations: Multi-band orthogonal frequency-division 
multiplexing (MB-OFDM) and impulse radio. The ECMA standard (ECMA-368, 2007) uses 
MB-OFDM in 528 MHz individual sub-bands, whilst the impulse-radio implementation 
employs short pulses (in the range of hundreds of picoseconds) modulated in amplitude, 
time, polarity or shape to fill a desired bandwidth. MB-OFDM generally shows superior 
performance to the impulse-radio approach in terms of multi-path fading and intersymbol 
interference (ISI) tolerance, whilst impulse-radio is able to provide simultaneously 
communications, localization and ranging to a sub-centimetre resolution. 
Currently, UWB uses the unlicensed band from 3.1 to 10.6 GHz mainly for indoor 
communications (FCC 04-285, 2004; ECMA-368, 2007) and the 24 GHz band for vehicular 
short-range radar applications (SARA Group, 2009), with a bandwidth larger than 20% of 
the centre frequency or a 10-dB bandwidth of at least 500 MHz as in FCC regulation (FCC 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

122 

04-285, 2004) or at least 50 MHz as in ETSI regulations (ETSI, 2008) and a maximum radiated 
PSD of -41.3 dBm/MHz to guarantee spectral coexistence with other wireless narrowband 
services complementary in terms of range and bitrate such as WiMAX. Nevertheless, the 
whole UWB band 3.1-10.6 GHz is not available worldwide due to coexistence concerns 
(WiMedia, 2009). Outside the United States, available effective bandwidth is 1.5 GHz which 
only supports hundreds of Mbit/s. However, the unlicensed 60 GHz band enables UWB 
multi-Gbit/s wireless communications worldwide, as shown in Fig. 2, while challenges 
related to wireless channel and transceiver design have to be addressed (Daniels & Heath, 
2007).  
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Fig. 2. International frequency allocations in the 60 GHz band (as of January 2009). (*) (ECC, 
2009)  

RoF distribution of UWB signals, termed UWB-over-fibre, has received great interest to 
extend the UWB range exploiting the advantages of the broad bandwidth, low loss, light 
weight, and immunity to electromagnetic interference offered by optical fibres.  
In this section, different techniques for generating impulse-radio UWB signals in the optical 
domain is reported, featuring frequencies ranging from baseband up to millimetre-wave 
bands, including 24 GHz and 60 GHz. Some laser source characteristics are also discussed. 

2.1.1 Impulse-radio ultra-wideband baseband  
For UWB-over-fibre systems, it is desirable to generate UWB signals directly in the optical 
domain, avoiding the use of additional E/O and O/E conversions and exploiting the 
advantages provided by optics such as broadband processing, light weight, small size, and 
immunity to electromagnetic interference. Many techniques have been proposed to generate 
impulse-radio UWB signals in the 3.1-10.6 GHz band in the optical domain. These 
techniques have mainly focused on generating Gaussian monocycle and doublet pulse 
shapes, which have been demonstrated to provide better bit error rate (BER) and multipath 
performance among different pulse types (Chen & Kiaei, 2002). 
RoF distribution of UWB signals in the band from 3.1 to 10.6 GHz for high-definition 
audio/video broadcasting in optical access networks, e.g. in fibre-to-the-home (FTTH) 
networks has been proposed (Llorente et al., 2008). The performance of both MB-OFDM and 
impulse-radio UWB implementations at 1.25 Gbit/s is experimentally analysed and 
compared for different SMF links, ranging from 25 km up to 60 km. Both UWB 
implementations exhibit error-free operation (BER< 10-9) up to 50 km without dispersion 
compensation. The impulse radio technology exhibits degraded performance compared 
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with OFDM although other optimized impulse-radio generation and detection schemes 
could lead to different results. OFDM-UWB degrades quickly with fibre length, due to the 
carrier suppression effect (Schmuck, 1995).  
Several demonstrations on optical generation of impulse-radio UWB in the band from 3.1 to 
10.6 GHz including fibre and/or wireless transmission have been reported achieving 65 cm 
wireless distance at 500 Mbps data employing on-off keying (OOK) amplitude modulation 
(Abtahi et al., 2008); 20 cm at 1.025 Gbit/s OOK-modulated data after up to 10 km of 
dispersion-compensated SMF (Hanawa et al., 2009); 5 cm at 1.6875 Gbit/s OOK-modulated 
data after 24 km of SMF (Pan & Yao, 2009a); at 1.625 Gbit/s data employing pulse-position 
modulation (PPM) after up to 200 m of SMF (Shams et al., 2009a), or 37 km of SMF with no 
wireless transmission (Shams et al., 2009b); and at 781.25 Mbit/s data employing binary 
phase-shift keying (BPSK) modulation after 30 km of SMF (Yu et al., 2009). In addition, 
techniques have been reported capable of pulse shape modulation (PSM) (Dong et al., 2009), 
or reconfigurable for multiple modulation formats (Pan & Yao, 2009b). 
Photonic generation of Gaussian monocycle pulses based on balanced photodetection of 
data Gaussian pulses has been proposed (Hanawa et al., 2007; Beltrán et al., 2008). Data 
Gaussian pulses are first generated by intensity modulation of an electrical data sequence 
with optical Gaussian pulses from a pulsed laser. This technique is shown in Fig. 3. Optical  
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Fig. 3. Gaussian monocycle pulse generation based on balanced photodetection. ODL: 
Optical delay line. BPD: Balanced photodetector. PD: Photodetector. 
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Fig. 4. Monocycle pulses generated employing the technique in Fig. 3; (a) the temporal 
waveform and (b) its spectrum (resolution bandwidth: 30 kHz). 
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data pulses are split into two equal parts to drive the two inputs of the balanced 
photodetector. Optical delay is employed to adjust the relative time delay between the two 
signals. The pulse width of Gaussian pulses and the time-delay difference are adjusted so as 
to generate the desired UWB bandwidth. This approach has been experimentally 
demonstrated employing an actively mode-locked fibre laser and a Mach-Zehnder 
modulator (MZM) (Beltrán et al., 2008). To control the pulse width, a spool of standard SMF 
is included after the MZM. Fig. 4 shows monocycles generated based on balanced 
photodetection exhibiting a UWB 10-dB bandwidth of 6 GHz at 1.25 Gbit/s. 
Gaussian monocycle pulses can also be generated based on differential photoreception of 
data Gaussian pulses (Beltrán et al., 2009b) targeting to reduce cost and complexity. Fig. 5 
shows this technique. Again, data Gaussian pulses are first generated by intensity 
modulation of an electrical data sequence with optical Gaussian pulses from a pulsed laser. 
Optical data pulses are photodetected and amplified by an electrical amplifier providing 
complementary outputs. The two outputs are combined after adjusting their relative time 
delay to generate monocycles. The pulse width of Gaussian pulses and the time-delay 
difference are adjusted so as to generate the desired UWB bandwidth. This approach has 
been experimentally demonstrated employing an actively mode-locked fibre laser and a  
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Fig. 5. Gaussian monocycle pulse generation based on differential photoreceiver. PD: 
Photodetector. TIA: Transimpedance amplifier. EDL: Electrical Delay Line. 
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Fig. 6. Monocycle pulses generated employing the technique in Fig. 5; (a) the temporal 
waveform and (b) its spectrum (resolution bandwidth: 300 kHz). 
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MZM. To control the pulsewidth, a spool of standard SMF is included after the MZM. Fig. 6 
shows monocycles generated based on differential photoreception exhibiting a UWB 10-dB 
bandwidth of 3.8 GHz at 1.244 Gbit/s. 
The photonic techniques for Gaussian monocycle generation shown in Fig. 3 and Fig. 5 are 
capable of providing high-quality pulses covering the whole UWB band with simple and 
flexible configuration compared with other techniques employing custom fibre Bragg 
gratings, nonlinear optical processes or spectrum shaping components.  
UWB generation requires a pulse width in the order of hundreds of picoseconds to generate 
a suitable UWB bandwidth and a multi-gigahertz pulse repetition rate equal to the target 
data rate of the system. Gain-switched laser diodes, as used in (Hanawa et al., 2007; 
Kaszubowska-Anandarajah et al., 2008), passive or active mode-locked fibre lasers, e.g. 
(PriTel, 2009), and emerging optically pumped passively mode-locked vertical-external-
cavity surface-emitting lasers (VECSEL) can provide repetition rates suitable for UWB 
systems. In contrast to mode-locked lasers, gain switched lasers are simpler and more 
compact. However, timing jitter and also fluctuations of other pulse parameters are larger 
than for mode-locked lasers. Optically pumped VECSELs have the potential for very 
compact and cheap. In addition, suitable pulses for UWB applications could also be 
generated by modulating a continuous-wave light source, e.g. (Wu et al., 2007). 

2.1.2 Impulse-radio ultra-wideband in the millimetre-wave band 
For UWB optical transmission in RoF operating in the millimetre-wave bands, 24 GHz and 
60 GHz, broadband optical frequency up-conversion centralized in the CO appears as a cost-
effective solution instead of employing broadband electrical mixing at each RAU. A number 
of techniques have been reported for millimetre-wave impulse-radio UWB signal generation 
based on optical up-conversion. These techniques have been demonstrated in the 24 GHz 
band regulated for vehicular radar and also used in communications. One approach (Kuri et 
al., 2006) up-converts electrical rectangular pulses based on a complex self-heterodyne 
technique employing an arrayed waveguide grating (AWG) and a special MZM with high 
extinction ratio to suppress the residual RF carrier to meet the UWB emission mask. Another 
approach (Guennec & Gary, 2007) up-converts monocycle or doublet pulses generated by 
electrical transmitters commercially available by modulation in a MZM biased in nonlinear 
regime. This technique is simple, however it requires high-frequency electro-optic devices 
which make it difficult to be upgraded to higher frequency bands. The approaches 
demonstrated in (Fu et al., 2008; Li et al., 2009) serve as both frequency up-conversion and 
optical amplification and up-convert monocycle pulses generated employing electrical 
Gaussian pulses and a frequency discriminator. The former method is based on nonlinear 
polarization rotation in a semiconductor optical amplifier (SOA) exhibiting limited 
performance at high frequencies, whilst the latter method employs a more complex 
architecture based on a fibre optical parametric amplifier (OPA) but can be extended to 
higher frequency bands. An approach based on up-conversion of optical pulses in a MZM 
biased in non-linear regime has also been demonstrated (Chang et al., 2008). Optical 
monocycle and doublet pulses are generated by driving a dual-parallel MZM with electrical 
Gaussian pulses. In this demonstration, the performance of the millimetre-wave UWB signal 
after fibre transmission is analyzed showing the doublet pulse has better tolerance to fibre 
dispersion than the monocycle pulse.  
Gaussian monocycle pulses do not meet the FCC spectrum mask in the 3.1-10.6 GHz band. 
However, these pulses have been demonstrated to be suitable for further frequency up-
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conversion (Guennec & Gary, 2007). Optical up-conversion to 20 GHz of the generated 
baseband monocycles shown in Fig. 4 based on the technique in (Guennec & Gary, 2007) 
was also demonstrated in (Beltrán et al., 2008). A simpler approach to generate UWB 
monocycles in the millimetre-wave band based on frequency up-conversion of data 
Gaussian optical pulses in a MZM at the CO and monocycle shaping at RAUs has been 
proposed (Beltrán et al., 2009a; Beltrán et al., 2009c). This technique is depicted in Fig. 7.  
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Fig. 7. Millimetre-wave impulse-radio UWB-over-fibre based on up-conversion in a Mach-
Zehnder modulator at the CO and monocycle shaping at the RAU. LO: Local oscillator.  

This method has been demonstrated in two proof-of-concept experiments by modulating 
Gaussian optical pulses from an actively mode-locked fibre laser with data in a MZM to 
generate data Gaussian pulses whose pulse width is subsequently controlled by standard 
SMF. A second MZM driven by a local oscillator (LO) signal and biased at quadrature point 
(linear regime) generating an optical double-sideband signal with carrier is employed for 
up-conversion. The millimetre-wave signal is so obtained after photodetection and filtering 
at the RAU. In order to verify appropriate operation, the millimetre-wave signal is down-
converted with the same LO signal employed for up-conversion in an electrical mixer 
(conventional homodyne detection) and further low-pass filtered, with no fibre and no air 
transmission.  
In the first experiment (Beltrán et al., 2009a), monocycle shaping is based on balanced 
photodetection as shown in Fig. 3. UWB monocycles are generated at 19 GHz, exhibiting a 
single-sideband 10-dB bandwidth of 2.5 GHz at 622 Mbit/s, as shown in Fig. 8. Also shown  
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Fig. 8. (a) RF spectrum of UWB monocycles at 19 GHz generated in the setup in Fig. 1 with 
monocycle shaping as in Fig. 3. The FCC UWB mask is shown as a dashed line translated to 
19 GHz; (b) down-converted data monocycles. 
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conversion (Guennec & Gary, 2007). Optical up-conversion to 20 GHz of the generated 
baseband monocycles shown in Fig. 4 based on the technique in (Guennec & Gary, 2007) 
was also demonstrated in (Beltrán et al., 2008). A simpler approach to generate UWB 
monocycles in the millimetre-wave band based on frequency up-conversion of data 
Gaussian optical pulses in a MZM at the CO and monocycle shaping at RAUs has been 
proposed (Beltrán et al., 2009a; Beltrán et al., 2009c). This technique is depicted in Fig. 7.  
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Fig. 7. Millimetre-wave impulse-radio UWB-over-fibre based on up-conversion in a Mach-
Zehnder modulator at the CO and monocycle shaping at the RAU. LO: Local oscillator.  

This method has been demonstrated in two proof-of-concept experiments by modulating 
Gaussian optical pulses from an actively mode-locked fibre laser with data in a MZM to 
generate data Gaussian pulses whose pulse width is subsequently controlled by standard 
SMF. A second MZM driven by a local oscillator (LO) signal and biased at quadrature point 
(linear regime) generating an optical double-sideband signal with carrier is employed for 
up-conversion. The millimetre-wave signal is so obtained after photodetection and filtering 
at the RAU. In order to verify appropriate operation, the millimetre-wave signal is down-
converted with the same LO signal employed for up-conversion in an electrical mixer 
(conventional homodyne detection) and further low-pass filtered, with no fibre and no air 
transmission.  
In the first experiment (Beltrán et al., 2009a), monocycle shaping is based on balanced 
photodetection as shown in Fig. 3. UWB monocycles are generated at 19 GHz, exhibiting a 
single-sideband 10-dB bandwidth of 2.5 GHz at 622 Mbit/s, as shown in Fig. 8. Also shown  
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Fig. 8. (a) RF spectrum of UWB monocycles at 19 GHz generated in the setup in Fig. 1 with 
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in Fig. 8 is the down-converted signal. The monocycles bear OOK-modulated data so that 
they are suitable for simultaneous vehicular radar and communications in the 24 GHz band 
to provide traffic safety applications. 
Monocycle shaping based on differential photoreception as shown in Fig. 5 is performed in 
the second experiment (Beltrán et al., 2009c). This technique does not increase significantly 
the complexity of RAUs. UWB monocycles are generated at 16.85 GHz, exhibiting a single-
sideband 10-dB bandwidth of 2.5 GHz and bearing OOK-modulated data at 1.244 Gbit/s, as 
shown in Fig. 9. Also shown in Fig. 9 is the down-converted signal.  
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Fig. 9. (a) RF spectrum of UWB monocycles at 16.85 GHz generated in the setup in Fig. 7 
with monocycle shaping as in Fig. 5. The FCC UWB mask is shown as a dashed line 
translated to 16.85 GHz; (b) eye diagram of down-converted data monocycles. 

As can be observed in Fig. 8 and Fig. 9, the RF residual carrier does not limit the UWB 
emission mask. This enables the simultaneous wireless transmission of the two spectral 
sidebands improving receiver sensitivity at expense of reduced spectral efficiency. The two 
sidebands could be also filtered separately enabling a simultaneous dual-band generation.  
Fig. 10 shows a UWB-over-fibre system where optical data monocycles are frequency up-
converted in a MZM in nonlinear regime. This approach has been proposed and 
demonstrated in a proof-of-concept experiment for millimetre-wave UWB generation in the 
60 GHz band (Beltrán et al., 2009b). Electrical Gaussian monocycles are converted to optical 
domain by external modulation in a MZM to generate optical data monocycles. In the 
experiment, electrical OOK-modulated monocycles are generated as shown in Fig. 5. Fig. 
11 (a) shows the so-obtained optical data monocycles. A low-frequency LO of 14.25 GHz 
multiplied by 2 is applied to a second MZM biased at minimum transmission point to 
generate an optical double-sideband signal with a suppressed carrier (optical carrier 
suppression modulation), resulting in UWB monocycles at 57 GHz after photodetection and 
filtering at the RAU. The millimetre-wave signal is down-converted by electrical homodyne 
detection employing the LO signal multiplied by 4 and further low-pass filtered to verify 
appropriate operation, with no air transmission. 
UWB monocycles are generated at 57 GHz, exhibiting a 10-dB bandwidth of 3.8 GHz at 
1.244 Gbit/s, as shown in Fig. 11 (b). In this technique it is required to filter the residual RF 
carrier frequency for wireless transmission in practice. Further transmission over 100 m of 
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standard SMF is demonstrated with no performance degradation. Fig. 11 (c) shows the 
demodulated signal after fibre transmission. This UWB RoF system has been proposed for 
multi-Gbit/s high-definition video/audio distribution within in-vehicle networks, e.g. in 
aircrafts, where also fibre interconnects RAUs along the vehicle. The impulse-radio UWB 
approach offers also ranging and localization functionalities of special interest for 
localization of users potentially interfering and for radio tagging and passenger 
identification applications. 
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Fig. 10. Setup of the photonic 60 GHz impulse UWB-over-fibre based on up-conversion of 
data optical monocycles in a Mach-Zehnder modulator in nonlinear regime. CW: 
Continuous-wave laser. LO: Local oscillator. PD: Photodetector. LNA: Low-noise amplifier. 
BPF: Band-pass filter. HPA: High-power amplifier. DCA: Digital communications analyzer. 
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Fig. 11. Measurements in the setup in Fig. 10; (a) optical data monocycles; (b) RF spectrum of 
UWB monocycles at 57 GHz; (c) eye diagram of down-converted data monocycles. 

In the techniques in Fig. 7 and Fig. 10, biasing the MZM employed for up-conversion at 
minimum transmission point requires half of the LO frequency and reduces the RF power 
fading effect due to fibre chromatic dispersion (Ma et al., 2007), however higher power is 
required in the system to not degrade performance with respect to bias at quadrature point. 
In addition, in both techniques baseband signal is also available after photodetection, which 
could be provided via a wired connection and a user could employ a simple, low-cost 
receiver to detect the signal by filtering out the millimetre-wave signal. Also, the baseband 
signal could meet the UWB mask in the 3.1-10.6 GHz band and be radiated employing an 
antenna with a suitable frequency response (Pan & Yao, 2009a). 

2.1.3 Pulsed laser source characterization 
As described in the previous section, optical generation of impulse-radio signals can be 
achieved employing pulsed laser sources. The overall RoF performance depends directly on 
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Fig. 11. Measurements in the setup in Fig. 10; (a) optical data monocycles; (b) RF spectrum of 
UWB monocycles at 57 GHz; (c) eye diagram of down-converted data monocycles. 

In the techniques in Fig. 7 and Fig. 10, biasing the MZM employed for up-conversion at 
minimum transmission point requires half of the LO frequency and reduces the RF power 
fading effect due to fibre chromatic dispersion (Ma et al., 2007), however higher power is 
required in the system to not degrade performance with respect to bias at quadrature point. 
In addition, in both techniques baseband signal is also available after photodetection, which 
could be provided via a wired connection and a user could employ a simple, low-cost 
receiver to detect the signal by filtering out the millimetre-wave signal. Also, the baseband 
signal could meet the UWB mask in the 3.1-10.6 GHz band and be radiated employing an 
antenna with a suitable frequency response (Pan & Yao, 2009a). 

2.1.3 Pulsed laser source characterization 
As described in the previous section, optical generation of impulse-radio signals can be 
achieved employing pulsed laser sources. The overall RoF performance depends directly on 
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the characteristics of the specific pulsed laser employed.  In particular, polarization stability 
i.e. the variation of polarization over time is of special importance when external 
modulation is employed. 
The polarization stability of a pulsed laser source can cause spectrum distortion. The 
experimental setup for the characterization of the polarization stability of a femtosecond 
pulsed laser is depicted in Fig. 12. A computer controls the process of capture and storage of 
data.  
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Fig. 12. Experimental setup to characterize the polarization stability of pulsed lasers. PC: 
Polarization controller. OSA: Optical spectrum analyzer. 

The polarization stability and the distortion of the laser spectrum are evaluated for linear 
horizontal polarization (LH) with an orientation of 0º (launched polarization) adjusted by 
the polarization controller in Fig. 12. In practice, the orientation adjusted is ~3.6º (LH+3.6º). 
The optical spectrum analyzer captures the spectrum with 0.05 nm resolution bandwidth 
and -80 dBm sensitivity. The evaluation is performed at different wavelengths at which the 
spectrum gets distorted for different launched polarizations. The measurement time is 24 h. 
Fig. 13 (a) shows the orientation ψ  (LH+ψ ) calculated from the normalized Stokes vector 
(S1, S2, S3) given by the polarization analyzer as a function of time. Abrupt changes in the 
behaviour are due to abrupt temperature changes (disconnection/connection of conditioned 
air) in the laboratory measurement environment. Fig. 13 (b) is a plot of Poincare sphere 
showing the evolution over time of the normalized Stokes vector. From the Stokes vector 
other parameters characterizing polarization such as the degree of polarization (DOP),  
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Fig. 13. Characterization of the polarization stability of a femtosecond pulsed laser; (a) 
Orientation; (b) Poincare sphere; (c) spectra over 1 h. 
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degree of linear polarization (DOLP), degree of circular polarization (DOCP) and ellipticity 
can also be calculated. Fig. 13 (c) shows the evolution of spectrum over time for a 
measurement time of 1 h over a zone in which the temperature is stable. The polarization 
stability, expressed as the standard deviation of the normalized Stokes parameters, is lower 
than 0.001 at 1 h independently on the wavelength at which is evaluated. 

2.2 Transmission performance 
In RoF systems, analog radio signals are modulated on the intensity of the optical signals 
(E/O conversion) to be transmitted over an optical fibre link employing either directly 
modulated lasers or external modulators, as shown in Fig. 1. Directly modulated 
semiconductor lasers such as DFB lasers and VCSELs are preferred due to lower cost whilst 
for high frequencies the required performance can be satisfied only by externally modulated 
transmitters. 
It has been shown that a VCSEL has higher RF to optical power conversion efficiency than 
an external MZM and a DFB laser diode for the same output optical power (Gamage et al., 
2008a; Gamage et al., 2008b).  In addition, in case of the bandwidth is not a limiting factor 
direct modulation of a DFB laser leads to less distortion on UWB signals than external 
modulation with MZM because of its less nonlinearity, for the same output power 
(Jazayerifar et al., 2008). In addition, impulse-radio UWB signals are more sensitive to 
nonlinear distortion and less sensitive to noise than OFDM UWB signals for the same 
transmitted energy due to the higher peak-to-peak power. In practice, higher modulated 
power can be obtained with MZM but increasing the input optical power. The impact of 
laser chirp on UWB signals is almost negligible, but it affects the amount of dispersion when 
the UWB signal is transmitted over fibre.  
Most of the UWB RoF systems have focused on SMF which is best suited for long-distance 
access applications. RoF in combination with MMF fibres can be deployed within homes 
and office buildings for baseband digital data transmission supporting 3.5 GHz wireless 
signals. The large core diameter of MMF fibres (typically 50 μm or 62.5 μm) offers easier 
installation and maintenance in within-building environments and reduced cost compared 
to SMF (Koonen & Garcia, 2008). Note that MMF is also widely used in within-building fibre 
installations for baseband data transmission systems at far more than 10 Gbit/s. Compared 
to silica MMF, graded-index plastic optical fibres (GI-POF) offer further advantages such as 
smaller bending radius, better tolerance to tensile load and stress, and simpler 
connectorization. 
A RoF system employing VCSEL direct modulation of impulse-radio UWB signals in the 
3.1-10.6 GHz band has been demonstrated over 100 m MMF (Jensen et al., 2009). Error-free 
operation employing FEC is achieved at a wireless distance of 8 m at 2.5 Gbit/s or 4 m at 
4 Gbit/s. Impulse-radio UWB generation employing DFB direct modulation and 
transmission over 100 m GI-POF has also been recently demonstrated (Abraha et al., 2009). 
In this section, an analysis of impulse-radio UWB propagation on standard SMF is 
presented. The analysis compares two modulation schemes: External modulation in a MZM 
at 1550 nm and direct modulation in a VCSEL at 1310 nm. Fig. 14 shows the two UWB radio-
over-fibre implementations considered. The analysis targets to evaluate the impact of the 
modulation index on the reach and has been performed employing the commercial 
simulation tool VPITransmissionMakerTM (version 7.5).  
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Fig. 14. Impulse-radio UWB RoF optical link configuration and VCSEL characteristics. CW: 
Continuous-wave laser. PD: Photodetector. Amp: Amplifier. Att: Variable attenuator. LPF: 
Low-pass filter. BERT: BER test. 

Table 1 summarises the parameters of the components shown in Fig. 14 employed in the 
analysis. Typical parameters of commercially available components are considered.  
 
CW param                    value MZM param                 value Photodiode PIN param value 
Laser power              10 dBm Chirp                                    0 Responsivity              0.65 A/W 
RIN                      -130 dB/Hz Vπ DC                               5 V Dark current                     5 nA 
Amplifier param         value Vπ RF                                 5V Thermal noise          10pA/√Hz 
Gain                               40 dB Insertion losses               6 dB VCSEL param                value 
Noise factor                  3.8 dB Extinction ratio             35 dB Core radius                   210-6 m 
LO param                      value LPF param                     value Active region 

 Thickness                  0.310-6 m 
LPF type      Bessel 4th order Confinement factor         0.03 Power                           7 dBm

Frequency               3.75 GHz Bandwidth                   3 GHz  

Table 1. UWB radio-over-fibre parameters employed in the setup in Fig. 14. 

The impulse-radio UWB signal consists of fifth-derivative Gaussian pulses at 5.4 GHz 10-dB 
bandwidth, which are compliant with current UWB regulation in the 3.1-10.6 GHz band. 
This signal is OOK-modulated with 214-1 pseudo-random bit sequence (PRBS) data at 
1.25 Gbit/s resulting the data UWB pulses to be modulated. Both MZM and VCSEL are 
biased in linear regime, MZM at its quadrature bias point and VCSEL at the centre of the 
linear zone of its L-I curve, i.e. at ( )+ / 2th satI I  where thI  is the threshold current of 1 mA 
and satI  is the saturation current of 3.5 mA which corresponds to the 1-dB compression 
point. Fig. 14 shows the V-I and L-I curves of the commercial VCSEL at 27 ºC in the analysis. 
At each modulation index, the attenuator sets a maximum PSD of -41.3 dBm/MHz at the 
radiation point (1) in Fig. 14. This power level would meet the UWB mask in current 
regulation employing a transmitter antenna with 0 dBi gain. Down-conversion to baseband 
is performed by electrical mixing (6.5 dB conversion losses) to obtain a suitable eye diagram 
for BER performance evaluation. Optical noise is predominant at receiver so that a Chi2 
method is employed for BER estimation. BER performance at different fibre lengths is 
compared with the back-to-back (B2B) configuration (with no fibre transmission) to evaluate 
the fibre degradation. Fig. 15 shows the BER results. External modulation gives a maximum 
reach of 50 km at error-free operation (BER< 10-9) at 0.25 modulation index. Direct 
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modulation gives a maximum reach of 25 km at 0.16 modulation index. Higher modulation 
indexes than these shown in Fig. 15 result in distortion which makes the UWB spectrum 
non-compliant with regulation. Longer reach could be achieved employing a pre-amplifier 
at receiver or forward error correction codes (FEC) (BER< 2.210-3) at expense of increased 
complexity. Fig. 16 and Fig. 17 show examples of UWB signal and down-converted signal 
for external and direct modulation, respectively. 
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Fig. 15. Performance of impulse-radio UWB over SMF as a function of the modulation index; 
(a) External modulation in a MZM; (b) Direct modulation in a VCSEL.  
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Fig. 16. Impulse-radio UWB signal at point (1) in Fig. 14 (a) RF spectrum and (b) time-
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configuration. (d-f) the same for 40 km SMF. 
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complexity. Fig. 16 and Fig. 17 show examples of UWB signal and down-converted signal 
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Fig. 16. Impulse-radio UWB signal at point (1) in Fig. 14 (a) RF spectrum and (b) time-
domain, (c) down-converted eye diagram at 0.2 external modulation index for B2B 
configuration. (d-f) the same for 40 km SMF. 
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Fig. 17. Impulse-radio UWB signal at point (1) in Fig. 14 (a) RF spectrum and (b) time-
domain, (c) down-converted eye diagram at 0.16 direct modulation index for B2B 
configuration. (d-f) the same for 20 km SMF. 

3. Conclusion 
In this chapter, the principles and state-of-the-art of RoF technology has been presented. The 
use of optical sources for the generation of impulse-radio UWB RoF, as one of the most 
challenging applications to date, has been described and the expected performance after 
optical transmission has been presented. A technique based on frequency up-conversion of 
optical UWB signals in a MZM in nonlinear regime has been presented. This technique 
permits the optical generation of UWB monocycles at 57 GHz bearing data at 1.244 Gbit/s. 
The generation and further transmission of impulse-radio UWB over 100 m of SMF has been 
demonstrated with good quality pulses. Another technique performing up-conversion in a 
MZM of optical pulses with subsequent electrical UWB shaping has been demonstrated at 
16.85 GHz bearing data at 1.244 Gbit/s with good quality. The polarization stability of a 
pulsed laser has also been presented as key factor limiting system performance. Finally, the 
RoF distribution of impulse-radio UWB has been analyzed over long-distance SMF links 
suitable for access networks. The longest transmission reach is achieved employing external 
modulation in a MZM.  
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1. Introduction     
Recent renewed interest to nonlinear optical processes in waveguiding structures was 
sparked in large part by the original reports on broadband supercontinuum (SC) generation 
in photonic crystal fibers (PCF) and uniform fiber tapers (Ranka et al., 2000; Birks et al., 
2000) introduced a few years earlier by the group in Bath (Knight et al., 1996; Knight, 2003). 
The significance of these first reports stemmed from the fact that it was sufficient to use 
femtosecond oscillators only (nanojoule pulse energies) to produce octave-spanning 
continua in the visible. The fact that the broadband spectra emitted from a PCF pumped 
with femtosecond pulses centered at 800 nm covered all of the visible range and thus were 
easily observed with the naked eye as a spectacular rainbow of colors must have had 
something to do with the subsequent popularity of this research area. This is because in the 
previous decade and even much earlier a number of works reported broadband continuum 
generation in the near-infrared (Lin et al., 1978; Morioka et al., 1994), which remained 
unnoticed by the wider optics community. Those older studies were usually performed with 
pump sources at 1550 nm and were targeted towards telecom applications at that time. 
Subsequent studies unveiled important differences in SC generation mechanisms and their 
properties depending on the fiber or PCF parameters and the duration of the pump pulse. 
One very important advantage of a SC generated with femtosecond pulses is its high degree 
of coherence over the whole or most of the generated spectrum (Dudley et al., 2006), making 
it useful for a number of advanced applications, such as absolute phase stabilization of 
ultrashort pulses (Jones et al., 2000) and frequency metrology (Udem et al., 2002). 
Importantly, it was soon realized that PCFs and other engineered structures allow for much 
greater flexibility in dispersion design, in addition to high effective nonlinearities due to 
strong confinement of the transverse optical mode. In large part it was the particular shape 
of the dispersion profile of the PCF as a function of the wavelength, which fortuitously 
allowed for broadband SC generation in the early experiments. The importance of 
dispersion should not be underestimated as it controls various phasematching conditions 
for nonlinear optical processes, such as emission of Cherenkov continuum (responsible for 
the visual portion of the typical SC) by solitons (Wai et al., 1990; Karpman, 1993; Akhmediev 
& Karlsson, 1995). Solitons themselves play an important role in the process of SC 
generation and thus must be studied carefully. However, spectroscopic measurements are 
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not sufficient in many situations to uncover the fundamental physics involved. The same 
example of SC generation clearly demonstrates this: By looking at the spectrum recorded at 
the output of a long PCF it is virtually impossible to extract any useful information on the 
underlying dynamical mechanisms in play behind its generation, even though the excitation 
pulse had a well-defined temporal structure, usually a transform-limited pulse of a few tens 
of femtoseconds in duration. 
Temporal resolution in the measurements, thus appears as important as spectral one and a 
number of time-resolved techniques exist, which are applicable to waveguiding geometries. 
Importantly, however, any linear interferometric method, such as spectral interferometry, 
can not be applied to the highly nonlinear propagation regimes of interest, because the 
output spectrum differs significantly from the input one. Thus, nonlinear methods 
(featuring ultrafast nonlinear gating) must be used. Two encompassing domains can be 
identified: auto-correlation and cross-correlation methods. The autocorrelation approaches 
are very well suited for the characterization of unknown pulses, e.g. the output pulse from a 
femtosecond laser (Trebino, 2000). Here, the unknown pulse gates itself, so to speak, to 
produce a nonlinear autocorrelation trace of a specific shape, depending on the particular 
nonlinear mechanism used, which carries information about the amplitude and the phase of 
the unknown pulse, which can be extracted. Often times some fundamental limitations 
apply, such as time-reversal symmetry for second harmonic generation (SHG) frequency-
resolved optical gating (FROG). In addition, technical difficulties arise if complex or 
broadband pulses are being measured, such as phasematching bandwidth requirements for 
SHG FROG or spectral phase interferometry for direct electric field reconstruction (SPIDER), 
or sensitivity in polarization-gating FROG and others. This is why the very first time-
resolved images of supercontinuum generated in silica PCFs were obtained using cross-
correlation methods―the sum-frequency generation (SFG) X-FROG (Dudley et al., 2002) and 
cross-correlation sonogram measurements (Hori et al., 2004). In a typical cross-correlation 
approach the signal pulse is gated with a different reference pulse, usually a replica of the 
input pump pulse split off before the nonlinear medium under study and appropriately 
delayed. While sonogram measurements require both delay and spectral filter scanning to 
obtain the 2D time-frequency image of the pulse (Taira & Kikuchi, 2001), the SFG X-FROG 
approach requires only one delay scan with wavelength resolution achieved by spectrally 
resolving the upconverted sum-frequency signal, and thus is simpler to implement with off 
the shelf components. 
For our intended work on visualizing weak and broadband signals the optimal 
measurement technique must be sensitive and broadband itself, as well as yield the most 
intuitive images of the output pulse possible. Arguably, the SFG X-FROG fits the bill very 
well. In this second-order nonlinear cross-correlation type measurement technique a portion 
of the pulse from the laser is used to gate the signal pulse. The total two-dimensional 
spectrogram is built by scanning the delay between the signal and reference pulses and 
acquiring the spectrum of the SFG signal (Linden et al., 1998): 

  ( ) ( ) ( )
2

,   ,SFG i t
X FROG sig refI E t E t e dtωω τ τ

+∞
−

−
−∞

= −∫   (1) 

where ( ),SFG
X FROGI ω τ−  is the intensity of the X-FROG signal as a function of optical frequency 

ω  and delay τ  produced by cross-correlating the signal ( )sigE t  with the delayed reference 
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( )refE t τ−  electric field pulses. Expression (1) is written specifically for sum-frequency 
SF sig refω ω ω= + generation X-FROG where the product of two fields is obtained through 

SFG in a thin crystal with instantaneous quadratic nonlinearity and the Fourier transform is 
obtained using a spectrometer. The focal plane detector of the spectrometer measures the 
spectral intensity, hence the spectrogram is proportional to the modulus squared of the 
spectrum of the sum-frequency generated signal. Special reconstruction algorithms can be 
used to recover the complete temporal behavior of the electric field, or equivalently, the 
amplitude and the phase of the optical pulse in either temporal or spectral domains. Most 
importantly, however, the information conveyed by the 2D X-FROG spectrogram itself 
allows one to grasp the whole picture of a complex ultrashort pulse visually. The fact that a 
spectrogram may be a much better representation of a complex pulse, than a pair of phase 
and amplitude curves in either time or spectral domains, was recognized by Treacy back in 
1971 (Treacy, 1971). Moreover, highly intuitive nature of the (nearly) constrain-free X-FROG 
spectrograms is becoming increasingly attractive for theorists as well, who often find it to be 
the most suitable way to represent data from numerical simulations (Hilligsøe et al., 2004; 
Skryabin & Yulin, 2005). This fact facilitates direct visual comparison between theory and 
experiment, as is shown below. 
X-FROG can be used to study a wide variety of propagation effects ranging from well-
established processes to novel nonlinear regimes with ultrashort optical pulses, continuous 
waves (!) and their interactions. In what follows, our X-FROG setup developed for 
experimental work at telecom wavelength with arbitrary fibers is briefly described first 
(Efimov & Taylor, 2005a). Several illustrative examples of soliton formation in 100 meters of 
regular fiber and Raman soliton dynamics in standard cobweb PCFs (Efimov & Taylor, 
2005b) are presented next, followed by more interesting cases of Cherenkov continuum 
generation by stabilized solitons in the vicinity of a second zero-dispersion (2ZD) point of a 
small-core PCF (Efimov et al., 2004). Resonant interactions of solitons and dispersive waves 
(Efimov et al., 2005c; Efimov et al., 2006) are illustrated next where excellent agreement with 
theoretical predictions was obtained. Further, experimental measurements and numerical 
simulations of SC in highly-nonlinear soft glass SF6 PCF are compared, where again we find 
excellent agreement, except for the solitonic part of the trace, where temporal jitter of 
solitons smears the experimental picture, revealing the effect of subtle instabilities present at 
the output of the pump laser used in the experiment (Efimov & Taylor, 2008). Finally, recent 
results on soliton dynamics and continuum generation across the bandgaps of an all-glass 
photonic bandgap fiber (PBF) are summarized before concluding this chapter. 

2. X-FROG system and simple visualization examples 
Performing cross-correlation type measurements requires matching optical propagation 
path lengths for both the signal and the reference arms. This is easily done with mechanical 
delay stages for relatively short samples, up to a meter or so long. Longer fiber samples will 
require more clever approaches. One interesting solution was offered in (Nishizawa & Goto, 
2001) where the reference pulse is derived from the part of the generated signal as the red-
most soliton, filtered out by a long-pass filter. An adjustable delay line was still needed after 
the fiber sample to provide delay scanning. Hori, et al. built a completely electronically 
controlled delay scanning using a separate fiber in the reference arm of their cross-
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correlation sonogram system, where an acousto-optic modulator was used to vary the input 
power launched in the reference fiber, thus adjusting the delay of the propagating Raman 
soliton (Hori et al., 2003). In this approach the delay variation is intimately connected with 
soliton’s central frequency. Although certainly creative, these delay scanning tactics are 
somewhat complicated and not universally applicable to any experimental situation. Thus, 
in our system we used a simple free-air delay stage and relied on the fact that, aside from 
the carrier-envelope phase (which is not measured by X-FROG) all the pulses in a pulse 
train produced by the laser are identical and therefore different pulses can be used as signal 
and reference. 
The X-FROG system designed for use with arbitrarily long fibers is shown in Fig. 1. An 
optical parametric oscillator (OPO) generates a train of 100 fs pulses tunable in the range 
1400-1600 nm with repetition rate of 82 MHz and average power up to 350 mW. A 
polarizing beam splitter separates the signal and the reference pulses. The former is coupled 
into the fiber under study using an aspheric lens and the latter propagates in a free-space 4-
meter delay stage, equipped with precision retroreflecting corner cubes. The delay line of 
the X-FROG system is designed to provide optical delays in excess of the time spacing 
between individual pulses in the pulse train, thus allowing cross-correlation of different 
pulses within the pulse train generated by the OPO. The jitter of pulse temporal positions 
within the pulse train does not influence the results even for 100 meter-long fibers. The 
reference and the signal pulses are subsequently mixed in a 200 μm thick BBO crystal to 
generate sum-frequency signal, which is spectrally resolved in a grating spectrometer. The 
phasematching bandwidth of the nonlinear crystal at this particular wavelength region is 
sufficient to accurately convert more than an octave of signal spectrum, due to favorable 
material dispersion in the crystal. 
Phasematching bandwidth available for SFG is, in fact, one of the most critical parameters of 
the whole system. From the long history of autocorrelation measurements of ultrashort 
pulses it is known that sufficiently thin crystals are required since the phasematching 
bandwidth is inversely proportional to the length of the nonlinear medium (Weiner, 1983). 
Interestingly, chirped pulses may appear shorter if measured with thick nonlinear crystals. 
This is because the narrow phasematching bandwidth effectively cuts the wings of the 
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Fig. 1. SFG X-FROG system for studying pulse dynamics in fibers of arbitrary length. 
Schematically shown at the bottom is the pulse train generated by the laser system with 
separate reference and signal pulses shaded. Pol—polarizer, λ/2 and λ/4 are the 
waveplates. 
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pulse’s spectrum, which for a chirped pulse, correspond to the leading and trailing edges of 
the pulse in time, making the autocorrelation trace appear shorter. For a uniaxial crystal, 
such as BBO, there are two phasematching possibilities for SHG: Type 1 o o e+ → , and 
Type 2 o e e+ → , where o  and e  denote “ordinary ” and “extraordinary” rays respectively. 
For the SFG process, however, used in X-FROG there exist two distinct Type 2 processes: 

sig ref SFo e e+ →  or sig ref SFe o e+ →  because the signal and the reference are not identical. 
Using the “ordinary” and “extraordinary” refractive index data for the nonlinear crystal 
used in the system, all three cases may be examined for phasematching bandwidth, Fig. 2, 
and the most optimal configuration selected for the experiment. In Fig. 2 all three 
phasematching cases are represented for the reference wavelength of 1.55 μm and 200 μm 
thick BBO crystal. Clearly, more than an octave bandwidths are possible in all three cases. 
Most of the experiments described below were performed around the pump wavelength of 
1.55 μm so the most optimal case for us is the Type 1 process, which also provides almost 
2000 nanometers of bandwidth. 
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Fig. 2. Phase matching curves for non-collinear sum-frequency generation of a fixed 
wavelength reference pulse at 1.55 μm and variable wavelength signal pulse in a 200 μm 
BBO crystal. Left: density plots for crystal cut angle vs. signal wavelength. Dashed lines 
show most optimal cut angles for obtaining large phasematching bandwidths, and 
corresponding phasematching curves are plotted on the right for three possible 
arrangements. Vertical dashed line indicates λ = 1.55 μm central wavelength. 
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Fig. 3. X-FROG traces at the output of 100 meters of 3M FS-PM-7811 fiber. Average input 
power increases sequentially from (a) 0.8 mW, to (b) 4 mW, to (c) 4.5 mW to (d) 5 mW. Color 
scale mapping is logarithmic with the SFG signal intensity. (e) Wavelength-dependent 
group delay for several input powers obtained directly from respective X-FROG traces in (a-
d). Curves are offset for clarity. Power increases from top to bottom. 

As a simple demonstration of SFG X-FROG sensitivity and very intuitive traces produced, 
consider the problem of soliton formation in a regular single-mode fiber. Fig. 3 displays a 
series of traces taken at the output of a 100 meter-long piece of single-mode fiber (3M FS-
PM-7811). Sensitivity of the system is sufficient to obtain more than 40 dB of signal-to-noise 
ratio even in the linear pulse propagation regime, Fig. 3a. As the input power is increased, 
soliton formation is observed with linear waves present on the wings, Fig. 3b-d. Naturally, 
blue (red) spectral components of the linear wave lead (trail) the soliton. As the input power 
is increased, a larger fraction of the input pulse energy contributes to the soliton. 
It is interesting to observe the dynamics of the wavelength-dependent group delay as a 
function of the input power directly from the X-FROG trace, i.e. without applying 
reconstruction algorithms, as was suggested in (Treacy, 1971). The data shown in Fig. 3e is 
obtained by following the ”center of mass” of each spectrum slice from the corresponding 
spectrogram in time. Each curve in the figure in sequence from top to bottom is obtained 
from the respective X-FROG trace from Fig. 3a-d. Formation of group delay features near 
the soliton position is clearly visible. Qualitatively, the behavior of the group delay versus 
wavelength is easy to understand when the soliton is almost formed: At the wings away 
from soliton the linear chirped wave gives rise to the wavelength-dependent delay due to 
dispersion in the fiber. The soliton, however, being a nonlinear wave maintains all its 
wavelength components at the same delay (no chirp) which corresponds to the near-
horizontal section of the curve at the location of the soliton. 
Soliton propagation at telecom wavelengths in a standard cobweb PCF presents another 
interesting example for visualization of the nonlinear dynamics. The fiber used for these 
experiments is a high-delta silica microstructured fiber with a 2.5 μm guiding core, 63 mm in 
length. Fig. 4 shows a series of X-FROG traces recorded at the output of the PCF for varying 
input powers of the pump pulse. The input wavelength is located well within the 
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consider the problem of soliton formation in a regular single-mode fiber. Fig. 3 displays a 
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the soliton position is clearly visible. Qualitatively, the behavior of the group delay versus 
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from soliton the linear chirped wave gives rise to the wavelength-dependent delay due to 
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wavelength components at the same delay (no chirp) which corresponds to the near-
horizontal section of the curve at the location of the soliton. 
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experiments is a high-delta silica microstructured fiber with a 2.5 μm guiding core, 63 mm in 
length. Fig. 4 shows a series of X-FROG traces recorded at the output of the PCF for varying 
input powers of the pump pulse. The input wavelength is located well within the 
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Fig. 4. Power-dependent X-FROG traces at the output of 2.5 μm-core cobweb PCF, 63 mm in 
length. Formation of a Raman-shifting soliton is clearly observed. Horizontal axis 
corresponds to sum-frequency signal wavelength. Color scale is logarithmic 

anomalous dispersion region of this fiber so no broadband supercontinuum generation is 
observed. At high powers, however, intermodally phase-matched third harmonic 
generation occurs in which the Raman soliton dynamics plays crucial role (Efimov & Taylor, 
2005b). At 5 mW the propagation of the fundamental pulse is nearly linear, which can be 
inferred from the elliptical shape of the trace as well as parabolic phase from X-FROG 
reconstruction, Fig. 5, in both temporal and spectral domains. Soliton formation sets in at 
about 10 mW average power, at which point the X-FROG trace assumes the required 
diamond-like shape, characteristic to the Sech(t) temporal amplitude profile. Spectral and 
temporal phase functions, Figs. 5a and 5b show substantial flattening, as expected, for 10 
mW and 20 mW input powers. Using the parameters of this silica PCF (effective area 

25effA mμ= , nonlinear index 16 2 1
2 3 10n cm W− −= ⋅ , dispersion 1 1200D ps nm km− −= ⋅ ) and 

input pulse duration of 100 fs we can estimate the average power, corresponding to the 
fundamental soliton, to be about 17 mW, which agrees well with the experiment if the fiber 
coupling efficiency of ~60% is taken into account. 
With further increase of the input power pulse splitting and Raman self-frequency shift of 
the main soliton can be clearly seen. The frequency shifting soliton maintains the diamond-
like X-FROG shape which is a clear evidence for the solitonic Sech(t) amplitude profile. 
From the reconstructed spectral phase functions we see that the Raman soliton remains flat-
phased (the tilt of the phase function corresponds to linear shift on the time axis), whereas 
the pulse remaining in the vicinity of the pump wavelength is, in fact, chirped, as evidenced 
by the curved phase in Fig. 5b. The wavelength shift of the Raman soliton is accompanied by 
the delay offset in accordance with the anomalous dispersion of the fiber. With increasing 
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Fig. 5. Intensity (colid curves) and phase (circles) of the pulse in temporal, (a), and in 
spectral, (b), domains at the output of the PCF reconstructed from the experimental X-FROG 
spectrograms of Fig. 4. Reconstruction error does not exceed 0.002 on 256 × 256 grid for all 
power levels. Input power increases from bottom to top as indicated. 

input power the spectral width of the Raman soliton increases and at the same time the 
temporal duration of the soliton reduces since the Raman soliton constitutes a transform-
limited pulse. At the 80 mW input power the intensity full-width at half-maximum of the 
Raman soliton shrinks to 42 fs, which gives the soliton compression ratio of ~2.5 times. 

3. Soliton dynamics near the second dispersion zero in a small-core PCF 
Novel regimes of nonlinear soliton dynamics can be realized in strongly guiding 
waveguides. When the waveguide is designed for strong confinement of the mode, usually 
by using large index difference between the core and the cladding, the waveguide 
contribution to the total dispersion may become compatible and even exceed the material 
dispersion. For such waveguides with core diameters on the order of the wavelength a 
second zero dispersion (2ZD) point may exist at a longer wavelength. The dispersion slope 

( )D λ
λ

∂
∂

 in the vicinity of the 2ZD point is negative, whereas it is positive near the first zero-

dispersion point, typical for the regular fibers and previous generations of PCFs (Ranka et 
al., 2000; Dudley et al., 2002; Dudley et al., 2006). Theoretical predictions (Skryabin & Yulin, 
2005; Biancalana et al., 2004) and previous experiments (Harbold et al., 2002; Skryabin et al., 
2003; Genty et al., 2004) suggested unusual soliton dynamics in the vicinity of the 2ZD point. 
These effects may have far-reaching consequences since the wavelength of the 2ZD point 
can be tuned to the telecommunications region around 1550 nm through careful control of 
the fiber structure during manufacturing. 
Figure 6 shows the dispersion and the optical loss for two of the fibers used in our 
experiments. The 2ZD points for two fibers shown are located at 1510 and 1560 nm and 
measured dispersion slopes are large and negative. The dispersion of a regular fiber is 
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Fig. 6. Optical properties of small-core PCFs. Solid lines—dispersion curves for two distinct 
fibers; dotted curve—attenuation. For comparison the dispersion of a regular telecom fiber 
is shown with the dashed curve. Inset—scanning electron microscope image of one of the 
PCFs; the central guiding core diameter is about 1.2 μm. 

shown for comparison in the figure with a dashed curve. The small core of the fiber also 
provides for high peak intensities for the propagating optical pulses. The nonlinear 
parameter for these PCFs is estimated to be 1 1~ 100 W kmγ − −⋅ , about two orders of 
magnitude larger than in standard telecom fibers. Note that in the vicinity of the 2ZD point, 
anomalous dispersion regime is realized at shorter wavelengths whereas normal dispersion 
lies at longer wavelengths. Thus, solitons launched on the anomalous dispersion side are 
pushed toward the 2ZD by the Raman effect, rather than away, as would be the case near 
the first ZD point. One interesting consequence of this fact is that the soliton gets stabilized 
near the 2ZD through spectral recoil while emitting the Cherenkov continuum across the 
2ZD point at longer wavelengths (Skryabin et al., 2003) according to the phase-matching 
condition (Lu et al., 2005): 

 ( ) ( ) 0cher s
s cher s

g
P

v
ω ωβ β ω β ω γ−

Δ ≡ − + + = ,  (2) 

where β  is the propagation constant, sω  and cherω  are the soliton and the Cherenkov 
continuum frequencies, respectively; gv is the soliton’s group velocity; γ  is the fiber’s 
nonlinear coefficient, and sP  is the soliton peak power. Since the soliton never crosses the 
2ZD point, it is clear, also, that the soliton can potentially transfer all of its energy to the 
Cherenkov continuum (Chen et al., 2009).  
Detailed time-spectral dynamics of a soliton propagating in the vicinity of 2ZD point of a 
small-core PCF, observed with X-FROG is shown in Fig. 7. The PCF is pumped in the 
anomalous dispersion region at 1440 nm (λSF = 720 nm). Under these conditions most of the 
pump energy contribute to form a soliton, which subsequently self-frequency shifts towards 
the red and approaches the 2ZD point. When sufficient portion of the soliton’s spectrum 
extends across the 2ZD point ( 2 1560  nmZDλ = , which corresponds to SF wavelength of 
750 nm) into the normal dispersion region, efficient generation of Cherenkov continuum 
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Fig. 7. Experimental X-FROG spectrograms detailing the dynamics of femtosecond soliton 
propagation in a small-core PCF obtained using a cut-back technique. Input power is held 
constant corresponding to the fundamental soliton. Raman self-frequency shift seizes as 
soon as appreciable amount of continuum is generated at about 70 cm. Soliton is slowly 
loosing energy to the Cherenkov continuum which causes it’s spectrum to shrink in width. 
Color scale is logarithmic. 
occurs. In the experimental X-FROG traces of Fig. 7 this continuum manifests itself through 
a long tail at SF wavelengths longer than 760 nm (1600 nm fundamental) in the normal 
dispersion region of the fiber. Spectral recoil from the continuum stabilizes the soliton at a 
wavelength near to the 2ZD point, (after 70 cm of propagation). With further propagation 
the central wavelength of the soliton remains virtually unchanged due to the appearance of 
a recoil ”force” acting on the soliton’s spectrum and balancing the Raman self-frequency 
shift. Note that there is a continuous energy flow from the soliton to the continuum through 
uninterrupted spectral overlap (Akhmediev & Karlsson, 1995). Because the soliton is loosing 
energy to Cherenkov continuum, it’s duration must adiabatically increase in order to 
maintain N = 1 soliton number: 

 2 0

2
~ ,E TN γ

β
⋅ ⋅   (3) 

where N is the soliton number, E and T0 are soliton energy and duration, and β2 is the 
dispersion parameter of the fiber. This increase in duration is manifested in spectral width 
reduction of the soliton in Fig. 7, even though the 100 fs long reference pulse used in these 
measurements limits the direct temporal resolution of the effect. 
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Fig. 8. Power-dependent X-FROG spectrograms measured at the output of a 130 cm-long 
PCF with 2 1510ZD nmλ = . The fiber is pumped at 1430 nm, i.e. in the anomalous dispersion 
region. At lower input powers formation of the primary strong soliton and its Cherenkov 
radiation are observed, arrows in (b) and (c). Subsequently, a second weaker soliton is 
formed which interacts with the continuum emitted by the first soliton. The scattering of the 
Cherenkov radiation by the second soliton leads to energy transfer into a spectral band 
located between the solitons and the Cherenkov radiation band, arrows in (e) and (f). 
Vertical dashed line marks 2ZD. Color scale is logarithmic. 
More interesting things begin to happen if we increase the input power to the level when 
two solitons can form from the initial input pulse, Fig. 8. It appears that, contrary to the 
common belief, the solitons can strongly interact with continuous waves the result of which 
seems to be the generation of new signals at some non-degenerate frequencies. There is no 
big surprise here, however, because solitons do not inelastically interact with cw only in 
integrable systems, described by the standard nonlinear Schrodinger (NLS) equation. Large 
perturbations either due to dispersion or birefringence change the picture dramatically. As 
described below, nonintegrability leads to observable and quite spectacular scattering of 
continuous waves on solitons.  

4. Scattering of continuous waves on solitons 
Interaction of solitons and continuous waves has been extensively studied in the past. In the 
framework of standard NLS equation the soliton-cw mixing results in small changes in 
soliton’s position, amplitude and phase. When the cubic dispersion term is included in the 
propagation equation, the soliton can emit Cherenkov continuum, as described previously. 
The most recent theoretical analysis (Skryabin & Yulin, 2005), however, predicts the 
existence of two more phasematched processes in which mixing of a soliton and a cw leads 
to generation of new spectral components. Physically, the four-wave mixing (FWM) 
between cws (linear waves) and solitons (nonlinear waves) is different from the textbook 
case of all-cw FWM (Agrawal, 2001) because the soliton exchanges momentum with other 
waves as a whole. Therefore, we can no longer associate a particular momentum with a 
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certain frequency component of the soliton as is possible for a monochromatic cw. From a 
practical standpoint, the frequency components comprising the soliton’s spectrum are 
dispersionless (see constant group delay within soliton’s spectrum in Fig. 3e). Specifically, 
the wavenumber associated with a certain frequency component of a soliton is a linear 

function of frequency within the soliton’s spectrum ( ) ( ) ( )/
s

s s s
g s

k k P
vω
ω ω

ω ω γ
ω
−

= + + , where 

sω  is the carrier frequency of the soliton. This same expression enters the phasematching 
condition for Cherenkov continuum emission, Eq. (2), which in turn is only one of three 
possible resonances in a more general set of equations for the frequencies of new signal 
waves generated as a result of soliton-cw interaction: 

 ( ) ( ) ( ) ( )/ /s sig sig cw cw s cw cw sig sigk J kω β ω ω β ω⎡ ⎤+ − =⎣ ⎦  (4) 

where J can take on three values: 0, -1, and +1. In equation (4), derived using the 
perturbation theory applied to the generalized NLS equation of propagation, the J = 0 case 
describes the Cherenkov continuum emission and does not include any separate cw pump. 
The other two nonzero J cases describe the resonances involving a soliton and a separate cw 
pump. Solving these equations yields the frequencies ωsig of newly generated signals. A 
number of examples were illustrated in the theoretical work (Skryabin & Yulin, 2005) and 
are not repeated here. 
In addition to dispersion, inelastic scattering of a cw on a soliton can be induced by 
birefringence of the fiber, provided the soliton and the cw pump propagate in orthogonal 
eigenpolarization states. To account for birefringence, the J ≠ 0 equations are easily 
generalized: 

 ( )( ) ( )
/ /1 :           phase-insensitiveyx x y

cwsigs sig s cwJ k k β β= + − = −  (5) 

                         ( )( ) ( )
/ /1 :           phase-sensitiveyx x y

cwsigs sig s cwJ k k β β= − + = +  (6) 

where superscripts (x) and (y) denote separate eigenaxes. Physically, the interaction 
between the orthogonally polarized fields is mitigated by cross-phase modulation terms in 
the pair of NLS equations written for each eigenpolarization. The phase-matching equations 
(5) and (6) above are also marked as phase-sensitive and phase-insensitive to highlight the 
important difference between these two resonances: For the phase-insensitive resonance, 
both phase and group velocity differences cancel out on the left- and right-hand side of Eq. 
(5). On the other hand, the phase-sensitive resonance (6) retains the dependence not only on 
the difference in group velocities, but also the difference in phase velocities between the two 
eigenaxes of the fiber. 
In the experiment of Fig. 8 the signal marked with the arrow in Fig. 8e and f is exactly the 
result of the resonant interaction of the second soliton with the continuum emitted by the 
first soliton. Close inspection reveals that the J = +1 phase-insensitive resonance is 
responsible for the emission of the signal at 1.53 μm between the solitons and the Cherenkov  
tail. The results of numerical modeling for the conditions of the experiment (not shown) 
were found to match the experimental results nearly perfectly, which further validated the 
theory of resonant scattering of continuous waves on solitons outlined above. 
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It is interesting, however, to perform soliton-cw interaction experiments in the most pristine 
manner, with separate lasers as sources of solitons and continuous waves, thus directly 
testing the predictions of the theory. To do this, a small-core PCF with 2ZD point at 1510 nm 
was chosen for its high effective nonlinearity and large dispersion slope to render the 
system non-integrable due to high-order dispersion. The length of the fiber used was 90 cm. 
The OPO served as the source of ~100 fs solitons, while the cw field at 1546 nm was 
generated by a separate temperature-controlled laser diode followed by an erbium-doped 
fiber amplifier. The cw signal is thus located in the normal dispersion region, and the power 
coupled to the fiber is estimated at ~0.1 W. 
The results of this experiment are shown in Fig. 9. The soliton peak power increases from 1.7 
to 4.4 to 7 kW for the 1st, 2nd, and 3rd columns respectively. The bottom row in Fig. 9 shows 
experimental X-FROGs for the case when no cw pump was launched into the fiber. From the 
top two rows, one can see that as the soliton power increases its interaction with the cw 
radiation becomes more and more pronounced. There are two reasons for this: The first is 
that, for this particular phase-insensitive interaction the FWM term responsible for the 
interaction between the soliton and cw pump is proportional to the modulus squared of the 
soliton field and only to the first power of the (unconjugated) cw field (Efimov et al., 2005c). 
Second, and more important, is that, with the increase of the pump power, the soliton  
 

 
Fig. 9. Interaction between the soliton and cw. First row of spectrograms, (a, d, g)-numerical 
modeling, second row, (b, e, h)―experimental measurements, and. third row, (c, f, i) shows 
experimental measurements with the cw pump switched off. 1st, 2nd, and 3rd columns 
correspond to the soliton peak power 1.7, 4.4, and 7 kW, respectively. Propagation length is 
90 cm and cw power is 0.1 W for all the panels. Panel (j) shows the graphical solution to the 
wave vector matching condition (4) for the two values of the soliton central wavelength. 
Grey area shows the FWM band, dashed area shows the Cherenkov band. Color scale used 
in spectrograms is logarithmic. 
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becomes temporally shorter, and, therefore, the Raman effect brings the soliton closer to the 
cw frequency, which strongly enhances the efficiency of the FWM process. 
Comparison of theoretical and experimental results unambiguously indicates that the 
frequency component to the longer wavelength side of the cw line in Figs. 9d and e is 
generated as a result of the J = +1 phase-matched FWM between the soliton and the cw 
pump. When the cw pump is switched off, Fig. 9f, the FWM signal disappears. Another 
important observation which can be made here is the appearance of the hole in the cw 
pump; see Figs. 9e and h. This hole is formed because the energy taken from the cw pump is 
transferred (scattered) by the soliton to the new spectral component. 
Conveniently normalized and rescaled geometrical representation of the wave vector 
matching (4) is shown in Fig. 9j, where the nearly straight lines represent the left-hand side 
of Eq. (4) for the two different values of the soliton wavelength, and the curved line is the 
right-hand side of Eq. (4). Since the soliton wavelength is being shifted by the Raman effect, 
the matching point of the FWM process also shifts with both propagation distance and 
pump power. The shaded region in Fig. 9j and the white lines in Fig. 9d show the 
boundaries of the FWM band. The excitation efficiency of the other FWM resonances located 
to the left of the shaded region is low, and they are not observed in the experiment. 
If the input soliton power is made large (third column in Fig. 9) the efficient emission of the 
Cherenkov continuum by the soliton itself overwhelms the FWM signal, because for this 
particular PCF the Cherenkov and FWM resonances overlap in large part (see the overlap 
between the dashed and shaded regions in Fig. 9j). Comparison of Figs. 9g–i clearly shows 
that this strong radiation is indeed the Cherenkov one, because its emission occurs 
independently of the cw pump. Thus, in the case when the soliton and cw pump have the 
same polarizations, observation of the newly generated wave can be achieved only for a 
relatively small power range of the soliton pump. Other experiments performed using 
birefringent PCFs help to reveal more details about soliton-cw scattering as well as to 
observe the other, phase-sensitive resonance, described by equation (6). 
If the soliton and cw pumps are orthogonally polarized, propagating in a birefringent fiber, 
then the difference between the phase-sensitive and phase-insensitive scattering should be 
particularly revealing. This is because the condition of the phase-sensitive resonance 
depends strongly on the phase velocity difference of the two polarizations, and therefore 
spectral location of this resonance can be expected to depend strongly on the choice of 
polarizations for the cw and the soliton pumps. Thus, in what follows we used a 
commercially available birefringent PCF with a 2.5 μm core. This fiber is anomalously 
dispersive in the wavelength range of interest around 1.55 μm with third- and higher-order 
dispersion terms being not important at all. Therefore, the non-integrability of the system, as 
the key requirement for existence of inelastic soliton-cw scattering, stems here from 
birefringence, rather than dispersion. 
Again, we use separate lasers as sources of solitons and cw. Figure 10 shows the graphical 
representation of phase-matching conditions (5) and (6) along with experimental and 
numerical X-FROG spectrograms. Analytical theory predicts in Fig. 10a that the locations of 
phase-sensitive and phase-insensitive resonances differ significantly depending on whether 
cw propagates in the fast fiber axis and the soliton―in the slow axis, or vice versa. In the 
experiment the cw and femtosecond beams were orthogonally polarized and launched into 
a 24 cm long piece of PCF by use of a polarizing cube. At the output of the PCF the cw 
eigenaxis is selected with another polarizer, thus strongly, but not completely damping the 
cross-correlation signal from the soliton. Figure 10b shows the X-FROG trace for the case 
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generated as a result of the J = +1 phase-matched FWM between the soliton and the cw 
pump. When the cw pump is switched off, Fig. 9f, the FWM signal disappears. Another 
important observation which can be made here is the appearance of the hole in the cw 
pump; see Figs. 9e and h. This hole is formed because the energy taken from the cw pump is 
transferred (scattered) by the soliton to the new spectral component. 
Conveniently normalized and rescaled geometrical representation of the wave vector 
matching (4) is shown in Fig. 9j, where the nearly straight lines represent the left-hand side 
of Eq. (4) for the two different values of the soliton wavelength, and the curved line is the 
right-hand side of Eq. (4). Since the soliton wavelength is being shifted by the Raman effect, 
the matching point of the FWM process also shifts with both propagation distance and 
pump power. The shaded region in Fig. 9j and the white lines in Fig. 9d show the 
boundaries of the FWM band. The excitation efficiency of the other FWM resonances located 
to the left of the shaded region is low, and they are not observed in the experiment. 
If the input soliton power is made large (third column in Fig. 9) the efficient emission of the 
Cherenkov continuum by the soliton itself overwhelms the FWM signal, because for this 
particular PCF the Cherenkov and FWM resonances overlap in large part (see the overlap 
between the dashed and shaded regions in Fig. 9j). Comparison of Figs. 9g–i clearly shows 
that this strong radiation is indeed the Cherenkov one, because its emission occurs 
independently of the cw pump. Thus, in the case when the soliton and cw pump have the 
same polarizations, observation of the newly generated wave can be achieved only for a 
relatively small power range of the soliton pump. Other experiments performed using 
birefringent PCFs help to reveal more details about soliton-cw scattering as well as to 
observe the other, phase-sensitive resonance, described by equation (6). 
If the soliton and cw pumps are orthogonally polarized, propagating in a birefringent fiber, 
then the difference between the phase-sensitive and phase-insensitive scattering should be 
particularly revealing. This is because the condition of the phase-sensitive resonance 
depends strongly on the phase velocity difference of the two polarizations, and therefore 
spectral location of this resonance can be expected to depend strongly on the choice of 
polarizations for the cw and the soliton pumps. Thus, in what follows we used a 
commercially available birefringent PCF with a 2.5 μm core. This fiber is anomalously 
dispersive in the wavelength range of interest around 1.55 μm with third- and higher-order 
dispersion terms being not important at all. Therefore, the non-integrability of the system, as 
the key requirement for existence of inelastic soliton-cw scattering, stems here from 
birefringence, rather than dispersion. 
Again, we use separate lasers as sources of solitons and cw. Figure 10 shows the graphical 
representation of phase-matching conditions (5) and (6) along with experimental and 
numerical X-FROG spectrograms. Analytical theory predicts in Fig. 10a that the locations of 
phase-sensitive and phase-insensitive resonances differ significantly depending on whether 
cw propagates in the fast fiber axis and the soliton―in the slow axis, or vice versa. In the 
experiment the cw and femtosecond beams were orthogonally polarized and launched into 
a 24 cm long piece of PCF by use of a polarizing cube. At the output of the PCF the cw 
eigenaxis is selected with another polarizer, thus strongly, but not completely damping the 
cross-correlation signal from the soliton. Figure 10b shows the X-FROG trace for the case 
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when the soliton central wavelength is 1430 nm and the input power is adjusted such that 
the stimulated Raman scattering shifts the soliton spectrum by no more than 10 nm. 
Let us assume that the soliton is x-polarized and the cw is y-polarized. The theory predicts 
that the waves generated as a result of the FWM interaction between the orthogonally 
polarized soliton and the cw retain the cw polarization. The source of the FWM signal for 

the phase-insensitive resonance (5) is the 2
x yA A  term, whereas the phase-sensitive 

resonance (6) is due to the 2 *
x yA A  term in the generalized NLS equation: 
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where ,x yA are the field amplitudes in orthogonal polarizations, 
22

x yI A A= +  is the 
intensity, γ  is the nonlinear coefficient, ( )R t  is the standard Raman response (Agrawal, 
2001), and ( ),x y tD i∂  are the dispersion operators, specific for each eigenaxis where constant 
(phase velocity) and linear (group velocity) Taylor expansion terms are appropriately 
included. 
The graphical solutions, Fig. 10a, to the wave-vector matching equations (5) and (6) indicate 
that for a soliton at 1430 nm central wavelength, both resonances are located near 1350 nm 
for one set of launching conditions. If, however, the eigenaxes are swapped, the phase-
sensitive resonance disappears, while phase-insensitive resonance remains in the vicinity of 
the soliton. Experiments indeed reveal the presence of the signal at 1350 nm for one set of 
input launching conditions. If the eigenaxes are swapped, then the signal disappears from 
the picture, Fig. 10d. The numerically computed X-FROG trace showing the FWM signal, 
Fig. 10c matches nearly perfectly the experimental one, Fig 10b. These and other 
evidence (Efimov et al., 2006) verify the observation of phase-sensitive resonance in 
scattering of a continuous wave on a soliton in a typical birefringent PCF. 
It is important to note that the observation of a subpicosecond structure in a truly cw wave, 
as the result of resonant interaction with a soliton, or otherwise, is highly nontrivial from the 
experimental standpoint and has not been demonstrated before. X-FROG appears to be a 
very potent technique for a wide spectrum of time-frequency-resolved measurements, 
including measuring the temporal structure of separate continuous wave beams. As 
described below, careful broadband X-FROG measurements can resolve previously obscure 
features in supercontinua, generated in PCFs. There, we will see the effects of inelastic 
soliton-cw interaction as an important element of supercontinuum dynamics during its 
formation and propagation in the fiber. 

5. Supercontinuum generation in a highly nonlinear soft glass PCF 
The success of silica photonics crystal fibers, which offered new degrees of freedom to 
manipulate dispersion and nonlinear properties, inspired the exploration of other glass 
materials as the host for these structures. Currently, such materials as polymers (van 
Eijkelenborg et al., 2001), highly-nonlinear glasses (Ravi Kanth Kumar et al., 2002) and even 
quantum dot-doped matrices (Yu et al., 2007) are being used to manufacture PCFs. The 
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Fig. 10. (a) Graphical solutions to the wave-vector matching equations (5) and (6). 
Wavelengths of the expected FWM signals are given by the intersections of the quasi-
parabolic function, describing the dispersion of linear waves, with the straight lines. The 
solid (dashed) curves correspond to the phase-sensitive (phase-insensitive) resonance; see 
the text for details. (b) Experimental X-FROG spectrogram showing generation of the new 
spectral component near 1350 nm. (c) Numerically generated X-FROG diagram 
corresponding to the experimental conditions of (b). (d) Experimental X-FROG diagram 
showing no new spectral components when polarizations of the soliton and cw are 
swapped. The blob between the signal and the cw in (b)–(d) is a small part of the soliton 
power coupled to the orthogonal polarization. 
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Fig. 10. (a) Graphical solutions to the wave-vector matching equations (5) and (6). 
Wavelengths of the expected FWM signals are given by the intersections of the quasi-
parabolic function, describing the dispersion of linear waves, with the straight lines. The 
solid (dashed) curves correspond to the phase-sensitive (phase-insensitive) resonance; see 
the text for details. (b) Experimental X-FROG spectrogram showing generation of the new 
spectral component near 1350 nm. (c) Numerically generated X-FROG diagram 
corresponding to the experimental conditions of (b). (d) Experimental X-FROG diagram 
showing no new spectral components when polarizations of the soliton and cw are 
swapped. The blob between the signal and the cw in (b)–(d) is a small part of the soliton 
power coupled to the orthogonal polarization. 

Time-Spectral Visualization of Fundamental Ultrafast Nonlinear-Optical Interactions  
in Photonic Fibers  

 

155 

diversity of the modern PCF family is truly spectacular. The urgent need to study the 
dynamics of optical signals in these structures in time-frequency can be addressed with X-
FROG. 
Recently developed extrusion-based PCFs made from soft glasses, such as Schott SF6, can be 
about an order of magnitude more nonlinear as compared to their silica counterparts. 
Indeed, recent supercontinuum generation experiments in these SF6 PCFs indicate that a 
multioctave continuum can be generated efficiently in only millimeters of fiber using 100 fs 
pulses at telecom wavelengths and nanojoule energies (Omenetto et al., 2006). Previous 
measurements of supercontinua in time-frequency suffered from low signal-to-noise ratio 
and thus could not be directly compared to numerical results (Dudley et al., 2002). 
Nevertheless, low-noise broadband measurements with X-FROG are possible and may look 
almost indistinguishable from the numerically generated spectrograms. 
Figure 11 shows theoretically and experimentally produced spectrograms of a 
supercontinuum pulse generated in a 11 cm long sample of extruded SF6 PCF using the X-
FROG system described in Section 2. Input pump pulse is of typical 100 fs duration centered 
at 1550 nm. The fact that the broadband radiation in general lies on the parabola, which 
corresponds to the group delay as a function of wavelength, immediately tells us that all of 
the supercontinuum spectrum is generated at the very beginning of the fiber, supporting the 
previous findings (Omenetto et al., 2006). Subsequent propagation is, in fact, nearly purely 
dispersive. If the normal dispersion side of the experimental spectrogram (shorter 
wavelengths) matches the numerical one nearly perfectly, we see a clear discrepancy on the 
anomalous side of the picture, where solitons are formed. It appears that the experimental 
solitons are elongated in time. Notwithstanding the fact that the red-most numerical soliton 
is also stretched (due to steep confinement loss beyond 1700 nm), the explanation is, in fact, 
the temporal jitter associated with the presence of slight envelope modulations on the pump 
pulse (Efimov & Taylor, 2008).  
 

 
Fig. 11. Numerical (a) and experimental (b) X-FROG spectrograms of a supercontinuum 
pulse at the output of 11 cm long piece of SF6 PCF. Lower axis is sum-frequency and upper 
axis in (b) – fundamental wavelength of the signal. Color scale is logarithmic covering 30 dB 
of signal intensity. Inset shows the SEM image of the fiber tip 
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Fig. 12. Experimental X-FROG spectrogram showing the dynamics of the continuum in the 
vicinity of the 2ZD point of a small-core silica PCF from Fig. 6. The PCF is pumped exactly at 
2ZD point (vertical dashed line). Dispersion is anomalous at shorter wavelengths and 
normal at longer wavelengths. A soliton forms on the anomalous side and interacts with the 
quasi-cw continuum on the normal dispersion side, which rresults in FWM signal 
generation (arrow). Color scale is logarithmic. 

Nevertheless, the agreement between the theory and experiment is remarkable. On the 
normal dispersion side (shorter wavelengths) the quasi-continuum is pierced with holes 
directly opposite to solitons. The missing radiation is scattered in the FWM signals as the 
result of soliton-cw interaction, described in the previous section. As is mentioned 
in (Skryabin & Yulin, 2005) the group velocity-matched propagation of a soliton and a cw, 
located on both sides of ZD point, leads to the formation of a temporal hole in the cw, 
directly opposite to soliton. In the current experiment, however, the soliton undergoes slow 
Raman self-frequency shift during propagation so that it’s carrier wavelength becomes 
progressively longer and thus group velocity―slower. Careful consideration of the phase-
matching condition (4) shows that the FWM signal will appear at wavelengths shorter than 
cw, as is observed in both experimental and numerical spectrograms in Fig. 11. 
Interestingly, if we were to study the continuum formation in the vicinity of the second 
dispersion zero (of a different PCF), a similar effect is observed, Fig. 12, except that in this 
case the soliton shifts towards inside the “parabola” and the FWM signal also appears 
inside, in total agreement with the analytical theory and numerical computations. 

6. Solitons and continuum generation in all-glass bandgap PCF 
Continuing technical advancement in the area of complex fiber design recently resulted in 
the development of a new class of all-glass PCFs (Feng et al., 2003; Luan et al., 2004). These 
fibers consist of an arrangement of glass rods embedded in a background matrix of a 
different glass and no air channels. Depending on the index difference between the rods and 
the background these fibers will display either index guiding or resonant bandgap guiding 
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characteristics (Litchinitser et al., 2002). For the latter case the rods would have higher index 
(e.g. Ge-doped silica) than the background (e.g. pure silica). Such a design offers an 
alternative to liquid-filled PCFs (Larsen et al., 2003). The transmission spectra of these 
resonant-guiding PBFs consist of multiple low-loss bandgaps separated by high-attenuation 
regions. Importantly, in each bandgap the dispersion varies from normal to anomalous with 
increasing wavelength. Thus, each bandgap can support both solitons and dispersive waves 
(Fuerbach et al., 2005). 
Moreover, intricate cross-bandgap phase-matching conditions can be realized, e.g. for the 
process of Four-Wave Mixing (FWM) as was recently predicted (Rasmussen et al., 2008). 
These intricate interactions can be revealed using time-spectral visualisation techniques as 
described previously. One complication arises, however: Typically, all-solid PBF designs are 
not well-suited for studies of nonlinear-optical interactions because of relatively large core 
sizes with effective mode areas on the order of tens of square micrometers. Thus, at best a 
single soliton formation can be observed with just oscillator pumping (Fuerbach et al., 2005). 
The observation of nonlinear cross-bandgap processes will thus require amplified pulses. 
The fiber used in our experiments is similar to the one described in (Wang et al., 2006) and 
consists of a triangular array of Ge-doped glass rods embedded in a pure silica background 
(index difference 0.033nΔ = ). The cladding pitch and rod diameter are 6.5 μmΛ =  and 

3.0 μmd =  respectively. The guiding region is defined by six rods surrounding a pure silica 
central region. The fiber structure in the vicinity of the core and its spectral transmission are 
shown in Fig. 13. 
 

 
Fig. 13. Spectral transmission of the all-glass PBF. The structure of the transmission bands 
reflects the non-uniform spectral shape of the continuum used for their measurement. 
Bandgaps marked 1, 2, 3, and 4, and their edges can be clearly identified. Inset shows the 
SEM image of the central region fiber cross-section with rod diameter d and pitch Λ 
identified 
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Fig. 14. Sequence of experimental X-FROG traces for varying input pump powers ranging 
from 4 nJ(1 mW input average power) to 160 nJ (40 mW) as indicated. Semi-transparent 
regions mark the high-loss interbandgap space. Color scale is logarithmic spanning 40 dB of 
sum-frequency signal. 

To be able to access higher pump pulse intensities the fiber was pumped with 50 fs pulses at 
1150 nm central wavelength from a laser, regenerative amplifier and optical parametric 
amplifier system (250 kHz Coherent Mira-RegA-OPA). At the output of 21 cm long fiber 
sample the optical pulses are analyzed with a SFG X-FROG system similar to the one 
described in Section 2, except that a KDP crystal was used instead of BBO in order to 
increase even further the phase-matching bandwidth to cover 500 to 2000 nm wavelength 
span. 
Previous FROG measurements in a liquid-filled PCF revealed the formation of a soliton and 
generation of a phase-matched Cherenkov wave in the same bandgap (Fuerbach et al., 
2005). Fig. 14 shows a sequence of X-FROG traces measured at the output of our all-glass 
PBF for different input pulse energies. Because the dispersion varies substantially over the 
bandwidth of the input pulse, only a fraction of the input spectrum on the red side 
contributes to the first soliton. This soliton forms very close to the edge of the bandgap and 
being pushed to longer wavelength by the stimulated Raman scattering, responsible for the 
soliton self-frequency shift, efficiently looses energy and disappears. The behavior of the 
second soliton is very similar: it forms at 25 mW input power, then elongates at 35 mW and 
finally disappears at 40 mW. The fact that these solitons do not extend their spectrum over 
to the normal dispersion region at wavelengths shorter than 1000 nm explains why the 
Cherenkov continuum appears only when the third soliton forms. This soliton propagates 
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with its spectrum situated further away from the bandgap edge so that it is not affected by 
the loss as much. As a result, its duration is much shorter than that of the first two solitons 
and the blue edge of its spectrum extends over to the normal dispersion side making it 
possible to emit the Cherenkov continuum. 
The result of this analysis shows that the presence of a substantial loss on one side of the 
soliton's spectrum, e.g. due to the bandgap edge, limits the extent of not only the affected 
side, but also the opposite side of the spectrum. This is expected because within a soliton, 
being a nonlinear wave, the spectral components are not independent, as is the case for a 
dispersive wave. The immediate consequence of this result is that the Cherenkov emission 
in a bandgap fiber is less efficient than that in more traditional waveguides. Only when 
pumped very close to the dispersion zero the radiation of the Cherenkov wave can be 
effective. 
At higher pump powers one can also observe generation of visible radiation around 650 and 
550 nm, which reside within the next two higher-order bandgaps. Fig. 15 presents the X-
FROG spectrogram under these conditions. Here the pump wavelength is set to 1125 nm, i.e. 
closer to ZDW so the Cherenkov continuum is more prominent. More importantly, 
however, the time-spectral structure of the visible components in the two higher-order 
bandgaps is uncovered. The shape of the trace in the 550 nm bandgap, as well as the nearly-
uniform illumination of the fiber suggests that the emission occurred at the very beginning 
of the fiber. Group delay differences between different bandgaps can be directly determined 
from the trace of Fig. 3 and show expected dependence on the bandgap number: Shorter 
 

 
Fig. 15. Experimental X-FROG trace showing time-spectral properties of the signals in three 
bandgaps (number 2, 3, and 4 in Fig. 13) simultaneously. Insets show the near-field intensity 
distribution of the modes nonlinearly generated in bandgaps 3 and 4, as marked by arrows. 
Gray/color scale is logorithmic spanning 35 dB of sum-frequency signal. 
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wavelength bandgaps are delayed with respect to the longer ones (Rasmussen et al., 2008). 
Insets show the optical near-field images of the generated visible modes and indicate 
fundamental mode profiles at both wavelengths. 
The observed interbandgap generation may involve two mechanisms, working separately or 
simultaneously. First, the input pulse may generate a broadband continuum due to the 
usual mechanisms (self-phase modulation, soliton compression and fission, dispersive wave 
generation) at the very beginning of the fiber and the resulting spectral components fill in 
the bandgaps, where they propagate dispersively with minimal loss. In addition, phase-
matched inter-bandgap FWM generation may play a role in the observed behavior 
(Rasmussen et al., 2008). Previously, intermodally phase-matched FWM (Stolen & Leibolt, 
1976; Akimov et al., 2003) as well as third harmonic generation (Efimov & Taylor., 2005b) 
were observed in both regular fibers and PCFs. Inter-bandgap phase-matched FWM is a 
very similar process and thus appears likely to contribute to the generation mechanism. 
Complete modeling of the PBF fiber structure as well as further experiments are needed to 
fully understand the observed phenomena. 

7. Conclusion 
Thorough understanding of fundamental nonlinear processes occurring as optical signals 
propagate along a waveguide require obtaining as much experimental information as 
possible. It was recognized a long time ago (Treacy, 1971) that spectrogram representation of 
optical pulses, that is 2D plots of signal amplitude in time and frequency showing relative 
temporal positions of different frequency components comprising the pulse, is, in fact, the 
most intuitive and rich way to describe the pulse. Simultaneous temporal and spectral 
resolution, limited only by the fundamental Fourier relation, gives unprecedented clarity of 
images, substantially simplifying the interpretation of the data and allowing visual 
comparison with theory and numerical modeling. An experimental tool such as X-FROG 
being slightly more involved in implementation than spectral or autocorrelation-type 
systems will reward one with the most dramatic images of nonlinear evolution of ultrashort 
pulses in optical fibers and waveguides. As often happens, however, when new advances in 
experimental techniques mature, they bring to light not only answers to long-standing 
questions, but create new puzzles to challenge both theorists and experimentalists alike.  
In this work the emphasis was placed on visualizing and studying various aspects of soliton 
dynamics in regular and photonic crystal fibers and their interaction with dispersive waves. 
Recent analytical theory explains well all the resonant soliton-cw scattering processes 
observed in the experiments described in sections 3 and 4. This scattering of cw on solitons 
in non-integrable systems, either due to high-order dispersion or birefringence, leads to 
generation of new non-degenerate signals, which were observed and confirmed 
numerically. These processes are important, for example, in supercontinuum generation, 
where quasi-cw radiation propagating in the normal dispersion region interacts with 
Raman-shifting solitons formed on the anomalous side (section 5). Broadband and high 
dynamic range X-FROG measurements of supercontinua show excellent agreement with 
numerics, as well as directly show experimental artifacts, such as timing jitter of solitons. 
We also obtained most clear images of well-known nonlinear processes such as soliton 
formation in long lengths of regular fiber and Raman solitons in silica cobweb photonic 
crystal fibers (section 2). Among other things, this brings about the educational value of X-
FROG measurements and presentation of numerical results. 
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systems will reward one with the most dramatic images of nonlinear evolution of ultrashort 
pulses in optical fibers and waveguides. As often happens, however, when new advances in 
experimental techniques mature, they bring to light not only answers to long-standing 
questions, but create new puzzles to challenge both theorists and experimentalists alike.  
In this work the emphasis was placed on visualizing and studying various aspects of soliton 
dynamics in regular and photonic crystal fibers and their interaction with dispersive waves. 
Recent analytical theory explains well all the resonant soliton-cw scattering processes 
observed in the experiments described in sections 3 and 4. This scattering of cw on solitons 
in non-integrable systems, either due to high-order dispersion or birefringence, leads to 
generation of new non-degenerate signals, which were observed and confirmed 
numerically. These processes are important, for example, in supercontinuum generation, 
where quasi-cw radiation propagating in the normal dispersion region interacts with 
Raman-shifting solitons formed on the anomalous side (section 5). Broadband and high 
dynamic range X-FROG measurements of supercontinua show excellent agreement with 
numerics, as well as directly show experimental artifacts, such as timing jitter of solitons. 
We also obtained most clear images of well-known nonlinear processes such as soliton 
formation in long lengths of regular fiber and Raman solitons in silica cobweb photonic 
crystal fibers (section 2). Among other things, this brings about the educational value of X-
FROG measurements and presentation of numerical results. 
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Finally, X-FROG measurements of multiple soliton formation and nonlinear cross-bandgap 
generation in all-glass PBFs challenge the current state of affairs in our understanding of 
very complex nonlinear-optical interactions occurring in waveguiding structures. Further 
discoveries can be expected by applying the X-FROG technique to the investigation of 
ultrafast nonlinear optical processes in other types of photonic crystal structures, complex 
waveguides and other nonlinear systems. 
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1. Introduction  
Dispersion compensation plays a key role in generation, amplification and propagation of 
femetosecond pulses. In the dispersive medium, the pulse can be broaden or compressed 
depending on the sign of chirp and dispersion. To obtain the ultrashort pulses, the pulse 
group delay (GD) should have about frequency independence after the dispersion 
compensation. Especially to compress a pulse to near the transform limit one should not 
only compensate the GD but also eliminate the high order dispersion term. In this chapter, 
we briefly review the calculation formulae and design rules of the various dispersive 
devices including grating and prism pairs and chirped mirrors. An integrative optimization 
of chirped mirror and its function in mode locked Ti:sapphire laser is described in details. 
Finally, a useful tool ─ dispersion map is introduced. 

2. Grating pairs with negative and positive dispersion 
A parallel grating pair as Treacy demonstrated (Fig. 1) can offer a negative group delay 
dispersion (GDD) (Treacy, 1969). The commonly used phase shift formula through the 
parallel grating pair is  

 2(1 cos ) tan( )Gb
c d
ω πϕ θ γ θ= + − −  

where b and G are the slant and the perpendicular distance path length between the two 
gratings respectively, d the grating constant, c the  speed of light in vacuum, and γ and 
θ the incident and refraction angle respectively.  
For a grating pair with the positive dispersion, Zhang et al (Zhang et al. 1997) proposed a 
grating- mirror model in contrast to the grating-lens model of Martinez (Martinez, 1987), to 
demonstrate that the phase shift of a grating-mirror system is a conjugation of that of 
parallel grating pair. In the model, a mirror with the radius of curvature of R is placed so 
that the incident point on the grating is right at the circular center of the mirror, as shown in 
Fig. 2. The simple ray-tracing would result a phase shift as 

2[4 (1 cos )] tan( )GR b
c d
ω πϕ θ γ θ= − + + −  
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Fig. 1. Treacy grating pair with negative dispersion (adapted from Treacy, 1969) 
 

 
Fig. 2. Graing-mirror with positive dispersion 

The subsequent differentiation with respect to frequency results in GD, GDD and the third 
order dispersion (TOD). Obviously, the only difference between the phase shifts of those 
two configurations is a constant (4R, depends on the starting point of calculation) and a 
opposite sign before the term of b(1+cosθ). The differentiation would vanish the constant 
term and leaves an opposite sign. This proves that the grating-mirror configuration is a 
phase conjugation of the parallel grating pair and can be used as a pulse “stretcher”.   
 

 
Fig. 3. Folded graing-telescope with positive dispersion 

However, this grating-mirror stretcher cannot be realized because, in practice, the incident 
beam must have a finite size, while the single-mirror system gives no beam collimation. 
Therefore a telescope is required for the beam collimation. 
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To derive the similar formula to Equation for the telescope stretcher, we would prefer to 
start with the folded-grating-telescope stretcher and to adapt it in the coordinate shown in 
Fig.3. For explicitness, only the incident and the output rays are displayed, the folding 
mirror and some optical paths have been omitted.  

[ ]0 4 0 4 0 0
2 2( ) ( ) 1 cos( ) tan( ) ( ) tan( )GC A b G G

c c d d
ω ω π πϕ ω θ θ γ θ θ γ θ= + − × + + + − − + − − , 

where 1 02 ( )cosC R R s θ= − −  is a constant, 1s =BC, A is an angle dependent variable   

4
1 1 3 3 0

1 2 3 4 4

1 1 1 1 sinsin( ) sin( ) cos
sin sin sin sin sin

A R R φθ φ θ φ θ
θ θ θ θ θ

⎧ ⎫⎛ ⎞⎛ ⎞⎪ ⎪= − + + − + −⎨ ⎜ ⎟⎬⎜ ⎟
⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭

 

All variables are defined in reference (Zhang et al. 1997).It is noticed that, although the 
formula is complicated, it takes the form of: 

 [ ]0 41 cos( )b
c
ω θ θ× + + , 

indicating that it is indeed the phase conjugation of the pulse compressor, except for the 
mirror induced stigmatism. Similarly, we can have the formulism for Öffner type stretcher, 
which is (Jiang et al. 2002)  

[ ]0 6 0 6 0 0
2 2( ) ( ) 1 cos( ) tan( ) ( ) tan( )GC A b G G

c c d d
ω ω π πϕ ω θ θ γ θ θ γ θ= + − × + + + − − + − − , 

 
Fig. 4. Öffner type stretcher (adapted from Jiang et al. 2002) 

The only difference with Martinez stretcher is the subscript of the angles. All variables are 
defined in reference (Jiang et al. 2002).  
The above formulas, although they are two dimensional, are very useful in optimization of 
chirped pulse amplification systems. 
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3. Prism pairs 
Prism pairs have also been widely used for dispersion control inside laser oscillators since 
they can be very low loss in contrast to grating pairs. In 1984 Fork et al. derived formulism 
of GDD for pair of Brewster-angled prisms (Fork et al. 1984). Nakanuma and Mori noticed 
that the commonly used formulas developed by Fork were not convenient to use in the case 
where the adjustable prism insertion is required. They proposed to separate the prism 
separation and prism insertion (Nakanuma & Mori, 1991) so that those parameters can be 
easily measured. The simplified formulism is found in reference (Zhang & Yagi, 1993).  The 
GDD and TOD can be expressed to functions of prism separation and prism insertion: 

2 2"( ) L xD L D xϕ ω = + ,  3 3"'( ) L xD L D xϕ ω = +  

where the coefficients are approximately  

2

2 2

2
L

dnD
c d
λ λ

π λ
⎛ ⎞= − ⎜ ⎟
⎝ ⎠

,   

2
2

2 2 2

2 1
x

d nD
c d n
λ λ

π λ
= , 

2
2

3 2 3 2

3
L

dn dn d nD
c d d d
λ λ λ λ

π λ λ λ
⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
, 

2 2 3 3
2

3 2 3 2 3

3 1
2 3x

d n d nD
c d d n

λ λλ
π λ λ

⎛ ⎞
= − +⎜ ⎟

⎝ ⎠
. 

where n is the refractive index of the prism material. An important advantage of using the 
above formulism is that they can be presented in a so called dispersion map, as described in 
section 5.  

 
Fig. 5. A typical prism pair arrangement.  

4. Chirped mirrors  
Although grating and prism pairs are widely used as the compressor schemes, they suffer 
from high order dispersion. By contrast, chirped mirrors (CMs) which are dispersive 
multilayer structures designed by optimizing the initial design are usually used for pulses 
compression by providing dispersion without much material in the beam path. They can 
provide the precisely controlled GD, GDD, even higher order dispersion such as third order 
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3. Prism pairs 
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where n is the refractive index of the prism material. An important advantage of using the 
above formulism is that they can be presented in a so called dispersion map, as described in 
section 5.  
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dispersion (TOD), as well as the high reflectivity in a broadband or ultra-broadband 
wavelength range. They are key components for extremely short pulse compression and 
especially have played a critical role in the development of octave-spanning lasers and the 
generation of mono-cycle pulses. In 2007, 1.5-octave chirped mirrors have been proposed 
and demonstrated, for extra-cavity compression to 3 fs pulses (Pervak et al. 2007). 
Furthermore, they are important for compression of attosecond soft-x-ray pulses (Wonisch 
et al. 2006).  
There are always ripples in GDD curves of broadband chirped mirrors, due to the 
interference between the reflections from different layers of a multilayer structure. Although 
the ripples can be minimized by the optimization procedure such as with commercially 
available software, it is difficult to reduce the ripples to acceptable level when the design of 
a single chirped mirror has to operate over the wavelength ranges up to an octave spanning 
or more. Therefore, several other approaches to reduce GDD ripples have been proposed, 
such as double-chirped mirrors (Kärtner et al. 1997; Matuschek et al. 1998; Kärtner et al. 
2001), complementary CM pairs (Pervak et al. 2005; Pervak et al. 2007). By pairing the CMs, 
the dispersion ripples of CMs are opposite to each other. Thus, the residual ripple of the CM 
pairs could be very small. 
The design rule of CMs consists of two main issues. The first issue is the initial multilayer 
design. The design procedure of chirped mirrors is usually to start with a favorable initial 
structure, then to perform optimization. In this procedure, the initial design is very crucial. 
If the initial design is not close enough to the target, the optimization procedure is 
impossible to reach a satisfactory result. The commonly used initial designs are double chirp 
(DC) and modulated layer thickness (MLT) (Tempea et al. 1998).  
The second issue is the optimization process including the choices of targets and 
optimization methods. Although a CM is characterized by a certain value of GDD that is the 
second derivative of the phase shift on reflection with respect to the angular frequency, GD 
was mostly chosen as the target, because the second derivative of the phase has two 
problems: the accuracy and the time consumption in the optimization. However, we found 
that just taking GD as the target cannot ensure a smooth GDD. Besides the targets setting, 
we should also consider the optimization methods. Although paring two CMs is a good idea 
to eliminate the ripples but in some cases such as generating octave-spanning in four-mirror 
Ti:Sapphire ring cavity it is not enough. Then we introduce the intracavity optimization.   

4.1 Initial design of chirped mirrors 
Here, we summarize two different designs as the initial layer structure for the optimization 
and compare the differences. First was the DC, and the second was the MLT.  
The conception of DC mirrors has been proposed by Käertner (Kärtner et al. 1997; 
Matuschek et al. 1998) where in addition to the chirp of the Bragg wave number, the 
thickness of the high refractive index layers is also chirped.  
Assuming the double chirped mirrors composed of 2N index steps with high refractive 
index medium such as TiO2 and low refractive index medium such as SiO2. The thicknesses 
of low index layer are linearly chirped while the thicknesses of high index layer are given by 
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Where η=1, 2 for linear and quadratic chirp.  The clear reduction of oscillations in the GD by 
the double chirped technique is visible (Matuschek et al. 1998). Moreover, the index-
matching can be extended by a properly high quality AR-coating.  
MLT method (Tempea et al. 1998) is based on the recognition that in the two component 
structure, the effects of modulating the layer thickness is similar to that of a corresponding 
modulation of refractive index. Composing the mirror with narrow bandwidth filters with 
gradually shifted central wavelength may avoid some resonant interference. The general 
formula described the variation of the layer thickness is given by 

0( ) ( ) ( )sin(2 )
( )
xt x t x A x
x

π= +
Λ

                                    

where x is the distance of the respective layer from the substrate and the number of layers 
within a modulation period Λ must be kept constant,    

0( ) ( )x t xαΛ =  

where the parameter α determines the number of layers within a modulation period and 
can be set as 5α = (i.e.), equal to its minimum permitted value. 
For an early constant negative GDD in the high reflectance range we need 

min max
0 max

1( ) ( )
4

t x x
d

λ λ λ−
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where d is the total optical thickness of the coating. One problem in CM design is to obtain 
negative GDD at the shortest wavelength of the high-reflectance range. This difficulty is 
related to that the shortest wavelength components have a limited penetration depth which 
tends to result in a constant GD. This problem can be alleviated by increasing the amplitude 
of the modulation depth by   

2 1
1( ) A AA x x A

d
−

= +                                               

where A1, A2 (>A1) are limits between which the amplitude is allowed to vary.  
The above equations consist of a complete recipe of the design of chirped mirror by using 
MLT method.  
We simulated two chirped mirror pairs to compare these two above initial designs—DC 
(pair 1) and MLT (pair 2) (Chen et al. 2007). The target was CM pairs providing negative 
GDD of around -50 fs2 and TOD of around -35 fs3 at 800 nm with the reasonable residual 
GDD ripples and high reflectivity in wavelength range of 600-1200 nm. In the DC model, we 
chose the first order. In the MLT model, the number of layer within a modulation period 
was 5, the minimum modulation amplitude was 12.5 nm and maximum modulation 
amplitude was 62.5 nm, same as in the reference (Tempea et al. 1998). The total layer 
number of each mirror in a pair for both models was 80.  
After optimization, from Fig. 6 and 7, we can see that both of the CM pairs meet the target at 
800 nm with the residual GDD ripples <15 fs2 and the reasonable high reflectivity. 
Meanwhile, we find that the time consuming on optimization for pair 1 is little longer than 
pair 2, the GDD curve is closer to what we required and the GD is matched better in the 
spectral range. Particularly, the reflectivity is relatively higher. 
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Fig. 6. GD for different design DC mirrors (pair1) and MLT CMs (pair2) 

It is noticed that, from Fig. 8 we can see that the reflectivity of pair 1 is above 99.4% in most 
of spectral range except the 1170~1200 nm. However, reflectivity of pair 2 is unexpectedly 
low (< 99%) in the range of 810~910 nm. If these CM pairs are going to be used inside laser 
cavity, the loss of mirrors is one of the most important factors we should consider. In this 
regard, pair 1 is better than pair 2.  
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Fig. 7. GDD for different design DC mirrors (pair1) and MLT CMs (pair2) 
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Fig. 8. Reflectivity for different design DC mirrors (pair1) and MLT CMs (pair2) 

The above simulation is just one example to design the CM pairs. We can see each initial 
design has its own advantages and disadvantages; thus, the choice mainly depends on the 
specific necessities.    
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4.2 Optimization of chirped mirrors 
4.2.1 Optimization targets 
It is noticed that in some cases, the two CMs can be better paired with each other with GD as 
the target than with GDD as the targets (Pervak et al. 2007). For complementary pair 
mirrors, the merit function is modified as below when we take GD as the target: 
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where the subscripts j = 1, 2 represents each individual mirror. Rt (i) and GDt(i)  are the 
desired values at the wavelength iλ . Rj(i) and GDj(i) are the calculated instantaneous values. 
ΔR and ΔGD are the corresponding tolerances and n is the number of wavelength points. 
The weighting parameters α, β and χ, have to be adjusted according to the error in the 
process to handle the optimization. 
We should also notice that CMs are finally characterized by the GDD. Therefore, in the final 
optimization step, GDD can be used to be the target. The merit function thus takes the 
following form in this case:  
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where the variables are the same as in Eq. (1), except GDD in the place of GD.  
Considering these two aspects, we find that the optimization process can be divided into 
three steps. In the first and second optimization, the GD and GDD are set to be the 
optimization target respectively, as described in Eq. (1) and Eq. (2), where the derivative of 
the phase is calculated by the Birge and Kaertner method (Birge et al. 2006), since this 
method reduces the calculation time. During the third optimization, the exact differential 
process is applied for fine adjustment for the target of GDD. 

4.2.2 Optimization methods 
As we said before, to minimize the ripples in GDD curves of broadband chirped mirrors, 
especially ones operate over the wavelength ranges up to an octave spanning or more, 
people developed complementary CM pairs. However, in the octave-spanning lasers, 
particularly in the high repetition rate (~1 GHz) ring cavity lasers (Fortier et al. 2006; 
Nogueira et al. 2006), there are three CMs and one output coupler. Two of the CMs are 
usually paired, but the other one has no mirror to pair with. Therefore, the total dispersion 
is usually heavily oscillated, and the compensation is incomplete in such a laser (Fortier et 
al. 2006; Nogueira et al. 2006). The same difficulty also happens to the linear cavity, where 
the end mirrors offer one bounce reflection while other CMs experience twice which can be 
designed in pair. Silver mirror has been used as the end mirror to avoid this problem (Matos 
et al. 2004). However, the high reflection loss and the weak durability of the silver mirror 
make the laser inefficient and short-lived. Though octave spanning spectrum has been 
obtained by some groups with such a cavity, it requires quite a critical alignment. Therefore, 
more precise overall intracavity dispersion compensation scheme has to be developed. 
In 2008, a new cavity for octave-spanning laser is proposed by the MIT group (Crespo et al. 
2008), where two pairs of chirped mirrors (four chirped mirrors) were designed and 
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where the variables are the same as in Eq. (1), except GDD in the place of GD.  
Considering these two aspects, we find that the optimization process can be divided into 
three steps. In the first and second optimization, the GD and GDD are set to be the 
optimization target respectively, as described in Eq. (1) and Eq. (2), where the derivative of 
the phase is calculated by the Birge and Kaertner method (Birge et al. 2006), since this 
method reduces the calculation time. During the third optimization, the exact differential 
process is applied for fine adjustment for the target of GDD. 

4.2.2 Optimization methods 
As we said before, to minimize the ripples in GDD curves of broadband chirped mirrors, 
especially ones operate over the wavelength ranges up to an octave spanning or more, 
people developed complementary CM pairs. However, in the octave-spanning lasers, 
particularly in the high repetition rate (~1 GHz) ring cavity lasers (Fortier et al. 2006; 
Nogueira et al. 2006), there are three CMs and one output coupler. Two of the CMs are 
usually paired, but the other one has no mirror to pair with. Therefore, the total dispersion 
is usually heavily oscillated, and the compensation is incomplete in such a laser (Fortier et 
al. 2006; Nogueira et al. 2006). The same difficulty also happens to the linear cavity, where 
the end mirrors offer one bounce reflection while other CMs experience twice which can be 
designed in pair. Silver mirror has been used as the end mirror to avoid this problem (Matos 
et al. 2004). However, the high reflection loss and the weak durability of the silver mirror 
make the laser inefficient and short-lived. Though octave spanning spectrum has been 
obtained by some groups with such a cavity, it requires quite a critical alignment. Therefore, 
more precise overall intracavity dispersion compensation scheme has to be developed. 
In 2008, a new cavity for octave-spanning laser is proposed by the MIT group (Crespo et al. 
2008), where two pairs of chirped mirrors (four chirped mirrors) were designed and 
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combined to obtain quite a low ripple of the intracavity GDD. The output coupler, however, 
was performed by the coating on a fused-silica wedge. Sub-two-cycle pulses were obtained. 
In 2009, another method for precise intracavity dispersion compensation: the integrative 
optimization of all cavity mirrors, provided that the output coupler has a flat GDD (Chen et 
al. 2009) is proposed by us. Both GDD and TOD were considered. This technique allows 
minimizing the ripples of the whole GDD for ultra-broadband femtosecond lasers. 
Take an example as in four-mirror Ti:Sapphire ring cavity for this intracavity optimization 
to obtain the octave spanning. The four-mirror ring cavity for optimization is shown in Fig. 
9. In an octave-spanning Ti:Sapphire laser, one or two mirrors have to have a low reflectivity 
at 532 nm for the pumping beam to go through while to maintain a high reflectivity from 
600 nm to 1200 nm. This constrict makes the oscillation of the GDD larger than the other 
mirrors. Therefore, we first designed this pump mirror, and then matched the dispersion of 
this mirror with the other two mirrors. After that, we optimized these three mirrors together 
with all requirements (reflection and GDD). In Fig. 9, M1 and M2 are concave mirrors. M1 is 
the pump mirror. M3 may be a convex mirror (Fortier et al. 2006; Nogueira et al. 2006). The 
optimization procedure for two mirrors was similar to that in reference (Crespo et al. 2008), 
but with more steps as described below. 
 

 
Fig. 9.  Schematic of four-mirror ring cavity. M1, M2 and M3 are chirped mirrors for 
integrative dispersion optimization; OC is the output coupler. 

The reflectivity of the pump mirror M1 was designed to be less than 20% in the wavelength 
range of 500-540 nm, particularly less than 5% at 532 nm. The reflectivity of the other two 
mirrors was set without the restriction on the transmission at 532 nm. The reflectivity of all 
the mirrors was maintained to be more than 99.8% in the desired spectral range of 600-1200 
nm. The target GDD and TOD of each CM were set to be -50 fs2 and -35 fs3 at the central 
wavelength of 800 nm so as to compensate the dispersion employed by the 2.3 mm 
Ti:Sapphire crystal (The GDD employed by the output coupler is assumed to be zero). For 
all other wavelengths the GD and GDD were calculated respectively, as for the optimization 
target of 351 points in the wavelength range of 500-1200 nm. The initial design of all mirrors 
was adapted from the double chirped mirror.  The optimization process was adapted as we 
said in 4.2.1, which was divided into 3 stages and merit functions were modified as below: 
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The final optimization results for all CMs are shown in Fig. 10 and Fig. 11. Figure 10 shows 
that the reflectivity of M1 has a high transmission at 532 nm, and all three mirrors have the 
reflectivity more than 99% for the wavelength range of 600-1200 nm. It also shows that the 
combined GD of the three mirrors agrees well with the desired GD curve. This in turn 
results in a best fit with the GDD curve (Fig. 11). The GDD ripples of the combined three 
mirrors are less than 25 fs2 for most wavelengths from 600 to 1200 nm. This is in comparison 
with the unbalanced mirror dispersion in reference (Fortier et al. 2006), where ripples of net 
GDD were as high as more than 100 fs2. 
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Fig. 10. (a) Reflectivity of each CM. (b) Individual and combined average GD 
(GD1+GD2+GD3)/3 ) of three CMs. 

Although the combined GDD is smooth and flat, the large ripple of GDD in each individual 
mirror is still a concern that may destroy the pulse evolution. To testify the pulse profile 
changes on those mirrors, we introduce a pulse on the three mirrors in sequence and look at 
the pulse evolution. The pulse is assumed to be secant hyperbolic and chirp-free with 
spectrum of 696–904 nm, corresponding to a transform-limited pulse of 8 fs (FWHM). For 
each CM, a constant GDD is added so that the GDD at 800 nm is based to be 0 fs2. In this 
way, the effect of the GDD ripples on the pulse could be clearly seen. When this pulse goes 
to those three mirrors in the order of M1, M2, and M3, the pulse duration becomes 8.21 fs, 
8.80 fs, 9.31 fs and the corresponding energy in the main pulse is 97.14%, 92.89%, and 92.24% 
of the initial value respectively (Fig.12). When three mirrors are combined together, the  
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The final optimization results for all CMs are shown in Fig. 10 and Fig. 11. Figure 10 shows 
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mirrors are less than 25 fs2 for most wavelengths from 600 to 1200 nm. This is in comparison 
with the unbalanced mirror dispersion in reference (Fortier et al. 2006), where ripples of net 
GDD were as high as more than 100 fs2. 
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(GD1+GD2+GD3)/3 ) of three CMs. 
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spectrum of 696–904 nm, corresponding to a transform-limited pulse of 8 fs (FWHM). For 
each CM, a constant GDD is added so that the GDD at 800 nm is based to be 0 fs2. In this 
way, the effect of the GDD ripples on the pulse could be clearly seen. When this pulse goes 
to those three mirrors in the order of M1, M2, and M3, the pulse duration becomes 8.21 fs, 
8.80 fs, 9.31 fs and the corresponding energy in the main pulse is 97.14%, 92.89%, and 92.24% 
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Fig. 11. (a) Combined and averaged GDD ( (GDD1+GDD2+GDD3)/3 ) of three CMs. The 
solid curve is the designed GDD. (b) Individual and averaged GDD of three mirrors in a 
larger scale. 
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Fig. 12. Temporal analysis of the reflection of an incident secant hyperbolic-shaped free-
chirp 8-fs pulse (a) from the CMs. The curve (b), (c), (d) correspond to the envelope of the 
pulse reflected from M1, M2, M3 orderly after one bounce, (e) reflected from the three CMs 
after two bounces. The temporal shift of the curves is artificial. Notice that a constant GDD 
is added to each CM to base the GDD at 800 nm to be 0 fs2, so that the effect of the GDD 
ripples on the pulse could be clearly seen. 

pulse width becomes 9.31 fs after one bounce and 10.53 fs after two bounces. The energy in 
the main pulse is 85.86% of the initial value after two bounces. It is noticed that slight 
satellite pulses appear after two bounces but the pulse still maintains its shape (Fig. 12), 
indicating that the residual GDD ripples of these three CMs do not destroy the pulse. 
In a laser cavity, the pulse is circulating and the accumulated GDD ripples may destroy the 
pulse formation. However, the amplitude modulation caused by Kerr lens mode locking 
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plays also an important role in pulse shaping. We simulated the pulse evolution in the Ti: 
Sapphire laser cavity with the master equation (Haus et al. 1992). The Kerr lens mode 
locking was modeled as a saturable absorber described by  

2
0( ) / (1 / )Aq a q a P= +  (Kärtner et al. 2005), 

where a is the electrical field, q0 the modulation depth, and PA the saturation fluence of the 
absorber. By solving the master equation, we obtained a stable solution for the pulse profile. 
The intracavity pulse spectrum expands from 600 nm to 1200 nm at about 20 dB, shown in 
Fig. 13. The simulation demonstrated that the ultrashort pulses in the Ti:Sapphire laser 
would ultimately build up in such a cavity without pulse splitting or collapse and the 
intracavity GDD would be compensated well with these three CMs. 
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Fig. 13. The shaping of a pulse iteratively propagated in the ring cavity of Ti:Sapphire laser 
in frequency domain. 

The inconvenience of this scheme in practice is that one additional mirror has to be coated 
separately, in addition to the chirped mirror pair. This will increase the manufacturing cost 
as well as the risk of phase errors resulted from imperfect coating. Nevertheless, the new 
scheme should be able to significantly reduce uncontrolled ripples and hopefully to achieve 
octave-spanning spectrum easier than using unbalanced mirrors. 
In summary, we noticed from the simulation that this multi-mirror simultaneous 
optimization technique can reduce the total cavity dispersion ripples in a ring cavity. This 
technique allows minimizing the ripples of the whole GDD for ultra-broadband 
femtosecond lasers. This technique is able to easily extend to the design of chirped mirrors 
in linear cavities, where the number of bounces is difficult to match for paired mirrors. 
Another logical extension of this technique is the design of multi-chirped-mirror set for over 
one octave-spanning spectrum for extra-cavity dispersion compensation.  

5. Mapping dispersion for compensation  
In order to show how the dispersion is compensated in a laser system, or in any other 
extracavity dispersion compensation scheme, Nakanuma et al introduced a so-called 
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5. Mapping dispersion for compensation  
In order to show how the dispersion is compensated in a laser system, or in any other 
extracavity dispersion compensation scheme, Nakanuma et al introduced a so-called 
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dispersion “map” where the second order and the third order dispersion are expressed in a 
orthogonal coordinates (Nakanuma et al. 1991). The second order dispersion is the 
horizontal while the third order dispersion is in the vertical coordinate respectively. This 
map is very useful in selecting dispersion compensation schemes.  
Let us take an example. In a Ti:Sapphire laser, if we only consider the dispersion introduced 
by the sapphire crystal, its second and third order dispersion are fs2 and fs3 respectively. In 
the map, the dispersion can be expressed in a vector with the horizontal and vertical 
coordinates of (Nakanuma et al. 1991). The purpose of using this map is to basically bring 
the vector back to zero, by introducing prism pairs. The prism pair dispersion depends on 
the prism separation and insertion, which are not independent. However, by the geometry 
introduced in section 3, for the crystal length of 20 mm, the dispersions could be     

2 26.7 471.6D l d= − +  

3 63.2 320.9D l d= − +  

that is, in the map, the prism pair dispersion can be expressed by two vectors: one represent 
the prism separation dependent and the other is the prism insertion dependent. One can 
chose the prism separation and the prism insertion to make the total dispersion zero. As 
indicated in reference (Zhang et al. 1997), this can be made by solving equations 

2 2 2 0l d gD l D d D+ + =  

3 3 3 0l d gD l D d D+ + =  

To obtain finite and positive solutions of l and d, D2t , D3t , D2d and D3d  should satisfy either 
condition 1: 

l gR R>   and d lR R>  

or condition 2: 

l gR R<   and d lR R<  

where 3 2/l l lR D D=  and 3 2/d d dR D D=   
In Ti:sapphire crystal, at the wavelength of 800 nm, the slope of the crystal is 0.7 fs; if we 
chose SF10 glass prism pair (A1-B1-C1), the slope Rl and Rd are 1.71 fs and 0.69 fs and 
respectively. They cannot satisfy either condition, therefore the vector is open. One can 
choose prism material with Rl and Rd as small as possible, such as fused silica (A1-B2-C2). 
However, because the unit dispersion is smaller too, the required prism separation would be 
enormously long that is not acceptable in a laser cavity. The only choice is to shorten the 
crystal length so that the residual third order dispersion is minimized (A2-B3-C3) for the 
shortest pulse generation. 
However, as the laser operation wavelength changes, the corresponding material dispersion 
changes, as well as the dispersion slope does. In this case, the map can help choosing the 
prism materials, if a prism pair is preferred. For example, a Cr:forsterite laser, which the 
operation wavelength is 1300 nm, the slope of the dispersion is 3.8 fs, much higher than at  
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Fig. 14. Dispersion mapping for Ti:Sapphire crystal 

800nm. Figure x shows a typical map for forsterite at 1290 nm. The gain material dispersion 
D2g and D3g are drawn as a vector OA, which shows a significantly steep slope in the map. 
By investigation, most of the prism materials available do not fulfill condition 1: Rl > Rg, but 
fit to Rl < Rg. Therefore, we have to search for the materials which satisfy the second part of 
condition 2: Rd < Rl. Some of the materials do satisfy condition 2 such as SFS01, SF58, and 
SF59. In the map, the dispersion of a SFS01 prism pair is drawn as another vector AB and BC 
which bring the gain dispersion vector back to origin so that the net D2 and D3 are 
simultaneously zero, to complete a triangle loop. The prism separation l and the insertion d 
can be derived from section 3. The dispersion vector of the SF14 prism pair is also plotted in 
dashed lines in Fig. 15 as a comparison. Apparently it is not possible to complete the triangle 
using the SF14 prism pair at this wavelength and a net positive TOD will remain in the 
cavity. The vectors for SF6 prisms (not plotted) will also end up with a net positive TOD 
because of Rd ≈ Rl. Checking the wavelength dependence of the dispersion material, we 
found that SF14 at a wavelength shorter than 1230 nm satisfies the condition 2: Rd < Rl. 
Therefore, it is reasonable to choose SF14 prisms as the dispersion compensator for the laser 
operated at a shorter wavelength than 1230 nm. If either condition 1 or condition 2 can be 
satisfied, there should be no severe restriction on the gain crystal length. This is particularly 
good for Cr:forsterite because its low thermal conductivity does not allow to use a thin 
crystal with high doping density. It is reasonable to use a relatively long crystal to ease the 
thermal problem (Ivanov et al 1995). This is in contrast to the case of Ti:sapphire lasers 
where neither of the conditions can be fulfilled by available prism materials so that thin 
crystal is the only choice. 
In the wavelength of 1550 nm, the dispersion slope of the Cr:YAG crystal increases to >11 fs. 
There are no more glass materials making the prism pair have such a high slope. One can 
draw the map as in Fig. 15 and will find that any glass material will leave a positive and 
high TOD. Rather, simply a piece of fused silica itself would do the compensation of second 
order only (Ishida & Naganuma, 1994), because its bulk material has a negative second 
order and positive third order, while the fused silica prism pair does not offer a negative 
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third order by increasing the prism separation. Therefore, either prism pair or bulk material 
will ultimately make the third order positive.  
It should be noted that, in an inhomogeneously broadened laser medium, such as Nd:glass, 
this map does not work well, because it requires much more dispersion to make it mode 
locked (Lu et al. 2001). 
 

 
 
Fig. 15. Intracavity dispersion mapping for Cr:forsterite crystals   

The similar method can be applied into the chirped pulse amplifier (CPA). In a grating 
stretcher (O-A1) compressor (A2-A3) system with identical incident angle and slant distance,  
 
 
 

 
 
Fig. 16. Dispersion mapping for a CPA system 
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the material dispersion (A1-A2) plays a key role in breaking the balance (i.e., bring the 
dispersion to the origin) of dispersion introduced by grating pairs. The necessity of 
compensating the third order dispersion (A2-O) can be very obvious in the map. 

6. Conclusions  
We have reviewed three important dispersion compensation devices including grating pair, 
prism pair and chirped mirrors. We also summarized the detailed calculation formulism for 
readers’ convenience. The emphasis was given to the novel design of chirped mirrors. 
Finally, a dispersion map was introduced for conveniently mapping intracavity and 
extracavity dispersions of a femtosecond laser or an amplification system. 
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1. Introduction 
The idea to prepare photonic crystal fibres (PCF) as their name show, goes back to the birth 
of photonic crystals. The ability to tailor structures on the micro and nano scale range, in the 
late 1980s, provided the opportunity to investigate the relation between the structure of 
matter and light. Three dimensional photonic crystal structures are periodic, dielectric 
structures in which light may behave similar way as electron waves in a crystal lattice: 
under suitable circumstances, the periodic potential presented by the crystal may open up a 
frequency band in which the propagation of electron waves with certain energies are 
prohibited. This frequency band in the case of photonic crystals is generally called photonic 
bandgap (PBG) as a nomenclature borrowed from solid state physics. Within this 
framework, the photonic crystal emerged and became an extensively studied scientific area 
since 1987 (Yablonovitch, 1987; John, 1987). 
To introduce two dimensional photonic crystal waveguides into the practice which implies a 
waveguide being uniform along the propagation direction holding a two dimensional 
periodic photonic crystal lattice around the core as shown in Fig. 1, was justified by the 
novel optical properties of these waveguides compared to traditional optical fibres. One 
may distinguish two type of photonic crystal PCFs. One type is index guiding PCF (Knight 
et al., 1996) which means that the core refractive index is larger than the average index of the 
cladding therefore the propagation occurs due to the total internal reflection on the core-
cladding interface and only the fibre structure recalls the structure of photonic crystals. The 
other type of PCFs is bandgap guiding fibres (Knight, Broeng, Birks & Russell, 1998; Cregan 
et al., 1999) where the fibre core has lower refractive index than the average index of the 
surrounding cladding region and the propagation occurs due to the bandgap guidance and 
not due to the total internal reflection which would not be possible in such a structural 
arrangement. Both type of PCFs hold very interesting new properties for manipulating and 
controlling the propagating light or light pulses. 
Index guiding photonic crystal fibres with small-core sizes can have a large waveguide 
contribution to the material dispersion, therefore anomalous dispersion can be achieved 
well below the 1.27 μm region where material dispersion alone is negative (Mogilevtsev et 
al., 1998). This allows the dispersion management of the fibres even in the visible 
wavelength range with a suitable cladding design by changing the hole size and hole-to- 
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Fig. 1. General scheme of a piece of photonic crystal fibre. Crystal lattice with three periods 
is illustrated with the missing center most node forming the core. Crystal nodes may consist 
of holes or low index materials for index guiding fibres and high index glass or liquids for 
bandgap fibres. 

hole spacing (Ferrando et al., 2000; Saitoh et al., 2003). These types of fibres opened up new 
areas in nonlinear optics such as ultra-broad supercontinuum generation in silica 
microstructured fibres even in the visible range (Ranka et al., 2000). The process of 
continuum and super-continuum generation had been known for many years but initial 
experiments used very high power lasers with large pulse energies (above micro-Joule) and 
ultra short pulses (< 1 ps), focused into glass, sapphire or even water. The breakthrough 
provided by photonic crystal fibre in 2000 was the design of the fibre that allowed the use of 
much lower pulse energies (~1-2 nJ) to produce the continuum effect and the zero 
dispersion wavelength of the fibre could be close to the pump wavelength of Ti:Sapphire. 
The continuum is also particularly broad, often spanning over two optical octaves. These 
novel light sources are cheap and effective sources for spectroscopy, frequency metrology 
and optical coherent tomography. 
Dispersion tailored PCFs also made possible to use these fibres in Ytterbium fibre laser 
oscillators as a dispersion compensating element because other type of silica glass fibres 
have normal dispersion at around 1 micron. The obtain pulse widths was approximately 100 
fs this way with pulse energy of 1 nJ in an all-fibre arrangement (Lim et al., 2002). 
Ultrashort pulse generation via nonlinear compression is also reconsidered at low pulse 
energies (< 1 nJ) around 800 nm (Várallyay et al., 2007) where the 10 fs region in pulse 
duration was achieved experimentally by the utilization of dispersion tailored PCF having a 
zero dispersion wavelength at 860 nm and effective area of 5 μm2. Theory showed that 
under optimal conditions the sub-6 fs region can be reached with the same pulse energies 
and fibre. 
Index guiding photonic crystal fibres with sub-micron core diameter was also prepared. 
These waveguides are usually called nano-wires (Tong et al., 2003). These fibres can provide 
suitable conditions for ultra broadband soliton-effect compression of femtosecond pulses. In 
an experiment, 6.8 fs, few-cycle duration was demonstrated starting from 70 fs pulses 
around 800 nm (Foster et al., 2005) and simulations predicted that self-compression down to 
single-cycle duration is possible. This compression technique using photonic nanowires 
provides a simple method for the self-compression of sub-nJ pulses to few-cycle durations 
without any additional optical elements. 
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Further useful property of index guiding PCFs that the core size can be scaled well above the 
core size of single mode step-index fibres without loosing the single-mode operation. Large-
mode area photonic crystal fibres yields the possibility of carrying only the fundamental mode 
in a large mode area decreasing this way the nonlinearity in these fibres for high energy pulse 
transmission (Knight et al., 1998; Birks et al., 1997; Mortensen et al., 2003). Using ytterbium 
doped, large mode area PCF higher than 1000 μm2 effective core area was reported without 
losing the single mode operation in a fibre amplifier (Limpert et al., 2004). Exceeding the 2000 
μm2 effective core area in a chirped pulse amplifier system was also demonstrated still having 
the diffraction limited output (Limpert et al., 2006). Doped microstructured fibres are excellent 
candidates for solely fundamental mode amplification due to the escaping higher order modes 
between the holes running along the fibre cladding. Bending loss however can be significant 
and the fibre has to be kept straight. The dispersion of these fibres can not be tailored using 
structural modifications in the cladding since the waveguide contribution becomes negligible 
at large core sizes, therefore the dominant dispersion is material dispersion. 
Bandgap guiding fibres with a hollow core was first demonstrated in 1998 (Knight et al., 
1998). Photonic bandgap fibres enable light guidance in a low refractive index material such 
as air, vacuum or gas that way that the surrounding cladding is made of a higher index 
dielectric material such as silica glass. Significantly high percentage of the light energy is 
guided in the hollow core in the bandgap if surface modes or leaking modes do not affect 
the propagation. This may offer a significantly reduced nonlinearity with respect to silica 
core fibres (Lægsgaard et al., 2003; Ouzonov et al., 2003). 
Lower loss than in conventional solid core fibres are theoreticaly also achievable (Roberts et 
al., 2005) as well as light transmission at wavelengths where the material absorption would 
otherwise be prohibitive (Stephens et al., 2004; Shephard et al., 2005). These properties are 
uniq features of these waveguides which would not be available without the existance of 
photonic bandgap effect. 
The low nonlinearity and low loss is advantageous for high intensity pulse transmission 
which is an intended property in laser physics for delivering high power, focused laser 
beams through fibres. A suitable dispersion profile is however indispensable for ultrashort 
pulse applications where pulse broadening and pulse distortions may occur very quickly 
due to improper dispersion management. Photonic bandgap fibres have a typical third 
order function-like dispersion function (Müller et al., 2002; Jasapara et al., 2003) which 
increases continuously from the normal dispersion region to the anomalous one with an 
inflection point in the middle of the bandgap. In order to see this property of bandgap fibres 
we calculated the dispersion function in a few types of fibres plotted in Fig. 2. This behavior 
is independent of the constituting materials but it is a basic feature of the bandgap guidance 
(Bouwmans et al., 2003). The dispersion function of bandgap fibres usually show an 
anomalous dispersion around the center of the bandgap and it crosses zero close to the short 
wavelength edge of the bandgap. The monotonically increasing function from the short to 
long wavelengths shows a significant positive dispersion slope anywhere in the bandgap 
which limits the compression ratio (Ouzounov et al., 2005) or the quality of the 
compressible, ultra short pulse (Lægsgaard & Roberts, 2008). 
The shape of the dispersion function of photonic bandgap fibres is however affected by the 
waveguide contribution at small core sizes and by resonances at even large core sizes 
(Jasapara, Bise, Her & Nicholson, 2003; Jasapara, Her, Bise, Windeler & DiGiovanni, 2003). 
Harmful effects such as mode anti-crossing (Saitoh et al., 2004; Humbert et al., 2004), surface 
and leaking modes (Várallyay et al., 2008) may also affect the dispersion function of PCFs. 
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Fig. 2. Structure and dispersion function of different photonic bandgap fibres calculated with 
the finite element method. S refers to the dispersion slope which is clearly positive in all cases. 
(a) Solid core Bragg fibre with silica (low index regions) and doped silica (high index, white 
regions). The optimized structure is detailed in Sec. 3.1, (b) obtained dispersion and 
confinement loss curves with an extra broad bandgap of the annular structure having a full 
(C∞) symmetry, (c) silica microstructured fibre where the holes are filled with a high-index 
liquid. The structure is same as measured in (Jasapara, Bise, Her & Nicholson, 2003): pitch Λ= 
5.5 μm, hole diameter d = 2.2 μm and the refractive index of the liquid was nH = 1.59, (d) 
obtained dispersion and loss functions for the high index liquid filled PC fibre with a close 
agreement to the measurements, (e) Structure of a hollow-core fibre with honey-comb 
cladding and high air-filling fraction. This fibre is used in later calculations and the structure is 
described in Sec. 4 and (f) the obtained dispersion and loss profiles of the hollow-core fibre. 
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Namely, an ideal fibre compressor or dispersion compensation unit should posses the 
following properties to fulfil the requirements in high power, ultra-short pulse compression 
which is applicable in fibre lasers (Nielsen et al., 2006; Ruehl et al., 2007) as well as in fibre 
amplifier technology (de Matos et al., 2003): 
• low loss 
• low nonlinearity (air-guidence or large core size) 
• anomalous dispersion (where dispersion is normal otherwise) 
• negative or flat dispersion slope in a broad wavelength range. 
The last item is believed that it can be realized by structural modifications in photonic 
bandgap fibres such as introducing resonant layers (Várallyay et al., 2009) which resembles 
to that of Gires-Tournois interferometers (theory is explained in Sec. 2). 
The modification of the dispersion function of bandgap guiding PCFs due to the above 
mentioned advantageous properties are in high interest. Introducing geometrical defects 
and resonances in the perfectly periodic structure of a PBG cladding results in a modified 
groupdelay dispersion and even negative dispersion slope was investigated first in hollow-
core OmniGuide fibres (Engeness et al., 2003). Dispersion modification in all-glass PBG 
fibres was also initiated by the introduction of defect rods in the cladding region (Fang et al., 
2007) which theoretically results in resonance behavior. This modification shifted and 
changed the magnitude of the dispersion function but it preserved the canonical form of the 
dispersion profile. It was also shown that dispersion modification did work for hollow-core 
PBG fibres by changing the first period of the fibre suppressing this way the anti-crossing 
events within the bandgap (Roberts, 2007). The resulted dispersion function is a nearly flat 
function over a wide wavelength range with very small positive dispersion slope. Negative 
dispersion slope for hollow-core fibres is also predicted by resonant layers changing the hole 
size and the shape of the holes in the first and second periods of a hollow-core fibre 
(Lægsgaard et al., 2007). We showed however that detune the parameters of the first period 
compared to other periodes of a hollow-core, all-silica Bragg fibre may result in a reversed 
dispersion slope (S < 0 instead of S > 0) which can be theoretically considered as an 
equivalent of a thin-film Gires-Tournois interferometer (Várallyay et al., 2008b; Várallyay et 
al., 2008). The same was shown for solid core PBG fibres where the freedom of introducing 
resonant layers is completed by the ability of changing the refractive index of a particular 
layer (Várallyay et al., 2008a). 
In this chapter we present a complete analysis on the possibilities of modifying the 
dispersion of PBG fibres including solid-core and hollow-core photonic crystal fibres by 
applying two dimensional, resonant Gires-Tournois interferometers around the fiber core. 

2. Theory 
We aim to apply resonant structures in PBG fibre claddings resembling to that of Gires- 
Tournois interferometers (GTI) in solid-core and hollow-core fibres taking the analogy from 
one dimensional PBG structures. GTIs have an arrangement similar to Fabry-Pérot 
interferometers. Whereas Fabry-Pérot cavity is enclosed by two high-reflecting mirrors, GTI 
consists of both a high and a low reflector which results in a highly frequency dependent 
phase shift on the light field falling on the low-reflectivity surface (Kuhl & Heppner, 1986). 
In order to provide a qualitative description of resonances we start with one dimensional 
photonic bandgap structures which can be associated by dielectric mirrors. The assembly of 
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alternating high and low index thin films can be characterised by the characteristic matrix of 
the arrangment having N layers and neglecting the absorbance the following expression can 
be given (Macleod, 2001) 

 
(1) 

where 

 (2) 

with k = 2π/λ the free-space wavenumber, nq and dq are the refractive index and physical 
thickness of the qth layer, respectively and ηq is the addmittance of the same layer at oblique 
incidence for the p and s-polarization components can be written as 

 
(3) 

where  is the admittance of the free space. In Eq. (1), ηm is the admittance of the 
substrate or emergent medium. The amplitude reflection coefficient can be calculated from 
the characteristic matrix as follows 

 
(4) 

where A = C/B can be obtained from Eq. (1). The phase shift on the reflecting wave is now 
given as a quotient of the imaginary and real part of Eq. (4) 

 
(5) 

where ℑ and ℜ stand for the imaginary and real parts, respectively. 
Resonant layers can be introduced in the cladding of a particular bandgap fibre by the 
modification of one or necessarily more layers. 

2.1 One resonant layer 
Gires-Tournois (GT) interferometer can be considered as a thin film layer in a simple case 
with 100% reflection at one side where the high reflectance is ensured by the fibre cladding 
in a PCF and low reflection at the other side: core and thin-film interface as shown in Fig. 3. 
The amplitude reflection of this layer is given by Eq. (4) where η0 is the admittance of the 
incident medium (core) and A is the admittance of the GT layer which can be obtained from 
the characteristic matrix (Eq. (1)) yielding 

 
(6) 
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where ηm is the admittance of the subsequent layers (the cladding) and δ is the phase factor 
of the positive going wave and now it is given by δ = kn1dGT cos(θ1) using the notation of Fig. 
3. Here, dGT is the GT layer thickness, n1 is the refractive index of the resonant layer and θ1 is 
the angle of refraction. 
 

 
Fig. 3. Schematic illustration of a GT interferometer between core and cladding in a PBG 
fibre. 

ηm can be assumed to be zero in Eq. (6) because the reflectance is 100% = (η1 −ηm)/(η1 +ηm) at 
this side of the TF which is a good approximation at the close center of the bandgap. 
Writing back Eq. (6) into Eq. (4) with the above mentioned simplification (ηm = 0) the 
amplitude refraction of a GT interferometer can be given by 

 
(7) 

The real and imaginary part of Eq. (7) is yielding the phase shift on the incident field as 
follows 

 
(8) 

The group-delay (GD) (dϕ/dω), the group-delay dispersion (GDD) (d2ϕ/dω2) and higher 
order dispersions can be easily derived from Eq. (8). Here, we only give the calculated GD 
function derived using Eqs. (2) and (8) 

 
(9) 

where dδ/dω = n1dGT cos(θ1)/c. 
The calculation with oblique incidence is essential in the approximation of fiber behavior 
due to the high propagation angle of light in fibres which prerequisite can be obtained from 
the corresponding eigenvalue of the investigated mode: 

 (10)

where neff is the effective refractive index and n0 is associated with the core index. 
For the Bragg fibre investigated in Sec. 3.1, the propagation angle obtained from the 
Helmholtz eigenvalue equation is approximately 87° for the fundamental mode. The 
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refractive index of GTI is chosen to be n1 =1.46 which is 0.01 higher than that of the core 
index which is n0 = 1.45 at around 1.03 μm. We plot the GD and GDD functions of the GTI 
based on Eq. (5) in Fig. 4 applying thicknesses that show the nonlinear phase shift and 
resonance behavior at around 1 μm. We found that the thickness of the GTI must be dGT = 
1.34 μm (zeroth-order resonance) or 4.02 μm (first-order resonance). The mediate thicknesses 
shift the position of the resonance peak as it is indicated by the black solid line in Fig. 4. The 
reversed dispersion region of the GDD function is broader for the lower-order resonance 
and sharper for the higher-order one. 
 

 
Fig. 4. Zeroth- and first-order resonances on the group-delay and group-delay dispersion 
curves of Gires-Tournois interferometer for oblique incidence with dGT =4.02 μm and 1.34 μm 
thicknesses, n0 = 1.45, n1 = 1.46 and θ0 = 87°. Calculated from the derived Eq. (5). Black solid 
line is a shifted resonance with dGT = 1.6 μm. 

2.2 Two resonant layers 
There are fibre structures where the introduction of an annular layer around the core having 
a refractive index close to the core index is not accessible. All-silica hollow core PBG fibres 
are typical examples where slightly higher index dielectric material than the air is not 
available, therefore the resonant structure must be set up by changing the thickness of the 
high index glass and low index air-spacer layers in the same time. Namely the first periode 
around the fibre core has to be readjusted. This modification as it is shown below must 
result in the same physical effect as above. A schema of the thin-film model of this 
arrangement is shown in Fig. 5. 
Using the notation of Fig. 5 the characteristic matrix can be written for the two layers in the 
following form 

 
(11)

where δ1,2 = ω/cn1,2d1,2 cos(θ1,2) and η1,2 = n1,2Y/cos(θ1,2) for the p-polarization. 
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Fig. 5. Schematic of the high and low index layers (first periode) between core and further 
parts of the cladding having two adjustable thicknesses: d1 is the physical thickness of the 
glass layer and d2 is the thickness of the air-spacer layer. 

Performing the operations in Eq. (11) and taking into consideration that ηm = 0 same as 
previously, A = C/B is obtained as 

 
(12)

Writing back Eq. (12) to Eq. (4) and deriving Eq. (5), one can obtain the phase shift of the 
incident field upon one reflection given by 

 
(13)

where it was exploited that A has only imaginary part in this particular case. 
Assuming a simplified air-silica Bragg structure with annular silica and air layers around 
the holow core which is analyzed in Sec. 4.1 where we found that the quater-wave stack 
condition around one micron is fulfiled if the high (silica) and low (air) index layers have the 
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Fig. 6. (a) zeroth order and (b) first order Gires-Tournois resonances achived by adjusting 
the first and second high and low index layers assuming a perfectly reflecting underlying 
cladding (ηm = 0). The applied thicknesses are expressed in terms of the original quater-
wave stacks dH = 0.25 μm and dL = 3.9 μm. 

3. Solid core fibres 
Bragg fibres analyzed below are not photonic crystal fibres due to the annular arrangement 
of the alternating high and low index layers not forming a crystal lattice-like pattern . But 
light guidence is achieved by the bandgap effect similarly to those fibres where a 
microstructured arrangement ensures the bandgap guidence. Namely the average index of 
the cladding is higher than the core medium. It is also notable that the first proposition and 
theoretical analyses on these fibres (Yeh et al., 1978) were presented well before the 
appearence of photonic crystals and photonic crystal fibres. Bragg fibre can be imagened as 
a round bent dielectric mirror with properly adjusted high and low index layers for the large 
angles of incidence of light. In this case the core is an air core and the cladding is formed of 
the dielectric structure. It is also known however that the loss properties of Bragg fibres are 
the most advantageous if the core index is identical to the refractive index of the low index 
layer (Dianov et al., 2009). Therefore the analyses presented below are carried out for such 
Bragg fibres where the core is a solid, glass core having the same refractive index as the low 
index layer (same structure was presented in Fig. 2(a)). The introduced resonant layer 
appeares around the core followed by 8 period of alternating high and low index layers.  
We also investigate the properties of solid core photonic crystal fibres with a similar 
arrangement has shown in Fig. 2(c). 

3.1 Solid core Bragg fibre 
We realize the same GTI structure in a solid-core Bragg fibre than it is obtained from the 
analytical calculations in Sec. 2.1. The used structure has shown in Fig. 2(a) and the modified 
one in Fig. 7. We found that if we use realizable high and low index materials for cladding 
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Fig. 7. (a) Solid core Bragg fibre with a resonant first layer just around the core having a 
refractive index of nGT and thickness of dGT. The original structure is shown in Fig. 2(a), (b) 
parameters of the fibre: R: core radius, subscripts L and H indicate the low and high index 
properties, respectively, while GT stands for the resonant GT layer. (c), (d), (e) and (f) shows 
the obtained dispersion and confinement loss profiles of different GTIs realized around the 
core in the above Bragg PBG structure. (c) Dispersion functions with different thicknesses of 
GTI, (d) dispersion functions with GTI having different refractive indices. Dispersion slope 
(S) is clearly smaller than zero in a broad wavelength range. (e) confinement loss belongs to 
the case changing GTI thicknesses and (f) confinement loss with different GTI refractive 
indices. 
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with nL =1.45 and nH =1.5, than the optimum structure which shows a broad and regular 
bandgap with 10−6 dB/m confinement loss must have low index and high index layer 
thicknesses of 3.8 μm and 0.95 μm, respectively. 
Two parameters can be adjusted in connection with the reversed dispersion slope (RDS); the 
refractive index and the thickness of the GT layer. We set the refractive index of the GT layer 
to 1.46, and the thickness of it to 0.34dL which results in a 180 nm RDS region from 960 nm to 
1140 nm. Increasing the thickness of this resonant layer shifts the RDS region to longer 
wavelengths (Fig. 7(c)), while the increase in it’s refractive index causes stronger resonances 
and steeper dispersion function due to the decreasing refraction on the first surface (core-GT 
interface). Figure 7(d) however, shows a high sensitivity on the changes of the GTI index. 
0.1- 0.2% index difference may cause almost 100 nm shift and some changes in the steepness 
of the dispersion slope. This shows that small deviations from the ideal conditions at 
manufacturing process may result an essentially different dispersion profile. 
Nearly zero dispersion profile is also demonstrated in Fig. 7(d) for nGT = 1.458, where the 
dispersion fluctuation is 12 ps/(nm·km) over a 280 nm wavelength range. Similarly, for dGT 
= 0.5dL (Fig. 7(c)) the changes of the dispersion function is less than 4 ps/(nm· km) over an 
almost 200 nm wavelength range. The loss profiles show an acceptable loss (< 0.1 dB/m) for 
using these fibres in real applications. In Fig. 7(e) and Fig. 7(f), one can see that the 
wavelength range where dispersion tailoring is achieved falls on the increasing tail of the 
loss profile which indicates that the mode has continuously stronger resonant coupling with 
the GT layer, resulting in higher loss. In order to see the changes in the mode profile due to 
the resonance coupling we plotted the fundamental core mode at the short and long 
wavelength edge and in the middle of the RDS region in Fig. 8, corresponding to the GTI 
with dGT = 0.34dL and nGT = 1.46. 
The higher the light energy stored in the GTI the larger group-delay of the propagating 
pulse can be expected as it is already demonstrated at one-dimensional PBG structures 
(Szipőcs et al., 2000). This is the reason that the introduced resonant layer is able to reverse 
the dispersion function resulting in a wavelength dependent standing field in the GTI. The 
mode at the long wavelength edge of the reversed slope looks like more an LP02 than an LP01 

mode due to the resonant coupling of the fundamental mode with the resonant layer (Fig. 8). 
 

 
Fig. 8. Propagating fundamental mode profiles at 980 nm, 1060 nm and 1140 nm 
wavelengths. The embedded graph zooms to the close surrounding of GTI. Vertical black 
lines show the region where the refractive index nGTI = 1.46. Inset shows the 2D distribution 
of the propagating fundamental mode at 1060 nm. 
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3.2 All-glass photonic crystal fibre 
All-glass photonic bandgap fibres have pure silica glass core and the cladding consist of 
cylindrical high-index inclusions forming a crystal lattice. The high-index glass can be 
dopped silica glass applying germanium oxide. The significance of these fibres lies in the 
similar property to their index guiding analogons: single mode guidance of the light can be 
ensured in a broad wavelength range even if the core size is extremaly large (Egorova et al., 
2008) and the loss of these fibres are tolarable small for laser applications. 
A solid core PCF with photonic bandgap guidence can be an ideal choice to preserve the 
single modeness at large core sizes keeping low nonlinearity and for the possibility of 
introducing resonance layers to tailor the dispersion. These fibres are serving many 
opportunity to introduce the resonant layer in the cladding region, for example, changing 
the size of the high-index inclusions (d) changing the pitch (Λ), changing the refractive index 
of the high index glass (nH) and all the combinations of these changes are available. 
In our calculations, we consider an all-silica PCF with a triangular lattice having an index 
difference between silica and GeO2 doped silica as large as Δn =0.015. The pitch is Λ=7.4 μm 
and the hole size is selected to be d =2.47 μm which result in a mode field diameter of ~12 
μm around one micron. This structure provide a broad, fundamental bandgap around the 1 
μm wavelength range. 
The investigated resonant layer is basically that one relates to the theory of GTI with two 
layers (Sec. 2.2). Namely, the diameter of high index inlaying glass (d1) and the distance of 
the first and second periode of the high index regions (Λ2) are considered as variable 
parameters. Any other solution such as changing the refractive index of the high index 
circular inclusions along with varying the geometry is considered in later publications. 
Figure 9 shows the dispersion profile and loss profile of the fibre choosing d1 = 0.741 μm = 
0.3d and Λ2 = 3.11 μm. RDS is achieved between the 1390 nm and 1620 nm wavelengths with 
an exponentially increasing loss in this range. At the short wavelength edge of the RDS, the 
confinement loss is 6.8 · 10−3 dB/m, at 1550 nm 5 dB/m and at the long wavelength edge, it 
is almost 100 dB/m. This loss can be decreased by shifting the bandgap to longer  
 
 

 
                                    (a)                                                                       (b) 

Fig. 9. (a) Scheme of the structure having a modified first periode in the crystal lattice with 
smaller diameter of high index region d1 < d and modified pitch so that Λ1 > Λ2 but Λ1 + Λ2 = 
2Λ (b) Dispersion profile and the corresponding confinement loss curve. RDS is achieved 
around the telecommunication wavelengths. Inset shows the electric field norm at 1500 nm. 
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wavelengths by increasing the value of d and Λ and keeping the parameters of the resonant 
layer for the same value. 
The topic to achieve reversed dispersion profile through resonant structures in all-glass 
photonic crystal fibres is a hot topic in our recent investigations and more detailed analysis 
on these structures will be presented in later publications. 

4. Hollow core fibres 
In the followings, we intend to introduce resonant layers in hollow-core, air-silica fibres for 
the analogy described in the theory in Sec. 2.2. By adjusting the thickness of the first high 
index layer (core wall) and the following low index layer properly the wavelength 
dependent nonlinear phase shift on the propagating light may cause a dispersion slope with 
opposite sign of the conventional bandgap guidence (See Fig. 2(b), 2(d) and 2(f)). 
We investigate a simplified, hollow-core Bragg fibre by neglecting the silica struts between 
the glass annular layers in Sec. 4.1. This type of fibre is intended to combine the 
advantageous property of Bragg fibres with extra broad bandgaps and the light guidence in 
a low nonlinearity hollow core region (Vienne et al., 2004). 
Due to the significance of small details in PBG structures which are crucial in the design of 
reliable PBG waveguides, a more accurate model is presented with a honey-comb cladding 
structure in Sec. 4.2. These type of fibres can be leaking-mode free in a relatively wide 
wavelength range (Saitoh et al., 2007) therefore the modified dispersion properties can be 
demonstrated freely. The leaking or surface mode free guidence of light in the case of 
hollow-core Bragg fibres with support bridges in the low index cladding regions (Foroni et 
al., 2007) has not been resolved yet. The simplified model however can demonstrate that the 
theoretical model was presented in Sec. 2.2 is valid for the two-dimensional calculations and 
explains the underlaying physics. 

4.1 Simplified hollow-core Bragg fibre 
We use three periods of high (glass) and low (air) index layers in our hollow-core Bragg 
fibre model (similar to Fig. 2(a) if the dark regions are considered to be the air and white 
regions the glass). We neglected the effect of silica struts between the glass layers in a first 
approximation, though these small structural parts modify the effective index of the low 
index layers by a few percent which requires the modification of the fibre cross-section 
parameters (Fekete et al., 2008). Silica struts also introduce some mode anti-crossing events 
partialy due to the lowering of symmetry from full cylindrical (C∞). 
After some optimization of the glass and air layer thicknesses at around one-micron 
(Várallyay et al., 2008) the critical angle of incidence, the thickness of the low and high index 
layers were found to be θ0 = 86.16°, dL = 3.92 μm and dH = 0.25 μm, respectively. The core 
radius is R = 10 μm. 
The GTI layer is formed by readjusting the first high and low index layers (first periode) 
around the core. The thin glass layer plays the role of a partial reflector, and behind the 
resized low index layer (cavity) cladding acts as a high reflectivity mirror of the two-
dimensional Gires-Tournois interferometer. In our present simulation, we choose three 
different silica (high index) layer thicknesses for partial reflector layers around the core, 
which are 10, 20 and 30% of the thickness of the high index layers forming the quarter-wave 
stack Bragg mirror design. The obtained results of the computations in Fig. 10(a) clearly  
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(a) 

 
(b) 

Fig. 10. (a) Dispersion and confinement loss of the fundamental core mode propagating in 
hollow-core Bragg fibre corresponding to three different GTI arrangement. Physical 
thicknesses of the high index partial reflector layers (d1) and the low index air spacer layers 
(d2) forming the resonant layer are expressed in terms of the high and low index quarter-
wave stacks. (b) Fundamental mode field distribution with resonant coupling with the GTI 
in a hollow-core Bragg fibre having a readjusted first periode and design parameters d1 = 
0.3dH and d2 = 0.159dL (blue curve in Fig. 10(a)). 

show that RDS can be obtained in a relatively wide wavelength range. In our models, the d2 

spacing between the cladding and the thin partial reflector layer had to be set to 0.39, 0.235 
and 0.159 times the spacing between the fused silica layers in the quarter-wave stack design 
(dH). The RDS regims corresponding to the different partial reflector layers are 260, 220 and 
180 nm, respectively. 
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The used parameters in the theory (Sec. 2.2) predicted the RDS around one micron 
accurately compared to the two-dimensional model presented here. Layer thicknesses for 
GTI are almost exactly the same values predicted analytically and obtained numerically. 
In order to have an insight into the physical effect of the cylindrical GTI layer, what we can 
regard as a realigned first period we computed the mode field distributions at different 
wavelengths which results are shown in Fig. 10(b). The superimposed GTI layer contribute 
to the effective index of the LP01 mode in a resonant way through the frequency dependent 
mode field distribution. The ratio between the peak of the transversal mode distribution and 
side peaks vary around the resonance wavelength similar way was shown in Fig. 8, leads to 
the desired RDS. 

4.2 Hollow core fibre with honey-comb structured cladding 
In the case of all-silica hollow-core PBG fibres the resonant GT layer can be presented by the 
same way was discussed in the previous subsection changing the thickness of the first air layer 
whose reflectance can be further reduced by decreasing the thickness of the core wall (first 
high index layer). The high reflector is the properly designed microstructured cladding where 
the high and low index layers satisfy the quarter wavelength condition. The used model of 
hollow-core PBG fibre with a honey-comb structured cladding and the necessary geometrical 
changes are shown in Fig. 11(a) and the corresponding parameters are represented in Fig. 
11(b). In a 7-unit-cell hollow-core-PBG fibre, core radius is determined by the hole-to-hole 
spacing Λ, the core wall thickness t and the introduced core expansion coefficient E 

 (14)

where the role of E is clearly to provide a larger core and a detuned first period with thin 
air-spacer layer (parameters are in Fig. 11(b)). The pitch was selected to Λ = 2.85 μm to 
obtain a bandgap centered around 1100 nm wavelength range and the hole size and pitch 
ratio to d/Λ = 0.98 which indicates a very high air-filling fraction in order to obtain large 
PBG in the cladding and lower the leakage losses (Saitoh & Koshiba, 2003). The core wall 
thickness was t = T(Λ−d) where T is a parameter usually smaller than unity. We can 
suppress the existence of surface modes which localize energy at the core wall by selecting T 
<0.5 (Saitoh et al., 2007) at the RDS wavelengths. 
 

 
                                                  (a)                                                     (b) 

Fig. 11. (a) the modified fibre structure with an applied core expansion based on the 
structure was shown in Fig. 2(c) and (b) the model parameters. 
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In Fig. 12(a), and 12(b) we show the calculated dispersion profiles for the LP01-like 
fundamental air-core mode for changing the T and E parameters, respectively, in a 7-cell-
core PBG fibre. If T = 0.3 and E = 0.18, the obtained dispersion function is the one having a 
RDS around 1050 nm and it ranges from 1012 nm to 1106 nm. This 94 nm wide reversed 
slope region presented for the LP01-like fundamental mode can be raised to 120 nm by 
setting T =0.45 (see Fig. 12(a)). This increase in the core wall thickness introduces stronger 
resonance in the phase-delay of the light due to the increasing reflectance of the first facet 
light reaches during the propagation and consequently results in a steeper dispersion slope 
than those belonging to smaller T values. Decreasing the magnitude of the expansion 
coefficient (Fig. 12(b)) will shift the reversed slope region to longer wavelengths without 
changing the magnitude of the negative slope range. Namely, varying the thickness of the 
first low index layer will determine the position of the resonance property. 
 

 
                                                (a)                                                                         (b) 

 
(c) 

Fig. 12. Dispersion functions of the designed hollow-core PBG fibre with (a) different core 
wall thicknesses and (b) different core expansion coefficients. (c) Mode distribution for one 
particular polarization component of LP01 at 1000 nm, 1050 nm and 1100 nm. 
Because of the large index difference between the low and high index materials constituting 
the fibre cladding the resonant coupling with the GTI is also larger than in the case of 
solidcore fibres with smaller index differences, resulting in a much more distorted mode 
profile. Figure 12(c) shows the mode field distribution at 1000, 1050 and 1100 nm. 
Figure 13 is intended to show the wavelength-dependence of the confinement loss for the 
fundamental air-core mode with and without GTI in hollow-core PBG fibres using 6 periods 
of air-holes in the cladding region. T is kept at 0.3 in both cases without core expansion as 
well as with E = 0.187. Due to the presence of resonances for E = 0.187, what we obtained is 
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an elevated loss profile by almost three magnitudes, but still resulting in less than 0.01 
dB/m which is acceptable for the purpose of dispersion management. 
 

 
Fig. 13. Confinement losses of hollow-core PBG fibres with E = 0 and E = 0.187 core 
expansion factors. 

5. Fibre properties 
5.1 Coupling loss 
Due to the mode distortions it is reasonable to investigate how large coupling loss can be 
expected when one splices the investigated fibre in Sec. 3.1 to an other Bragg or a step-index 
profiled fibre. We computed the overlap integral between the modes of the modified 
cladding structure and the modes of the fibre without GTI: 
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where Ψ(k), k = 1,2 is the normalized electric field distribution in the kth fibre, and the symbol 
asterisk stands for complex conjugate. r and ϕ are the variables of polar coordinates in Eq. 
(15). The results are summarized in Fig. 14(a) where we present the loss due to coupling the 
light from one fibre to another one between 900 and 1200 nm. First we tested the coupling 
between the unmodified Bragg fibre (dL = 3.8 μm, dH = 0.95 μm nL = 1.45 and nH = 1.5) and a 
step-index fibre having the same 6 μm core radius and an index difference between the core 
and cladding: Δn = 0.0036. The cladding refractive index follows the index of fused silica 
obtained from the Sellmeier equation at any wavelength. The overlap factor shows 81% 
coupling at 1040 nm which is equivalent with a 0.9dB loss (curve with full circles in Fig. 
14(a)). By the introduction of the GT layer around the core in the Bragg fibre (dGT = 0.34dL, 
nGT = 1.46 at 1030 nm) and investigate the coupling to a Bragg fibre with the same cladding 
structure except the GTI, the overlap factor yields a value of 30%which corresponds to 5.2dB 
loss (full squares in Fig. 14(a)). This large coupling loss becomes even larger if we couple the 
distorted mode field into the step-index fibre (open circles in Fig. 14(a)) where the loss is 
more than 7.2 dB at 1050 nm. 
Fortunately, this large loss can be optimized. If we take a look at the effective indices of 
Bragg fibres with and without GTI we can see that the difference can be considered  
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Fig. 14. (a) Coupling loss calculated from the overlap integral between LP01 modes of 
different fibres. “C1” refers to the coupling between the Bragg fibre without GTI and a 
stepindex fibre; “C2” is the coupling between two Bragg fibres with and without GTI and 
both Rc is 6 μm; “C3” is the coupling between step-index and Bragg fibre with GTI and “C4” 
is the improved coupling between two Bragg fibres with and without GTI by changing the 
core size of the Bragg fibre without GTI. (b) Coupling loss as a function of wavelength 
between hollow-core RDS and step index fibres with different index profiles using a core 
diameter of 5 μm. 

significant and should be moved closer in order to obtain a better coupling efficiency. The 
effective refractive indices are 1.447329 and 1.448562 at 1040 nm for a Bragg fibre with and 
without GTI, respectively. If we start to decrease the core size of the regular Bragg fibre 
without GTI, we can decrease the effective index as well, since the wave vector of the 
propagating mode will enclose a smaller incident angle (see Eq. (10)). For a 4.1 μm core 
radius of the normal Bragg fibre the effective index is 1.447351 for LP01 at 1040 nm and this 
way the coupling loss becomes less than 1.7dB with the distorted mode (open triangles in 
Fig. 14(a)). 
In the case of hollow-core PBG fibre attaching simply the modified and unmodified 
structures will result in 4-7 dB loss along the RDS region. Using step-index fibres the loss 
between the hollow-core RDS and these fibres are even larger. Fig. 14(b) shows the coupling 
loss between the step-index fibre with different index profiles and the hollow-core RDS fibre 
where the expansion factor is set to E = 18.7%. The calculations presented in Fig. 14(b) was 
performed with a step-index fibre having a core size of 5 μm. The coupling loss is found to 
be between 4 and 9 dB over the RDS range. 
We can see also in Fig. 14(b) that the coupling loss can be decreased by increasing the index 
difference of step-index fibre. Larger mode field diameter is presented for longer 
wavelengths in index guiding fibres but this larger mode field diameter can be decreased 
using a fibre with larger index difference. This larger Δn however gains the possibility of 
multimode operation. The calculated fibre structures are multi-moded which indicate that 
coupling may occur to higher order modes of the RDS fibre and may degrade the beam 
quality of the output if it is used for a pulse compressor. Analyses and solutions on this 
issue require further investigations of these fibres. 
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5.2 Propagation loss 
The propagation loss in optical fibres can be evaluated as a sum of different type of losses 
such as confinement loss and scattering loss. In the case of using the fibre in a wavelength 
range where the bandgap is surface-mode and leaking-mode free the dominant loss will be 
the scattering loss (Roberts et al., 2005). 
 

 
Fig. 15. The η-factor of the fundamental air-core mode as a function of wavelength with 
d/Λ = 0.98, dc/Λ = 0.70, dp/Λ = 0.30, Λ = 2.85 μm, T = t/(Λ −d) = 0.30, and the expansion 
coefficient is set to E=0% and 18.7%. 

Figure 15 shows the η-factor (Murao et al., 2008) of the fundamental air-core mode in 
hollow-core fibre as a function of wavelength with d/Λ = 0.98, dc/Λ = 0.70, dp/Λ = 0.30, Λ = 
2.85 μm, t = 0.3(Λ − d), and the expansion coefficient is set to E=0% and 18.7% (see 
parameters in Fig. 11(b)), where the η-factor is defined as the normalized overlap integration 
of the power in the silica-ring as follows: 

 
(16)

The η-factor, which is proportional to the scattering loss of hollow-core PBG fibres due to 
the surface roughness of the silica-ring around the air-core. In the hollow-core PBG fibre 
with GTI, it is about one order of magnitude larger than the scattering loss in the hollow-
core PBG fibre without GTI. 

5.3 Fibre nonlinearity 
The fibre nonlinearity of hollow-core PBG fibres can be almost one thousand times smaller 
than that of single mode fibres (γ ≈ 10−6 (Wm)−1). This value was reported theoretically 
(Lægsgaard et al., 2003) as well as experimentally (Hensley et al., 2007). The utilization of 
resonant structures however may increase this value due to the increased guided mode 
overlap with silica. 
In Fig. 5.3, we show the nonlinear coefficient γ as a function of wavelength which is a crucial 
quantity in high power light delivery. We use the following definition of the nonlinear 
coefficient (Vincetti et al., 2006) 

 
(17)
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where n2 is the nonlinear refractive index coefficient and Aeff is the effective mode area 
calculated for air and silica, respectively, defined as (Lægsgaard et al., 2003) 

 
(18)

where i = air or silica, ε0 is the permittivity and c is the speed of the light in vacuum. It can be 
seen clearly from the results in Fig. 16 that γ is increased for the PBG fibre with GTI with an 
order of magnitude. The increased nonlinearity may still ensure the validity of using these 
fibres for high power pulse compression but the available power level with fibres using this 
type of resonant structure is clearly lower than using low nonlinearity hollow-core fibres. 
The improvement of nonlinearity is essential in these fibres to introduce them in high 
intensity pulse compression though we present some solutions which still allow the 
generation of ultra-short and high energy pulses (Sec. 6). 
 

 
Fig. 16. The nonlinear coefficient γ as a function of wavelength in a 7-cell hollow-core PBG 
fibre with and without core expansion. 

In the case of solid-core fibres we have to account for only the second term of Eq. (17) since 
we can assume that the nonlinear refractive index of the different glasses are nearly the 
same. From the calculated Aeff(λ) which increases with the increase of the wavelength, solid-
core fibre nonlinearity shows an opposite behavior than hollow-core fibre (Várallyay et al., 
2009). This is due to the expansion and larger penetration of the mode into the cladding 
region as a function of wavelength. This phenomenon is the same in the two types of fibres 
but the larger fraction of pulse power in the cladding of hollow-core fibres results in the 
significantly larger silica contribution to γ increasing it’s value. 
We obtained that the nonlinear coefficient of hollow-core RDS fibre is still more than a 
magnitude smaller than in solid-core PBG fibres at around 1050 nm (Várallyay et al., 2009). 
The increase of core size may lower the nonlinearity in solid-core fibres but this changes 
limit the wavelength range of the resonance since the propagation angle of the mode gets 
closer to the right angle. 

6. Propagation analysis 
We investigate a pulse compressor consisting of two serially connected hollow-core fibres 
with and without RDS. In the case of linear propagation, the necessary fibre lengths for 
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compensating the chirp on a broadband pulse up to the third order can be estimated from 
the following equation-system 

 (19)

 (20)
 

where  is the ith order term in the Taylor series of the dispersion of the jth fibre, L(j) is the 
length of the jth fibre and GDD0 and TOD0 are the pulse initial GDD and third-order 
dispersion (TOD), respectively. It can be seen from Eq. (19) and (20) if the input chirps of the 
pulses are zero the pulse shape will be preserved when the ratio of the third and second 
order dispersion terms are same for the two fibres.  
Self-phase modulation adds some additional chirp on the pulse in the case of nonlinear 
propagation which depends on the actual pulse power. The propagation is treated by the 
generalized nonlinear Schrödinger equation (Agrawal, 2007) 

 
(21)

where E is the complex envelope function, z is the coordinate in the propagation direction, t 
is the retarded time, α is the attenuation coefficient, βk is the kth order dispersion from the 
Taylor-series of the propagation constant, γ is the nonlinear coefficient and TR is the first 
moment of the nonlinear Raman response. Eq. (21) is solved by the split-step Fourier 
method (Agrawal, 2007) such a way that the maximal phase change of the propagating 
pulse remained below 0.01 radian. 
The GDD and 3rd order dispersion values of the regular and RDS fibres are −0.07748 ps2/m, 
0.00036 ps3/m and −0.05847 ps2/m, −0.00309 ps3/m, respectively. The nonlinear coefficient 
(γ) of the two fibres are 7 · 10−6 and 10−4 1/(Wm) based on the calculations presented in Sec. 
5.3. Detailed simulation parameters including higher order dispersion values, pulse and 
additional fiber parameters are same as used in (Várallyay et al., 2009). 
The first guess for the lengths of the fibres is taken from Eq. (19) and (20) and a brute-force 
optimization is used to find the highest peak power around the initial guess which target 
yields the possible shortest pulses with the possible highest quality (Várallyay et al., 2007). 
We calculate the propagation and compression of Gaussian pulses with 5 · 105 fs2 linear 
input chirp and over 16 nm bandwidth. The resulted input pulse width is 11.1 ps. This 
magnitude of input chirp can be a realistic value for pulses coming out from fibre oscillators 
or amplifiers. The dispersion parameters up to the fifth order is taken into consideration for 
both type of hollow-core fibres (see (Várallyay et al., 2009)). Dispersion properties of hollow-
core RDS is fitted to the dispersion function obtained from the calculations which belong to 
the parameters E = 0.187 and T = 0.3 (see Fig. 12). The dispersion function of the regular 
hollow-core PBG fibre is fitted to a HC-1060 type fibre (see, for instance, in Ref. (Saitoh et al., 
2003)). The β3 parameter has a different sign in the two fibres and an approximately ten 
times larger absolute value for hollow-core RDS fibre than HC-1060. The coupling loss 
between the two fibres is assumed to be 5 dB. 
The calculations are shown in Fig. 17(a) and 17(b). In this case the combined fibre 
compressor yields 1.5 times shorter pulses with significantly better pulse quality (QF=90.6%) 
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compared to the performance of regular hollow-core fibres. The HC-1060 type fibre can 
compress the 100 nJ pulses with 74.3% QF after 6.3 m length of propagation. 
 

 
                                     (a)                                                                                         (b) 
Fig. 17. (a) Pulse full width at half maximum (FWHM) evaluation as a function of pulse 
energy with GDD0 = 5 · 105 fs2 input chirp; black arrow shows the regular (L1) and RDS fiber 
lengths (L2) at 90% quality factor, (b) pulse shapes with combined and HC-1060 type fibre 
compressors. 

7. Conclusion 
We have given a qualitative explanation of adopting one-dimensional Gires-Tournois 
interferometers (GTI) in two-dimensional photonic bandgap (PBG) structures. We showed that 
by properly adjusting one or two resonant layers around the fibre core in solid- or hollow core 
bandgap fibers may result a tailored dispersion profile even reversed dispersion slope (RDS). 
Finite element analyses confirmed that the dispersion profile of PBG fibres can be tailored 
effectively by the application of resonant layers for the propagating fundamental mode. And 
this works for higher order modes as well. We calculated the dispersion properties of 
solidcore Bragg and all-silica photonic crystal fibers as well as hollow-core Bragg and 
photonic crystal fibres with honey-comb cladding structure. Negative dispersion slope 
compared to the canonical form of bandgap guidance as well as flat and nearly zero 
dispersion profiles are obtained with relatively low losses. Fiber properties were also 
analyzed. After structural optimization, low coupling losses between two fibres, with and 
without GTI, also demonstrated. The obtained dispersion profiles showing negative 
dispersion slope over 100 nm wavelength regions may yield new perspectives in dispersion 
management even if the increased nonlinearity and propagation loss of hollow-core RDS 
fibres somewhat decrease the transmittable intensities. Further optimization and 
investigation of the presented structures may improve their physical properties. The 
propagation and compression of pre-chirped, broadband Gaussian pulses confirmed the 
validity of further developments on RDS PBG fibres. 
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1. Introduction    
For years, solid-state lasers have replaced traditional systems in numerous laser 
applications. Now, fiber lasers bring the ultimate in solid-state reliability and operating 
convenience to applications in materials processing, telecom, sensing, and medicine and so 
on. Various configurations of continuous wave (cw), mode-locked, Q-switched, or single-
frequency lasers have been reported, offering a large variety in performance characteristics. 
Ytterbium-doped silica fiber lasers operating near 1 µm as well as erbium fibers at 1.5 µm 
have been among the most successful fiber lasers creating a great impact on many areas of 
technology. Current progresses in fiber lasers are associated with further scaling of the 
output power. In particular, such power scaling could be achieved through coherent 
combining of the beams delivered by a number of regular fiber sources. In this perspective, 
apart from the use of active fibers as a gain media, it has appeared that the unique and 
rather special properties of Yb-doped fibers discussed in this Chapter have still to be 
exploited in novel high-brightness all-fiber laser systems. 
The Chapter is dedicated to the effect of refractive index changes taking place in standard 
commercial Yb-doped optical fibers under diode pumping, and also to applications of this 
effect for coherent combining of fiber lasers. Being associated with changes of population of 
different ion states, the effect of refractive index changes (RIC) is essentially a side effect of 
the population inversion mechanism that is responsible for light amplification in lasers. The 
electronic and thermal RIC mechanisms, which are important both for laser crystals and 
glasses, are intensively investigated for several years. Correct understanding of these 
phenomena is vital for Yb-doped fiber lasers and amplifiers, whose performance 
characteristics rely on physical processes in the active medium.   
The Chapter includes remarkable amount of original experimental studies, theoretical 
modeling and demonstration of advanced fiber configurations. The structure of the Chapter 
is logical and easy to follow. Part 2 contains judicially selected background material to 
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enable those who are not expert in the field to appreciate the subject of the research. We give 
a clear physical insight into the electronic and thermal RIC mechanisms, and present 
important estimations helping the reader to clearly understand the scientific context, 
motivation and aims of this work.  
The main body of the work is centered around two experimental studies (Fotiadi et al., 
2008c; Fotiadi et al., 2009c), reproduced in parts 3 and 4. Part 3 is dedicated to the 
fundamental properties of the Yb-doped fibers sensitive to the diode pumping at 980 nm. In 
this part we show our original RIC experiments performed with different samples of 
aluminum-silicate fibers and report on the dynamical characteristics of the RIC effect 
measured in the spectral range 1460 - 1620 nm. Detailed analysis of these experimental data 
has brought us to the conclusion that the process is predetermining by the electronic RIC 
mechanism that can be quantitatively described by a two-level population inversion model 
with the polarizability difference (PD) of the Yb-ion in the excited and ground states as the 
only material model parameter determined from the experimental data. The absolute PD 
value measured in the experiment is found to be independent on the testing wavelength and 
the fiber specification parameters, i.e. the cross-section profile, the size, the length and the 
Yb-ion concentration. Our results ensure a predominant contribution to the RIC effect from 
far-resonance UV electronic transitions rather than near-resonant IR transitions. 
Part 4 of the Chapter focuses on potential applications of the RIC effect in advanced fiber 
laser systems implemented through our original concept of all-fiber coherent beam 
combining. The concept employs Yb-doped fibers as optically controllable phase shifters to 
be conjugated with Er-doped fiber amplifiers operating at ~1.55 µm. The coherent 
combining of 500-mW Er-doped amplifiers successfully demonstrated in our experiment 
confirms the validity of the concept. The performance characteristics of the multichannel 
fiber laser system associated with the proposed power scaling method are also under 
discussion.  

2. RICs in Yb-doped optical fibers: the origins and fundamentals 
In this part we summarize fundamentals of the electronic and thermal mechanisms of the 
refractive index changes (RIC) in single-mode ytterbium-doped optical fibers induced by 
optical pulses at 980 nm and we report the general equations describing RIC evolution. In 
particular, the electronic RIC dynamics is shown to follow the dynamics of the population of 
the excited/unexcited ion states with a factor proportional to their polarizability difference 
(PD). The thermal contribution to the RICs induced in standard Yb-doped fibers is shown to 
be negligible under condition of all-fiber low-power experiments discussed in the Chapter. 

2.1 Electronic and thermal RIC mechanisms caused by nonlinear pump absorption 
Ytterbium-doped silicate glass fibers are widely used for high-power, high-beam-quality 
laser sources due to their impressing gain efficiency, single transverse mode quality, relaxed 
thermal management problems, and overall robustness to environmental disturbances. 
Resulting from the confined mode structure and typically long propagation distances, 
nonlinear phenomena such as stimulated Brillouin scattering, stimulated Raman  scattering,  
optical Kerr effect, inter-mode four-wave mixing, soliton and supercontinuum generation 
are observed in fiber lasers at relatively low power due to the high field intensity in the fiber 
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core (Agrawal, 1989). In particular, the optical Kerr effect can cause refractive index changes 
(RIC) leading to self-focusing, self trapping, self phase modulation, and soliton formation in 
the fiber cavity. It has been shown, however, that power-dependent RICs other than the 
optical Kerr effect can take place in ytterbium-doped fibers (Arkwright et al., 1996). These 
specific phenomena are attributed to the population inversion mechanism that is also 
responsible for optically induced light amplification and saturating absorption in the active 
fiber media (Digonnet et al., 1997). The propagation of an optical beam through the 
absorbing (or amplifying) fiber media induces changes in the refractive index, which could 
cause self- and cross- phase modulation, light-induced gratings, spectral hole-burning 
effects, i.e. effects contributing dynamical behavior of the fiber lasers. In the particular case 
of Yb-doped optical fibers, one could account for thermal and non-thermal RIC effects 
driven by the population inversion mechanism in an indirect and direct manner, 
respectively. The thermal RIC effects are caused by pump thermalization of the absorbed 
energy into heat. The electronic RICs are explained by the polarizability difference (PD) 
between the excited and ground states. We have to distinguish the electronic RIC effect from 
the regular Kerr nonlinearity that does not relay on the population inversion. In many 
experiments, it is not straightforward to separate electronic and thermal contributions to 
refractive index change because they usually have similar response times. In the next 
sections of this part, we present an analytical treatment and then rough estimations in order 
to evaluate the RIC signal and determinate the fractions of the electronic and thermal 
contributions to this signal in the experiments discussed further in the Chapter. 

2.2 Fundamentals of electronic RICs in Yb-doped fibers 
Silica glass, the most common material for the production of fibers, is a good host for Yb-
ions. The spectroscopy of the Yb-ion is simple compared to other rare-earth ions (figure 1) 
(Paschotta et al., 1997). For amplification in optical spectrum range, only two level manifolds 
are important: the ground-state manifold (2F7/2) and the excited-state manifold (2F5/2). They 
consist of four and three sublevels, respectively. The transitions between sublevels are 
smoothed by strong homogeneous and inhomogeneous broadening. As a result, ytterbium 
fibers are able to provide an optical gain over the very broad wavelength range from 975 to 
1200 nm with a range of possible pump wavelengths  from 860 nm to 1064 nm. In the 
spectrum range outside these resonances, ytterbium fibers are optically transparent and are 
the subject to pure RIC effect measurements.  
The electronic-population RIC contribution is owned to the polarizability difference (PD) 
between the excited and ground states (Born & Wolf, 2003). The electronic polarizability is 
defined as the ratio of the dipole moment induced in an ion to the electric field that 
produces this dipole moment. The polarizability of the Yb-ion on some electron level q at the 
given testing optical frequency Tν  is determined by the probabilities of all possible 
transitions from this level to other levels i q≠  and is expressed as the following: 
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where e and m are the electron charge and mass; fqi is the oscillator force of the transition 
between levels q and i; qiν and qiνΔ  are the resonance frequency and the linewidth.  
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Fig. 1. The atomic manifold level system (a) (Antipov et al., 2003) and emission and 
absorption cross section of ytterbium in silica host (b) (Paschotta et al., 1997). 1, 2 and 
1, 2, 3,4  indicate the levels for two- and four- level laser models, respectively. 

Remaining in the frame of the two level laser approximation, we have to use only 1( )p ν  
and 2( )p ν , i.e. the Yb-ion polarizabilities in the ground (2F7/2) and excited (2F5/2) states, 
respectively. According to equation (1), the dominating contributions to these 
polarizabilities are expected from the transitions, whose resonant frequencies are closer to 
the testing frequency 1 2,I I Tν ν ν≈  and/or from the non-resonance transitions with the 
strongest oscillator forces. In Yb-doped materials, the well-allowed UV transitions to the 5d-
electron shell and the charge-transfer transition are characterized by the oscillator forces that 
are several orders of magnitude higher than the forces of optical transitions inside the 4f-
electron shell. In IR spectrum band, the polarizability difference 2 1( )p p pνΔ = −  is expressed 
from equation (1) as a sum of contributions from the near-resonance transitions (between 
the ground and excited states) and non-resonance UV transitions. Far from optical 
resonances, i.e. within Yb-doped fiber IR transparency band ( 1.2T mλ μ> ), the PD could be 
represented by two major terms with different dependencies on the testing wavelength Tλ : 
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resonance transitions, 1Uf , 1Uλ , 2Uf , 2Uλ  are oscillation forces and wavelengths of well-
allowed charge-transfer transitions to the 5d-electron shell from the ground and excited 
state, respectively. The free space wavelengths 1Uλ , 2Uλ are located in the UV spectrum 
band around ~ 0.1U mλ μ  and obviously 1 2U Uλ λ≠ . So, the origin of non-resonance 
contribution to the PD (the second term, ~ B ) is the difference in the probabilities of the 
transitions at the testing wavelength Tλ  from the ground and excited states to the 5d- 
electron shell or the charge-transfer transition. 
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The average refractive index of the medium is expressed through the polarizability of 
individual ions by the Lorentz-Lorenz formula (Born & Wolf, 2003). In the unpumped fiber 
media, where all ytterbium ions are in the lowest 2F7/2 state, they all own the same 
polarizability p1; the only possible transitions accounted by equation (1) are those that start 
from this ground state (q = 1). In the pumped state, a part of the ytterbium ions are excited 
to the metastable 2F5/2 state, with the steady state population of the excited state N2 that 
depends on the pump power launched into the fiber. In this case, transitions from both the 
ground (q = 1) and excited (q = 2) states are accounted for ions possessing polarizabilities p1 
and p2, respectively. The index change induced by pumping can then be found as a  
difference of the index contributions accounted for the pumped and unpumped media: 
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where 0n  is the refractive index of host glass; 2
0( 2) 3LF n= +  is the Lorentz factor. 

The phase shift corresponding to the electronic RIC detected at the test wavelength Tλ  in 
the fiber of length L is evaluated from the equation (3) by its integration over the fiber 
volume with ( )T rρ  as a weight function: 
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∑ = ∫ ∫2N  is the pump-induced change in the number of the excited 

Yb3+ ions in the whole fiber volume, ( )T rρ  is the normalized power radial distribution of 
the probe light; r is the polar coordinate describing the fiber cross-section, z is the linear 
coordinate along the fiber.  
The parameter ( )0Tηρ  approximates the efficiency of the probe mode interaction with the 
population changes ( )2N rδ  induced in the doped fiber area. Here we intentionally 
separated the factor ( )0T Tρ λ  that includes the major part of the dependency on Tλ  and the 
correction factor η  taking into account the distributed character of the population changes 

( )2N rδ  within the doped core area.  
The factors ( )0T Tρ λ  and η  could be evaluated from the step-index fiber approach (Snyder 
& Love, 1983). Assuming the testing wavelength Tλ  to be within the IR fiber transparency 
band, one could express the power mode distribution ( )T rρ  as:  
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where J ,n nK  are Bessel functions, ( ) ( )
13 2 61.3 0.864 0.0298S c S ca w λ λ λ λ

−
⎡ ⎤= + +⎣ ⎦  is the 

effective core radius (Jeunhomme, 1983), 2.05 c TV λ λ=  is the fiber dimensionless modal 
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parameter, w  is the modal field diameter at 1.06S mλ μ≈ , and cλ  is the fiber cut-off 

wavelength, ( )Tu λ  and ( ) ( )22
T Tv V uλ λ= − are the modal phase parameters that are a 

solution of the characteristic equation ( ) ( ) ( ) ( )0 1 0 1J K K Jv u v u v u= . 
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Fig. 2. The normalized mode power distributions at different wavelengths in comparison 
with examples of Yb-ion distributions: delta-like ( ) ( ) 2

Ybn r r aδ π= , uniform ( ) 21Ybn r aπ=   
and Gaussian ( ) ( )2 24exp 2Ybn r r a aπ⎡ ⎤== −⎣ ⎦  (a). The coefficient ( )0Tρ  (equations (5)) and 
correction factors η  (equation (6)) calculated for different Yb-ion distributions. 

Figure 2 explains the dependencies of the parameter ( )0Tηρ on the testing wavelength λT 
and on the Yb-ion distribution within the fiber core. One can see from figure 2 (a) that the 
longer testing wavelength λT corresponds to the wider distribution ( )T rρ  providing the 
smaller overlap between the signal power and the doped fiber core area. As a result the 
parameter ( )0Tρ  (figure 2 (b)) decreases with the testing wavelength. As far as all changes 

( )2N rδ are assumed to occur close to the fiber axis, the factor 1η → . However, the wider 
Yb-ion distribution ( )N r  decreases the overlap between the signal power and the doped 
fiber core area (figure 2(a)) resulting in 1η < .  
The factor η  could be estimated from equation (4) to lie within two bounds: 

   ( ) ( ) ( )
( ) ( ) ( )

( ) ( )
0

0

0

0
Yb P T

Yb T T

Yb P

n r r r rdr
n r r rdr

n r r rdr

ρ ρ
ρ ρ η

ρ

∞

∞

∞< <
∫

∫
∫

  (6) 

where ( )P rρ  is the normalized mode radial power distribution at the pump wavelength Pλ  

and ( ) ( ) ( )
0

2Ybn r N r N r rdrπ
∞

= ∫  is the normalized distribution of Yb-ions over the fiber core. 

The typical values of the correction factor calculated for uniform and Gaussian distributions 
of the Yb-ion dopands are 0.7η ≈ and 0.85η ≈ , respectively. The factors η  determined 
from inequalities (6) perform a typical error of ~10% (figure 2(b)).      
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where ( )P rρ  is the normalized mode radial power distribution at the pump wavelength Pλ  
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Equation (4) predicts that the phase shift is proportional to the pump-induced change in the 
whole number of the excited ions in the fiber. Therefore, the dynamics of both of them is 
governed by similar rate equations: 

 in out ASE

P S sp

d P P P
dt h h
δ δ

ν ν τ

Σ Σ−
= − −2 2N N   (7) 

 S
in out ASE

P sp

d K P P P
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δϕ λ δϕ

λ τ
⎡ ⎤

= − − −⎢ ⎥
⎣ ⎦

  (8) 

where ( )2 2
04 0L T P TK F p n hcπ ηρ λ λ= Δ , h is the Plank constant, Pν , Sν  are the average 

frequencies of the pump and the amplified spontaneous emission (ASE) (or lasing), inP , 
outP are the input and output (residual) powers at Pν , ASEP  is the emitted power at ν S  and 

an ideal quantum efficiency for the Yb-doped fiber is assumed. 
The validity of the equation (8) has been confirmed in the experiment to be discussed in part 
3 of the Chapter. 

2.3 Fundamentals of thermally induced RICs in Yb-doped fibers  
The described electronic RIC is not the only mechanism responsible for the induced phase 
shift  in Yb-doped fibers and governed by the population inversion. The thermalization of 
the pump power leading to temperature rise may result in thermally-induced index changes 
in the fiber media. Moreover, thermal expansions of the fiber core along its length and its 
radius may cause phase modulation. However, one could show that the transverse 
expansion of the single-mode fiber core gives a small contribution to the thermally-induced 
phase shift in comparison with the volume RIC and core longitudinal expansion. The 
refractive index change due to temperature rise Tδ is expressed as 

 3
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T T
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where n T∂ ∂  is the thermal RIC coefficient, phnδ  accounts for the photoelastic effect, 'C  
denotes a photoelastic constant averaged over polarizations, and Tα  is  the thermal 
longitudinal expansion coefficient. 
In the simplest approximation of four-level fiber amplifier (see figure 1(a)), the thermal load 
is achieved through radiation-less transitions only. The corresponding heat equation 
expresses the evolution of the temperature ( ), ,T r z t  within the fiber: 

 ( )43 4 43 21 2 21

1

p p

T T h N w h N w
t C C

κ ν ν
ρ ρ

∂
− Δ = +

∂
  (10) 

where κ  and ρ  are the thermal conductivity and density of the host glass; PC  is the 
thermal capacity, 4N  is the population of the upper pump level “ 4 ” (the Stark-depleted 
sub-level of the (2F5/2) state) of the Yb3+-ions; 43v , 43w  are the frequency and rate of the 
transition from the pump level “ 4 ” to the upper laser level “ 3 ”; 2N  is the population of the 
lower laser level “ 2 ” (the depleted sub-level of the (2F7/2) ground state); 21v and 21w  are the 
frequency and rate of the transition from the low laser level “ 2 ” to the ground state “ 1 ”. 
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Since the radiation-less relaxation time is negligible in comparison with the upper level “ 3 ” 
lifetime spτ , one can estimate thermal load from the following rate equations: 
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where 14σ , 14ν  are the pump absorption cross-section and frequency; ASEγ  is the constant 
characterizing ASE in the fiber. 
The heat dissipation occurs from the fiber core to the lateral surface of the clad with a sink 
into the air. The temperature distribution in the fiber is expressed by the Newton formula: 

 ( )0 0T H T Tξκ∇ + − =   (12) 

where 0T  is the temperature on the external surface of the fiber; ξ is clad surface normal 
vector; ξ∇  is normal derivative and H is the heat-transfer coefficient accounted 
independently for core, cladding and counting parts. 
To evaluate the thermally induced RIC in the fiber one has solve numerically the non-
stationary heat equations (9 - 11) in combination with the boundary condition (12) on the 
cooled surfaces. The thermal fiber stresses and deformations could be taken into account 
through solving of the thermo-elastic steady-state problem with the thermal field 
distribution satisfying the heat equations (9 - 12).  

2.4 Comparison of the electronic- and thermal- contributions to the RICs in Yb-doped 
fibers (a typical example).  
The fundamental relations reported in the previous sections allow us to compare 
contributions of the electronic and thermal mechanisms to the RIC effects induced in Yb-
doped fibers under diode pumping. To be more concrete in our estimations, we have to 
engage here typical fiber parameters and pumping conditions related to the low-power all-
fiber RIC experiments discussed further in the Chapter.  
Let us consider properties of a standard commercially available Yb-doped optical fiber 
characterized by the core diameter, 2 3a mμ≈ ; the cladding diameter, 2 125R mμ≈ ; the 
peak absorption coefficient at ~ 980 nm , 1230 mα −≈ ( ~ 1000 dB m ). Through the absorption 
and emission cross-sections of Yb-ions at 980 nm, ( ) ( ) 27 2

12 21 2700 10p p mσ σ −≈ ≈ , the 
concentration of Yb-ions in such fiber core is estimated to be 19 3

0 8.510N cm−≈ . For further 
estimations we will use the following important characteristics of pure glass silica: the 
refractive index, 0 1.5n ≈ ; the Lorentz factor, 1.41LF ≈ , the PD value  (as it is measured in 
the section 3.5) 26 31.2 10p cm−Δ ≈ × ; the coefficient 5 11.2 10n T K− −∂ ∂ ≈ ; the glass density, 

32203 kg mρ −= ; the specific heat capacity, 1 1840PC J K kg− −=  and thermal conductivity 
1 11.38 W m Kκ − −= . 

The maximum electronic changes induced in the fiber core under diode pumping at 980 nm 
could be roughly estimated from equation (3): 
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where 0.5ξ ≈  is a maximal percentage of the excited ions available when ( ) ( )
12 21

p pσ σ≈ . 
On other hand, the thermally induced RICs are expressed by equation (9) as:  

 ( ) 51.2 10Tn n T T Tδ δ δ−= ∂ ∂ ≈   (14) 

where T is a change of the core temperature due to pumping.   
From estimations (13) and (14), one can conclude that the electronic and thermal 
contributions become equal, when the temperature of the fiber core increases by 

0.35T Kδ ≈ .  
For estimation of the real core temperature variation achieved during the pump pulse 
excitation, we can assume a perfect thermal conductivity between the fiber core and fiber 
cladding. The duration of the excitation pulse is believed to be P clτ τ≺ , where 

2 ~ 5cl pC R msτ ρ κ≈  is a typical time of temperature diffusion through the cladding. With 
these approximations the temperature on the clad surface during the pulse duration does 
not change significantly.  
The growth of temperature in the fiber core center within the pulse duration can be 
expressed by a solution of the equation (10) in an approximation of the hard-tube fiber: 
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where 0nC >  are the roots of ( )0 0nJ C = , ( )nJ x  denotes Bessel functions, ( ),Q t r  is the right 
side of equation (10), i.e. the power income to the fiber core consumed for heating. 
In each point of the fiber, the heating income ( ),Q t r  depends on the pumping wavelength, 
the pump power and the degree of population inversion at the given moment of time. The 
pumping at 980 nm populates the lowest Shtark sub-level “ 3

�
” of the 2F5/2 state directly. 

Therefore, the principal fiber heating occurs due to radiation-less relaxation of Yb-ions from 
the sub-levels “ 2

�
” to the ground state “ 1

�
” of the laser level 2F7/2.  

The power income from (10) can be expressed as 
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with the population 3( , , )N t r z  of the sublevel “ 3
�

” to be: 

 ( ) ( ) ( )
3

0 '

, ' , "'( , , ) exp( ") '
t t

P P P
sat

P sp sp Pt

P z t r P z tt tN t r z dt dt
h P

ρ
α

ν τ τ
−

≈ − −∫ ∫   (17) 

where ( )( ) ( )2
21 12 0.85p psat

P p spP a h mWπ ν τ σ σ≈ + ≈  is the fiber saturation power at 980 nm. 

Under the conditions that 0( , )PP z t P≡ , the equations (16) – (17) give us an upper estimation 
of the heating induced in the fiber by the rectangular pulses with amplitude P0 used in the 
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experiment. Taking into account that 0
sat

PP P>>  , the quantity Q averaged over the fiber core 
cross-section and the pulse duration is estimated to be: 
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The upper estimation of the temperature deviation T in the fiber core centre achieved for 
the pump pulse excitation Pτ  is derived from (15) by setting  ( ', ')Q t r Q≡  and then formally 
assuming Pt τ= →∞ :  
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  (19) 

One can see from (19) that T is at least of one order of magnitude lower than the core 
temperature increase expected for the case of equal contributions of thermal and electronic 
mechanisms. Following the same procedure we could estimate from equations (3) and (15) – 
(19) the ratio between the electronic and thermal RIC contributions during the excitation: 
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Just after the end of the pulse excitation the heating of the fiber core continues, since the 
sublevel “ 3 ” is still populated. In accordance with equation (3), relaxation of the population 
from the sublevel “ 3 ” occurs exponentially with a decay time 0.85sp msτ ≈ , so the quantity 
Q has to relax in the same manner. The exponential relaxation of the heating source Q 
causes similar relaxation of the fiber core temperature, because thermalization of the heating 
in the fiber core area occurs for the time 2 ~ 3cor pC a sτ ρ κ μ≈  much smaller then the 
relaxation time ( cor spτ τ<< ). As a result, the exponential RIC relaxation after pulse excitation 
is contributed by two synchronized components of the electronic and thermal RICs, e

relnΔ  
and T

relnΔ , respectively. The ratio between them is estimated from expressions (15)-(17) as: 
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In conclusion, the estimations (20 - 21) ensure us that the RIC effects measured in our 
experiment is almost of pure electronic nature. These experiments are under consideration 
in the next part of the Chapter. 

2.5 Conclusion to the part 2  
Summarizing this part, we have presented theoretical analysis of the electronic and thermal 
RIC effects taking place in Yb-doped optical fibers. We have clarified their joined population 
inversion nature and explained the principal difference between the two mechanisms. We 
derived key equations of the dynamical effects that will be fruitfully employed in the next 
sections for detailed analysis of numerous experimental observations. Importantly, the 
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thermal contribution to the RICs observed in Yb-doped fibers is shown to be negligible 
under condition of the all-fiber low-power experiments considered below. 

3. Pump-induced refractive index changes in Yb-doped optical fibers 
In this part, we experimentally characterize the RICs induced by optical pulses at 980 nm in 
single-mode ytterbium-doped optical fibers and report details of the effect observation 
(Fotiadi et al., 2007, 2008b, 2008c). The RIC dynamics is shown to agree with the two level 
laser model discussed early in section 2.2. The only material model parameter, the absolute 
PD value, is measured in the spectral range of 1460-1620 nm for different fiber samples and 
is found to be independent on the fiber geometry and on the ion concentration. The PD 
dispersion profile highlights a predominant far-resonance UV rather than near-resonant IR 
transitions contribution to the RIC.  
 

Master
Laser

Yb-doped fiber
under test

50/50
coupler

1450-1620 nm
~10m of 

coherence 
balanced

fiber

50/50
coupler

Pump
980 nm

Photo
detector

WDM
coupler

WDM
coupler

1450-1620 nm
Output

0 2000 4000 6000 8000 10000

0.0

0.5

1.0

 

C
ur

re
nt

, a
.u

.

T im e, μsec

Electrical
generator

Oscillo-
scopeSync

 
Fig. 3. Experimental setup for testing of the Yb-doped fiber samples. 

3.1 Introduction to the part 3 
The electronic RICs in pumped rare-earth-doped optical fibers is associated with changes of 
population of the ion states with different polarizabilities (Digonnet et al., 1997). This effect, 
which is important both for laser crystals and glasses, has been intensively investigated 
during the last decade. The nature of the polarizability difference (PD) in rare-earth ions is 
also widely discussed. Some authors believe that the main contribution to the PD expressed 
by  equation (2) comes from the first term responsible for near-resonance IR transitions 
(Desurvire, 1994; Bochove, 2004; Barmenkov et al., 2004; Garsia et al, 2005). An alternative 
model suggests the predominant contribution from the second term responsible for strong 
UV transitions located far from the resonance (Digonnet et al., 1997), similar to those 
observed in laser crystals (Antipov et al., 2003, 2006; Margerie et al., 2006; Messias et al., 
2007). Correct understanding of these electronic phenomena in Yb-doped fibers (Arkwright 
et al., 1998) is very important for numerous fiber applications. The pump-induced RICs 
could significantly affect the fiber laser behavior. The enhanced nonlinear phase shift could 
be employed for coherent beam combining discussed in the Chapter, optical switching (Wu 
et al., 1995), all-fiber adaptive interferometry (Stepanov et al., 2007). 
In the following paragraphs, we discuss our original RIC observations in commercial single-
mode Yb-doped optical fibers pumped at ~980 nm by a laser diode. The experiment is 
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(a) 

(b) 

performed in a Mach-Zehnder interferometer configuration operating in IR spectrum band 
far from the absorption and emission Yb3+ ion resonances. The main objectives are to 
explore the RIC dynamics and to measure the values of the PD in standard Yb-doped fibers 
in spectral range 1460 - 1620 nm.  

3.2 Experimental setup  
The experimental setup is shown in figure 3. The Yb-doped fibers under investigation are 
introduced in one arm of the all-fiber spliced Mach-Zehnder interferometer. The tested 
fibers are pumped to the core from a standard laser diode operating at 980 nmPλ ≈  with the 
power up to ~145 mW. The CW-radiation of diode laser “Tunics” with a coherence length 
~10 m is used as the test wave. The passed test signal is detected at the interferometer 
output by a fast photodiode. The test wavelength  λT is tunable within the range from 1460 
to 1620 nm.  
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Fig. 4. A sample of the induced phase shift ( )tδϕ  recovery: the laser driver current pulse 
profile (a), the recorded oscilloscope trace (b), and reconstructed phase trace (c). 

The RIC signal is measured as the photodiode response to a single rectangular pump pulse 
of tunable 10 μs- 10 ms duration (figure 4) applied to the tested fiber. 
The induced phase shift ( )tδϕ  is recovered from the oscilloscope trace ( )U t  as: 
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  (22) 

where 0, 1, 2...k =  provides continuity of ( )tδϕ .  
Four fiber samples of a different lengths, index profile geometries and Yb3+-ion 
concentrations have been examined. All fibers are single-mode at the pump and test 
wavelengths. Fiber A (fabricated in Fiber Optics Research Center, Russia) and Fibers B, C, D 
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Fig. 4. A sample of the induced phase shift ( )tδϕ  recovery: the laser driver current pulse 
profile (a), the recorded oscilloscope trace (b), and reconstructed phase trace (c). 

The RIC signal is measured as the photodiode response to a single rectangular pump pulse 
of tunable 10 μs- 10 ms duration (figure 4) applied to the tested fiber. 
The induced phase shift ( )tδϕ  is recovered from the oscilloscope trace ( )U t  as: 
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where 0, 1, 2...k =  provides continuity of ( )tδϕ .  
Four fiber samples of a different lengths, index profile geometries and Yb3+-ion 
concentrations have been examined. All fibers are single-mode at the pump and test 
wavelengths. Fiber A (fabricated in Fiber Optics Research Center, Russia) and Fibers B, C, D 
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(a) (c)

(Yb-198, -118, -103, of CorActive, Canada) have rectangular and circular cladding profiles, 
respectively, with the cladding side/diameter ~ 125 mμ . All fibers are aluminum silicate 
with a Gaussian distribution of Yb3+-ion concentration in the core. The fiber parameters are 
shown in Table 1. 
 
Parameter Fiber A Fiber B Fiber C Fiber D 
Peak absorption at 980 nm ( Pα ), dB m  ~ 900  ~ 1073  ~ 245  ~ 35  
Mode-field diameter at  Sλ  ( w ), mμ   ~ 4.5  ~ 3.6  ~ 4.5  ~ 3.6  
Cut-off wavelength ( cλ ), nm ~ 810  ~ 870  ~ 680  ~ 816  
Equivalent core radius ( a ), mμ  ~ 1.6  ~ 1.4  ~ 1.3  ~ 1.3  
Coefficient K  at 1550 nm, -1 -1rad ms mW  ~ 0.043π  ~ 0.056π  ~ 0.067π  ~ 0.067π  

Table 1. Specifications of Yb-doped single-mode fibers tested during the experiment. 
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Fig. 5. Phase shifts induced in Fiber A by pulses of different pulse duration (a) and pulse 
amplitude (b). Only relaxing parts of the same curves normalized to the maximal values are 
shown in the delayed scale (c, d). The test wavelength is ~1550 nm, the fiber length is ~2m. 

3.3 Relaxation of the phase shift after pump pulse excitation 
The recorded phase shifts up to ~ 4π  shown in figure 5 highlight strong RIC effect induced 
in Fiber A by pump pulses of different amplitudes and durations. In every cases, the effect 
exhibits smooth saturation at some steady-state level. The saturation depends on the pulse 
amplitude and on the pulse duration (figure 5(a, b), respectively), or more precisely, on the 
pulse energy. Decaying parts of the phase traces describe relaxation of the refractive index 
after the end of the pulse excitation. They are perfectly fitted by an exponential decay 
function ( ) ( )~ exp spt tϕ τ−  with the relaxation time constant equal to the Yb-ion excited 

(b) (d)
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state life-time μs850spτ ≈ , almost the same for all fiber samples. All normalized curves 
shown in figure 5 (c, d) in the delayed time scale are similar, although they relate to different 
pumping conditions. Such relaxation behavior corresponds to the electronic mechanism of 
RIC predicted by equation (8) explained in section 2.2. No other features that might be 
attributed to the thermally induced RICs have been observed in the experiment.  

3.4 Dynamics of pump induced phase shifts in highly doped fibers 
Under conditions of rectangular pump pulse excitation, total pump absorption and low 
amplified spontaneous emission (ASE), equation (8) is resolved analytically to the solution: 

 ( ) 01 expsp
sp

tt K Pδϕ τ
τ

⎡ ⎤⎛ ⎞
⎢ ⎥= − −⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

  (23) 

where P0 is the pump pulse amplitude.  
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Fig. 7. Optical spectra of the amplified spontaneous emission (ASE) recorded in Fiber B in 
backward (left) and forward (right) directions in respect to the pump propagation. 
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state life-time μs850spτ ≈ , almost the same for all fiber samples. All normalized curves 
shown in figure 5 (c, d) in the delayed time scale are similar, although they relate to different 
pumping conditions. Such relaxation behavior corresponds to the electronic mechanism of 
RIC predicted by equation (8) explained in section 2.2. No other features that might be 
attributed to the thermally induced RICs have been observed in the experiment.  

3.4 Dynamics of pump induced phase shifts in highly doped fibers 
Under conditions of rectangular pump pulse excitation, total pump absorption and low 
amplified spontaneous emission (ASE), equation (8) is resolved analytically to the solution: 

 ( ) 01 expsp
sp

tt K Pδϕ τ
τ

⎡ ⎤⎛ ⎞
⎢ ⎥= − −⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

  (23) 

where P0 is the pump pulse amplitude.  
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In highly doped fiber samples A, B and C, the pump power is completely absorbed by the 
fiber length. At low pump pulse energies, the experimental traces shown in figure 6 
perfectly reproduce the predictions of equation (23). One can verify the exponential 
character of the phase growth to its steady-state level (figure 6(a)), and the linear 
dependence on the pump pulse amplitude (figure 6(b)). As the pass gain and ASE level 
remain low, the slopes 

0t
tδϕ δ

→
 can be measured for different pulse amplitudes (figure 

6(c)). Their linear fit gives us the factor -1 -1rad ms mW0.056K π=  that is the only unknown 
material parameter in equation (8).  
 

0 2 4 6 8 10

0

20

40

60

80

 

 

P
ow

er
, m

W

Time, ms

 F+B
 F
 B

0 2 4 6 8 10

0

20

40

60

80

 

 

R
es

to
re

d 
po

w
er

, m
W

Time, ms

backward

total

forward

0 2 4 6 8 10

0

20

40

60

80

 

 

P
ow

er
, m

W

Time, ms

 F+B
 F
 B

0 2 4 6 8 10

0

20

40

60

80

 

 

R
es

to
re

d 
po

w
er

, m
W

Time, ms

backward

total

forward

 
                                           (a)                                                                           (b) 
Fig. 8. The recorded (left) and reconstructed from equation (24) (right) ASE powers. 

At higher excitation levels, an error between the recorded traces and the formula (23) 
appears and increases as the ASE power increases. The spectra of the optical emission at 
both fiber ends explain the ASE to be the reason of the saturation of the monotonic growth 
of the phase shift at high pump energies (figure 7).  
In general case of all available pulse energies, the phase trace dynamics is driven by the 
differential equation (8) of the two-level RIC model (section 2.2). To validate the model at 
high pump power levels, the output powers from both fiber ends have been recorded 
during the pulse excitation simultaneously with recording of the test signal. Due to 
absorption saturation and re-absorption processes, the ASE pulse recorded in the forward 
direction is slightly delayed in respect to the backward ASE pulse thus causing a specific 
break in the leading edge of the total power (figure 8(a)).  
We should compare the recorded trace of the total ASE power with the prediction of the 
equation (8) allowing reconstruction of the ASE power from the recorded phase traces 
though a simple mathematical procedure: 

 ( ) ( ) ( )1
ASE in

sp

d t t
P t P K

dt
δϕ δϕ

τ
−
⎡ ⎤

≈ − +⎢ ⎥
⎢ ⎥⎣ ⎦

  (24) 

From figure 8, one can see that the reconstructed ASE profile is in a good quantitative 
agreement with the recorded total ASE power trace. Surprisingly, the model is able to 
reproduce the specific break of the original ASE pulse. This result proves our electronic RIC 
model to be eligible for whole range of the pulse energies used in the experiment.    
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3.5 Evaluation of the polarizability difference (PD)  
Factor K in equations (23, 24) is the only model parameter relating the induced phase shift 
and the pump pulse parameters at a given test wavelength. Phase dynamics observed in 
two different sample lengths of Fiber C shows the factor K to be independent on the fiber 
length (figure 9(a)). Reduction in the fiber length causes reduction of the saturation energy, 
but does not affect the slope in phase changes at low pump pulse energies. At the same 
experimental conditions, the phase shift dependencies observed with different fiber samples 
reveal different slopes and other distinct features (figure 9(b)). The Fiber D with lowest Yb-
ion concentration exhibits lower saturation power than others fibers, but the slope in this 
fiber is nearly the same as the slope relating to Fiber C and is larger than the slope relating 
to Fiber B and Fiber A. Approximation by equation (23) gives different factors K for different 
fibers presented in Table 1. However, the mutual ratios of the factors are in good agreement 
with our RIC model that predicts the factor K independent on Yb-ion concentration and 
inversely proportional to the square of the fiber core radius a . The measured factors K 
allow us to estimate the polarizability difference at 1550 nm  which proves to be the same for 
all tested fibers. Evaluation of ( )0Tηρ  for a step-index fiber and Gaussian Yb-ion 

distribution with radius equal to a  ( )0.85η ≈  presented in figure 2 gives 
3cm26

1550 1.2 10p −Δ ≈ × . We expect ~20% error in this value due to uncertainty of the doped 
area size. Notice that the expression for K given in (Fotiadi et al., 2008c) contains an 
unfortunate error causing overestimation of the PD value reported therein. 
To measure the PD dispersion in the spectral range of 1450-1620 nm, Fiber B was 
additionally characterized at different testing wavelengths λT. The phase traces shown in 
figure 10(a) highlight significant differences in the phase slopes δϕ δτ  referenced to 
different λT. Qualitatively similar results have been reported earlier for the two-core Yb-
doped fibers (Arkwright et al., 1998). However, in our case the measured dispersion of the 
factor ( )TK λ  is found to be coincide with the dependence ( )~ 0T Tρ λ  as it is expressed 
from the step-index approach (figure 10(b)). As far as the polarizability difference (PD) 

( )Tp λΔ  is directly proportional to ( ) ( )1~ 0T T TK λ ρ λ− , the strong wavelength dependencies 
of ( )TK λ  and ( )~ 0T Tρ λ  are compensating each other, providing the PD to be nearly 
independent on the test wavelength in the measured spectrum range. 
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Fig. 9. Phase shift induced by 145-mW pulses in different fiber samples: in the same fiber of 
different lengths (a) and different fibers of ~2m length. 
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Fig. 9. Phase shift induced by 145-mW pulses in different fiber samples: in the same fiber of 
different lengths (a) and different fibers of ~2m length. 
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Fig. 10. Phase shift induced by 145-mW pulses in Fiber B at different testing wavelengths (a). 
The relative polarizability difference dispersion (points) in comparison with wavelength 
dependencies expressed by the first (resonance) and the second (non-resonance) terms of 
equation (3), and the dependence ( )~ 0T Tρ λ  (b). 

The experimentally observed dispersion ( )Tp λΔ  has to be compared with the Lorentz-line 
dispersion profiles predicted by equation (2) for PD contributions of near-resonant IR and 
far-resonance UV transitions of Yb3+ ions at ~ μm1  and ~ 0.4 μm , respectively. The 
reconstructed PD profile matches the UV-line wing and has the same value in all 
investigated spectral range. 

3.6 Conclusion to the part 3 
We have reported a strong RIC effect observed in different samples of commercial single-
mode Yb-doped fibers. The effect induced in the fiber by optical pumping at its absorption 
resonance wavelength could be observed within the whole IR transparency band. The RIC 
exhibits a typical excited population dynamics in accordance with the electronic RIC 
mechanism and could be perfectly described by the two-level population model discussed in 
section 2.2. The PD value, the only material parameter of the model, is measured in the 
experiment and found to be independent on the Yb-fiber performance specifications. The PD 
dispersion curve highlights the dominant non-resonant contribution of the UV transitions. 

4. All-fiber coherent combining of er-doped amplifiers through refractive 
index control in Yb-doped fibers 
In this part, we discuss a simple all-fiber solution for coherent beam combining of rare-
earth-doped fiber amplifiers. The RIC effect explained in the previous sections is used now 
for an active phase control in the fiber configuration. Algorithm based on the electronic RIC 
model supports straightforward implementation of the effect into a feedback loop. 
Combining of two 500-mW Er-doped amplifiers in a single-mode fiber is demonstrated with 
optical control by ~120-mW laser diode. The experimental optical loop employing RIC 
phase control is able to operate against the acoustic phase noise within the dynamical range 
of ~ π  and with a rate of ~ 2.6 rad msπ  suitable for combining of ~50 amplifiers similar to 
those used in our work.  
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4.1 Introduction 
Being the most low-threshold nonlinear phenomena in optical fibers, Stimulated Brillouin 
scattering (SBS) reduces power levels available with CW narrow-band fiber sources, in 
particular leading to the self-pulsing and other laser instabilities (Fotiadi et al., 1998, 2002, 
2004, 2006). A way to overcome this limitation is to use coherent combining of single-mode 
amplifiers each operating below the SBS threshold. The idea of this method is to split a 
single highly coherent beam into many beams which are then amplified by a parallel array 
of similar power amplifiers and finally recombined to a high power diffraction limited beam 
without significant broadening of the initial spectrum (Fan, 2005).  
 

Master
Laser

Optical amplifiers, Yb-doped
fibers

Pump
~980 nm

NxN
coupler

NxN
coupler

Single-mode
output

Photo
detectors

highly
coherent

1.15S mλ μ

Sλ

~ Sλ

Master
Laser

Optical amplifiers, Yb-doped
fibers

Pump
~980 nm

NxN
coupler

NxN
coupler

Single-mode
output

Photo
detectors

highly
coherent

1.15S mλ μ

Sλ

~ Sλ

 
Fig. 11. Multiamplifier laser system with coherent beam combining based on RIC in YDF. 
The operating wavelength 1.15S mλ μ  is selected within an Yb-fiber transparency 
spectrum band.  
To achieve constructive interference after amplification, i.e. to collect the power from all 
channels in one single-mode fiber, the fiber amplifiers must be phase-matched together. 
Different approaches to the constructive phase-matching have been discussed: one can take 
advantage of the self-organization properties of multi-arm cavities (Bruesselbach et al., 
2005b), of multi-core fibers delivering supermodes (Huo & Cheo, 2005), of digital 
holography (Bellanger et al., 2008), of SBS phase conjugation (Kuzin et al., 1994; Ostermeyer 
et al, 2008). A straightforward infallible beam combining can be provided by active phase 
control of each fiber amplifier by an attached phase modulator (Augst et al., 2004). 
However, piezo-electrical or electro-optical modulators are not perfect choice due to obvious 
disadvantages of parasitic resonances or integrating bulk and fiber components. In our all-
fiber solution (figure 11) (Fotiadi et al, 2008a, 2009c), the rare-earth-doped fiber amplifiers 
operating at Sλ within an Yb-doped fiber transparency band are supplied by the sections of 
Yb-doped fibers (YDF) operating as optically controlled phase modulators. The principle of 
operation employs the RICs induced in YDF by optical pumping at 980 nm discussed in part 
3. The method is applicable for Raman, Brillouin, neodymium-, erbium-, thulium-, or 
holmium- doped fiber amplifiers (Bruesselbach et al., 2005a; Goodno et al., 2009; Taylor et 
al., 2009; Fotiadi et al. 1989). 
In the next sections, we verify the validity of our concept demonstrating the coherent 
combining of two 500-mW EDFAs. Two-level RIC model discussed in section 1.2 enables a 
simple algorithm with natural implementation of the RIC effect into an active phase control 
loop. The ability of the method to operate again the acoustic phase noise with the rate of 
~ 2.6 rad msπ  is experimentally confirmed. 
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4.2 Experimental setup  
The experimental setup (figure 12) is not so different from the setup used in the previous 
part, except the two amplifiers introduced into the interferometer. A master laser diode in 
combination with a 15-dBm preamplifier delivers single mode radiation at 1.55 µm with a 
coherence length of ~10 m. The first fiber coupler splits the laser emission into two arms, 
which are then amplified by two single mode EDFAs specified with 500-mW output. No 
spectral broadening of the amplified radiation has been observed at such power level. The 
EDFAs are supplied by thermo-electric controllers used for low-frequency phase noise 
elimination.  
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Fig. 12. Experimental setup used for demonstration of all-fiber coherent combining. 
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Fig. 13. Experimental steady-state (a) and dynamical (b) phase characteristics. Phase 
response (b) on a double jump of the diode power (c): positive (black) and inverted (red). 
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For fast phase adjustment, one of the arms is supplied by a 2-m length of YDF directly 
spliced with the amplifier. The YDF has an independent input for 120-mW laser diode 
operating at 980 nm. The use of the highly doped Fiber B (see, Table 1) ensures maximal RIC 
effect due to total absorption of the pump radiation inside the fiber. Since the RIC is directly 
proportional to the population density of the excited Yb-ions (see equation (3)), the phase 
shift induced in the fiber is determined by the laser diode power that could be used to 
maintain a constructive phase-matched coupling of two intense laser arms in a single-mode 
fiber (Channel 1). The power emitted through the Channel 2 is used for operation of the 
feedback loop discussed in next paragraphs. The relationship between the Channel 2 power 
and phase mismatching is regulated by equation (22).  

4.3 Operation algorithm 
The phase control operation algorithm is based on the steady-state and dynamical 
characteristics of the electronic RIC discussed in the previous part. The steady-state 
characteristic ( )Pϕ φ=  (figure 13(a)) is evaluated as the phase response to Heaviside step 
pulses of different amplitude P. One could tune the phase in the range up to ~ 3.75 radπ  by 
a simple adjustment of the laser diode power. Commonly, the phase switching from 

( )1 1Pϕ φ=  to ( )2 2Pϕ φ=  is provided by switching the diode power from 1P  to 2P , but this 
procedure requires several milliseconds to proceed. 
Fast dynamical switching is possible within a part of the range covered by the steady-state 
curve ( )Pϕ φ= , for an example, within the range of ~ radπ  marked in figure 13(a). In the 
general case of total pump absorption and negligible spontaneous emission, we can extend 
equation (23) to all linear part of the steady-state curve, so the phase response ( )tϕΔ  on a 
single positive or negative jump of the diode power PΔ  is expressed as: 

 ( ) 1 expsp
sp

tt K Pϕ τ
τ

⎡ ⎤⎛ ⎞
⎢ ⎥Δ = − − Δ⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

  (25) 

where 1 10.056K rad ms mWπ − −≈  at 1.55T mλ μ≈  (see Fiber B in Table 1).  
In accordance with equation (25) a fast phase tuning (figure 13(b, c)) from ( )1 1Pϕ φ=  to 

( )2 2Pϕ φ=  is achieved through two consecutive switchings of the diode power, first, from 
the level 1P  to a level 1 0P P+ Δ  and then to the level 2P , where 0PΔ  is the power jump 
(positive or negative) available with the laser diode within the used tuning range. The 
switching time of such dynamical phase change is equal to the time τ  between two opposite 
jumps of the diode power and is expressed for small phase steps as ( )2 1 0 spK Pτ ϕ ϕ τ= − Δ << . 
The higher 0PΔ , the faster phase tuning is. However, higher 0PΔ  is available within smaller 
tuning ranges. For tuning range of ~ radπ 0PΔ  is limited by ~45mW that corresponds to an 
adjustment rate ~ 2.6 rad msπ .  
The mission committed to the feedback loop circuit (figure 14) is to support the maximal 
power level emitted at 1.55μm through the Channel 1 (see figure 12). Therefore, the power 
emitted through the Channel 2 has to be kept as low as possible. This power recorded by the 
photodetector is used in the feedback circuit driven by 2.86-MHz acquisition card (National 
Instruments, NI PCI-6251). The period of data acquisition 25 sτ μ=  is synchronized with by 
the card analogue output (alone or in combination with a standard pulse generator) that 
forces the laser driver to emit 50 μs -period meander signal with an amplitude 
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Fig. 14. The principal scheme of the electrical feedback loop operation.  
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Fig. 15. Simulated feedback loop operation for cases of compensated (a, b) and 
uncompensated (c, d) phase noise: (a, c) laser diode (grey) and Channel 2 (black) powers;  
(b, d) the reconstructed phase deviation (grey) and reconstructed error signal (black); 

60avP mW≈ .    

0 45P mWΔ = ± and a controllable DC level avP  within the range of 45-75 mW  (figure 15(a)). 
The modulated diode power induces a fast sawtooth modulation of the phase with a DC 
level of ( )av avPϕ φ=  and the excursion of 0 0 0.06K P radϕ τ πΔ = Δ ≈  (figure 15(b)). Such phase 
modulation leads to ~100% amplitude modulation of the power in Channel 2 (figure 15(c, 
d)), while the modulation of the high power radiation in Channel 1 is negligible (~1%).  
The signal acquired by the photodetector is the result of the superposition between the 
phase noise and the periodic phase modulation. In the case of right phase matching (when 
the phase noise is completely compensated), this signal is a perfect sawtooth signal, because 
the peaks associated with the positive and negative phase changes are of the same 
amplitude (figure 15(a)). In contrast, the presence of uncompensated noise causes the signal 
peaks to spread in two series. Importantly, the phase mismatching NOISEϕ  is directly 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

230 

proportional to the difference between neighboring peaks (figure 15(c)). The error signal, 
produced by a PC from the acquired data, controls the phase avϕ  through the control of the 
laser diode current: to compensate the phase mismatching, it produces a smooth correction 

av ERROR NOISEP P Kδ ϕ τ→ − = −  to avP  (figure 14).  

4.4 Experimental results 
The phase control algorithm described in the previous section has been applied to the 
experimental setup (figure 12) demonstrating reliable operation against the phase noise.  
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Fig. 16. Time series of the typical amplifier phase noise: (a) temperature noise, (b) acoustic 
noise: natural (black), caused by a flick given on the amplifier (grey). 
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Fig. 17. Experimental operation of two combined amplifiers against the noise: (a) the 
photodiode signal; (b) the reconstructed phase (grey) and generated error signals (black); 
the laser system power characteristics without (grey) and with (black) active phase control. 
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proportional to the difference between neighboring peaks (figure 15(c)). The error signal, 
produced by a PC from the acquired data, controls the phase avϕ  through the control of the 
laser diode current: to compensate the phase mismatching, it produces a smooth correction 

av ERROR NOISEP P Kδ ϕ τ→ − = −  to avP  (figure 14).  
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the laser system power characteristics without (grey) and with (black) active phase control. 
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Figure 16 presents the operation of the laser configuration without an active feedback. The 
phase traces have been recorded for a steady-state condition that is achieved after both 
amplifiers have reached thermal equilibrium (after 2-3 minutes of their operation with a 
power of 500 mW). Two classes of traces highlight phase fluctuations, associated with 
thermal variations (figure 16 (a)) and environmental acoustic vibrations (figure 16 (b)). 
These two kinds of noise contribute to different time domains and show different scales of 
the phase excursion that have to be compensated. Thermally induced phase noise is large 
fluctuations with amplitude up to several ~π rad  attained for several seconds. For 
compensation of these fluctuations, no advanced fast technique is needed: the ordinary 
thermo-controllers connected with the feedback loop provide perfect suppression of low-
frequency thermal noise. In contrast, acoustic phase noise associated mainly with 
mechanical resonances – noisy equipment, cooling fans, etc. – dominates with excursion 
rates of ~1ms and much smaller excursion amplitude, ~0.01π rad. This should be considered 
as a minimum requirement for servo loop bandwidth since these measurements were taken 
in a quiet laboratory setting. Noisier environments would require a commensurate 
reduction of the feedback loop time, but we have checked that even a flick given on the 
amplifier causes a phase deviation with the amplitude no larger than ~0.02π rad attending 
with a rate of ~0.02π rad/ms. These observations give target parameters for the active phase 
control to be employed for compensation of the environmental acoustic noise in the system 
comprising two fiber amplifiers. Note, that a typical phase rate value to be compensated is 
more than 100 times lower than the capability of the proposed technique as just estimated. 
However, as the number of parallel amplifiers increases, the phase compensation rates have 
to be increased proportionally. The algorithm could be applied to the multi-amplifier system 
through time-division multiplexing.  
The coherent combining of two 500-mW Er-doped amplifiers resulting in ~1 W power 
decoupled through the single-mode fiber output has been successfully demonstrated. 
Typical Channel 2 power and phase traces (figure 17(a, b)) exhibit the features similar to that 
shown in figure 15(c, d). The absolute power variations are about 10 – 20 mW, i.e. ~1 – 2 % 
of the total power emitted by two amplifiers. One can see how, during the given time series, 
the initial phase mismatch caused by a flick given on the amplifier is compensating due to 
operation of the feedback loop: the peaks initially separated in two series join together 
highlighting constructive interference achieved in Channel 1. The power characteristics of 
the combined system (figure 17(c)) give clear evidence that more than 95% of the radiation 
generated in two fiber amplifiers is efficiently decoupled through the single mode output.  

4.5 Conclusion to the part 4 
In conclusion, the reported result gives us the basis of the work towards development of the 
multichannel system shown in figure 11. The method is proved to operate against the noise 
with a rate of ~2.6π rad/ms that potentially serves combining of ~50-100 amplifiers with 
noise properties like those shown in figure 16. It opens the potential to produce high-power 
narrow-band radiation through the complete near-infrared employing the YDF phase 
control in combination with variety of rare-earth-doped and Raman fiber amplifiers, in 
particular, based on large-mode-area fibers. Attractive features of these sources are their 
compactness, reliability, all-fiber integrated format. 

5. Conclusions and recent progress 
In this Chapter refractive index changes (RICs) induced in Yb-doped optical fibers by 
resonance pumping is considered as a side effect of the population inversion mechanism 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

232 

that generally manages operation of the fiber lasers and amplifiers. The fundamentals of the 
RIC phenomena and details of the effect dynamics are explained in terms of the two-level 
laser model. The effect is experimentally quantified for commercial aluminium silicate fibers 
demonstrating that the RIC dynamics follows the change of the population of the 
excited/unexcited ion states with a factor proportional to their polarizability difference 
(PD). The PD, the only material parameter used by the model, is measured for a number of 
fiber samples and found to be independent on the fiber geometry, the ion concentration and 
the tested wavelength in the range 1460 - 1620 nm.  Continuation of this work is 
investigations of fibers with different matrixes of activators. In particular, our recent study 
of phosphate silicate Yb-doped fibers (Fotiadi et al., 2009a) highlighted their PD value to be 
not so different from the reported for aluminium silicate fibers, despite the Yb-ion life times 
in these fibers defer almost in two times. Deep understanding of these electronic phenomena 
in Yb-doped fibers is very important for numerous fiber applications. 
In this Chapter, we propose a simple solution for coherent beam combining of rare-earth-
doped fiber amplifiers. The RIC effect is employed for an active phase control in all fiber 
spliced configuration. A simple algorithm is developed on the based of the electronic RIC 
model allows straightforward implementation of the effect into a feedback loop. Combining 
of two 500-mW Er-doped amplifiers in a single-mode fiber is demonstrated with optical 
control by ~120-mW laser diode. The experimental optical loop is able to operate against the 
acoustic phase noise within the range of π rad and with a rate of ~2.6π rad/ms  suitable for 
combining ~50 amplifiers similar to those used in our work.  Recently we demonstrated that 
two wavelengths scheme improves the dynamical range and the response time of the phase 
control loop (Fotiadi et al., 2009b). Instead using the 980 nm laser diode alone, we proposed 
to use it in combination with a 1060nm laser. The use of both diodes gives a two times 
dynamical range or increases in several times the response of the phase control loop.  
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1. Introduction  
Ferroelectric crystals are important materials in many kinds of applications. Since the 
invention of so called quasi-phase matching technique, periodically domain-inverted 
ferroelectrics crystals with modulated second order nonlinear susceptibility has received 
much attention owing to its outstanding nonlinear optical properties(Magel et al.,1990; Xu et 
al.,1993; Zheng et al.,1998). In periodically domain-inverted ferroelectrics crystals, besides 
the nonlinear optical coefficients, other third-rank tensors, such as the electro-optic (EO) 
coefficient, are also modulated periodically because of the periodically reversed ferroelectric 
domains. Since the theoretical research on EO effect in PPLN was proposed by Y.Q Lu et 
al(Lu et al.,2000), this periodically modulation of the EO coefficient has given birth to some 
novel essential applications, especially when the voltage is applied along the transverse 
direction of the crystal. In this chapter, current research of transverse EO-based PPLN 
applications, such as tunable wavelength filter, polarization controller, electro-optical switch 
and laser Q-switch in periodically poled lithium niobate are summarized. 

2. Solc-type wavelength filter 
Tunable optical filters play an important role in optical signal processing and optical 
communication. In particular, a narrow flat-top bandpass filter, which not only enables a 
particular wavelength channel to pass through but also significant to keep signal stable, as 
well as a multiple-wavelength filter, which enables several wavelengths to pass through 
together at the same time, are widely needed in wavelength-division multiplexing systems. 
In this section, we present our research on tunable filter with single-wavelength, multiple-
wavelength and flat-top passband based on PPLN crystal. Photovoltaic effect in PPLN is 
also investigated and based on which a tunable filter by use of UV light is demonstrated. 
Moreover, the latest researches on solc-type filter based on Ti:PPLN channel waveguide are 
also presented in the end of this section. 

2.1 Principles 
When an electric field is applied along the Y axis of a crystal with 3m symmetry, the new 
index ellipsoid deforms to make its principal axes rotated at an angle θ about the x axis with 
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respect to the unperturbed principal axes. Since θ is proportional to the product of the 
electric field and the electro-optic coefficient, when an uniformed electric field applying 
along the Y axis of the crystal, the rotation angle of the original domain is opposite to that of 
the inverted domain because of the reversal of the spontaneous polarization(Lu et al.,2000). 
Thus, in a periodically domain inverted crystal with a uniformed electric field applied along 
the Y axis, a structure with alternating left and right rotation angle θ will be formed due to 
the periodic EO coefficient. This structure is similar to the well known folded Solc filter 
structure with alternating azimuth angles of the crystal axes. So we call it Solc layered 
structure.  

 
Fig. 1. Schematic diagram of a Solc layered structure based on electro-optic periodically 
domain inverted crystals. X, Y and Z are the principal axes of the unperturbed index 
ellipsoid. Λ is the period of this structure and N is the period number. The arrows inside the 
structure indicate the spontaneous polarization directions. Yo, Zo and Yi, Zi are the new 
perturbed principal axes of the original domains and the inverted domains with external 
electric field, respectively(Lu et al.,2000). 

To have an insight into the filter process, polarization coupled-mode theory is established to 
track the polarization state of light propagation along PPLN. In PPLN the coupled-wave 
equations of the ordinary and extraordinary waves are: 

 1 2
*

2 1

dA /dx=-iκA exp(iΔβx)  
dA /dx=-iκ A exp(-iΔβx)
⎧
⎨
⎩

  (1) 

with ( )2 1 mΔβ= k -k -G , mG =2πm/Λ and 
2 2
o e 51 y

o e

n n γ Eω i(1-cosmπ)κ=-
2c mπn n

 (m=1, 3, 5 …), where A1 

and A2 are the normalized amplitudes of the ordinary wave and the extraordinary wave, 
respectively, k1 and k2 are the corresponding wave vectors, Gm is the mth reciprocal vector 
corresponding to the periodicity of poling. Consider an input light with Y-axis polarization 
direction, the boundary condition of the equation is given by 
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 1

2

A (0)=1
A (0)=0
⎧
⎨
⎩

  (2) 

So the solution of coupled-mode equation (1) is: 

 1
*

2

A (x)=exp[i(Δβ/2)x][cossx-i(Δβ/2s)sinsx]

A (x)=exp[-i(Δβ/2)x](-iκ )sinsx/s
⎧⎪
⎨
⎪⎩

  (3) 

 

where s is given by 2 * 2s =κκ +(Δβ/2) . 
When ( )2 1 mΔβ= k -k -G =0 , the reciprocal vector compensates for the wave-vector mismatch. 
We call this condition a QPM polarization conversion condition, which determines the 
fundamental wavelength of this kind filter. Under QPM condition, the transmission along 
the Z-axis is given by 

 2 2
2 1T= A (x)/A (0) =sin (Sx)   (4) 

 

If Sx = κ L=(2m+1)π/2 , (m=0, 1, 2…), then T=100％ and the power of the input light is 

completely transferred from Y polarization to Z polarization. Thereby, with a polarizer 
along Z-axis at the output, the fundamental wavelength will pass it without any loss, while 
at the same time wavelengths which don’t satisfy this condition will be forbidden by the 
analyzer. The working mechanism of solc-type filter can also be easily understood as 
follows: Because each domain serves as a half-wave plate with respect to the fundamental 
wavelength. After passing through the stack of half-wave plates, the optical plane of 
polarization of the fundamental wavelength rotates continually and emerges finally at an 
angle of 2Nθ, where N is the number of plates. Therefore, when 2Nθ= o90 at the filter output, 
light of the fundamental wavelength does not experience loss in passing through the crossed 
analyzer. 

2.2 Device of tunable Solc-type wavelength filter  
2.2.1 Tunable single-wavelength filter  
The first observation of a Solc filter based on PPLN operating in the optical communication 
wavelength range was proposed by our group in 2003 (Chen et al., 2003). Similar to the 
traditional folded type Solc filter, a PPLN crystal is placed between two crossed polarizer. 
This sample is with dimensions of 28 mm×5 mm×0.5 mm consists of four gratings with 
periods from 20.2 to 20.8μm and a width of 1 mm. A measured transmission power versus 
wavelength for 20.6μm and 20.8μm period is shown in Fig.3, from which a typical 
transmission spectrum of traditional Solc-type filter can be seen. The amplitude modulation 
of the transmission power by applying an electric voltage along the Y axis of the PPLN is 
also observed and the result is shown in Fig.4. In above discussion, we have known that the 
fundamental wavelength is determined by equation ( )2 1 mΔβ= k -k -G =0 , which can be 
simplified to 0 o eλ =Λ(n -n ) . Because the refractive indices of the ordinary wave and the 
extraordinary wave are temperature dependent, yet the fundamental wavelength can be 
shifted to a series of different wavelengths by changing the temperature. The experiment 
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Fig. 2. Experimental setup for a PPLN single-wavelength filter. A PPLN crystal, which is Z 
cut, is placed between two crossed polarizer, the first of which is along Z direction and the 
second Y direction. The light propagates along the X direction and a uniform electric field is 
applied along the Y axis of the PPLN sample. ASE, amplified spontaneous emission; OSA, 
optical spectrum analyzer(Chen et al.,2003). 

 
 

Fig. 3. Measured transmission power versus wavelength of the Solc filter in the 20.6- and 
20.8-mm-period PPLN at a temperature of 24 0C. The FWHM of the transmission spectrum 
is～0.8 nm(Chen et al.,2003).  

result on wavelength modulation is showed in Fig.5, where -0.415nm/0C tuning rate is 
achieved. Wavelength tuning by temperature is interesting in dense wavelength division 
multiplexer optical fiber communication systems, where it can be employed as a 
wavelength-tunable filter for all-optical wavelength routing. 
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Fig. 4. Experimental measurement of the normalized transmission of the Solc filter (20.8 
mm) as a function of the applied voltage at 24 0C for a given wavelength of 1529.80 nm. The 
solid curve is the experimental measurement, the dashed curve represents the theoretical 
values calculated from the Sellmeier equation(Jundt,1997), and the dotted curve is phase 
shifted from the dashed curve for comparison with the experiment(Chen et al.,2003). 
 

 
Fig. 5. Experimental measurement of the central wavelength of the Solc f ilter (20.8 mm) as a 
function of the temperature without the applied external electric voltage. The dashed line 
represents the theoretical values calculated from the Sellmeier equation(Jundt,1997), and the 
solid curve is the experimental measurement(Zhu et al.,2003). 
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2.2.2 Tunable multiple-wavelength filter 
In previous section, we have discussed that the central wavelength of a PPLN Solc-type 
filter is determined by the period of the domain inversion and the ordinary and 
extraordinary refractive indices. Since the indices are temperature dependent, the central 
wavelength of such filter can be shifted by changing the working temperature of the whole 
PPLN. If we apply a temperature distribution along the PPLN through a local-temperature-
control technique to control and reshape the second harmonic (SH) curve, then the PPLN 
will be divided into several temperature sections and each section will give a central 
wavelength determined by its local temperature. By combining the contributions from all 
the temperature sections in the PPLN, a multi-wavelength filter can be realized. By properly 
controlling the temperature of each section, we can construct a tunable multi-wavelength 
filter for any wavelength according to the practical needs of different applications(Wang et 
al.,2007). 

 
Fig. 6. Tunable double-wavelength filter realized in PPLN by applying a two-section pattern 
temperature distribution along the sample. In the first figure, under a [26.1 21.2] 0C pattern 
temperature distribution, the double peaks were at 1540.616nm and 1543.63nm, and under a 
[34.8 12.4] 0C pattern temperature distribution, the double peaks were tuned to 1538.562nm 
and 1545.6845nm, for the symmetrical case. In the second figure, under a [32.1 22.9] 0C 
pattern temperature distribution, the double peaks were set to 1537.078nm and 1542.763nm, 
for the arbitrary case(Wang et al.,2007). 

The multiple-wavelength filter can also been designed by optimizing the sequences of the 
opposite domains in aperiodic poled lithium niobate (APLN) using simulated annealing 
(SA) algorithm(Gu et al.,2004). Here, Jones matrix, a 2×2-matrix method, is employed to 
track the polarization state of light propagation along APLN (Yariv & Yeh,1984). The 
sequence of the positive and negative domains is optimized with the target that the 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

240 

2.2.2 Tunable multiple-wavelength filter 
In previous section, we have discussed that the central wavelength of a PPLN Solc-type 
filter is determined by the period of the domain inversion and the ordinary and 
extraordinary refractive indices. Since the indices are temperature dependent, the central 
wavelength of such filter can be shifted by changing the working temperature of the whole 
PPLN. If we apply a temperature distribution along the PPLN through a local-temperature-
control technique to control and reshape the second harmonic (SH) curve, then the PPLN 
will be divided into several temperature sections and each section will give a central 
wavelength determined by its local temperature. By combining the contributions from all 
the temperature sections in the PPLN, a multi-wavelength filter can be realized. By properly 
controlling the temperature of each section, we can construct a tunable multi-wavelength 
filter for any wavelength according to the practical needs of different applications(Wang et 
al.,2007). 

 
Fig. 6. Tunable double-wavelength filter realized in PPLN by applying a two-section pattern 
temperature distribution along the sample. In the first figure, under a [26.1 21.2] 0C pattern 
temperature distribution, the double peaks were at 1540.616nm and 1543.63nm, and under a 
[34.8 12.4] 0C pattern temperature distribution, the double peaks were tuned to 1538.562nm 
and 1545.6845nm, for the symmetrical case. In the second figure, under a [32.1 22.9] 0C 
pattern temperature distribution, the double peaks were set to 1537.078nm and 1542.763nm, 
for the arbitrary case(Wang et al.,2007). 

The multiple-wavelength filter can also been designed by optimizing the sequences of the 
opposite domains in aperiodic poled lithium niobate (APLN) using simulated annealing 
(SA) algorithm(Gu et al.,2004). Here, Jones matrix, a 2×2-matrix method, is employed to 
track the polarization state of light propagation along APLN (Yariv & Yeh,1984). The 
sequence of the positive and negative domains is optimized with the target that the 
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transmission of the prescribed wavelengths are equal with maximum values at the same 
time. Here, we chose the objective function in the SA method as 

 { }α α α
α

F= T(λ )- max[T(λ )]-min[T(λ )]∑   (5) 

where the symbol max[…] (min[…]) manifests to take their maximum (minimum) value 
along all the quantities including into […]. αλ is the transmission wavelength selected as the 
objective wavelength in the function. In our calculation, the length of each domain is set to 
be 5 μm. The length L of lithium niobate is 5 cm and the number of blocks is N=10000. The 
wavelength dependent refractive indices of extraordinary wave and ordinary wave are 
calculated at 20 0C from the Sellmeier equation(Jundt,1997). Wavelengths 1548.5, 1550.1, 
1551.7, and 1553.3 nm are chosen as the filtering wavelengths of APLN filter. These 
wavelengths are from ITU standard wavelength table for DWDM optical communication, 
with frequency spacing of 200 GHz. Fig.7 shows the filtering results of two, three and four 
200-GHz-spaced DWDM wavelengths by simulated annealing algorithm.  
 

 
Fig. 7. Calculated transmission spectra of narrowband multiple wavelengths filters at 20 0C. 
The length L of lithium niobate is 5 cm. (a) a spectrum of PPLN Solc filter. (b)– (d) 
transmission spectrums with two, three and four peaks in APLN filters optimized by SA 
method. The number of domains is N =10000 and the applied electric field in Y -direction is 
70 V/mm. The peak wavelengths are 1548.5, 1550.1, 1551.7 and 1553.3 nm, respectively (Gu 
et al.,2004). 

The first experimental observation of narrowband multi-wavelength filters based on 
aperiodically poled lithium niobate crystals was reported by C. H. Lin et.al(C.H.Lin 
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et.al.,2007). In the experiment, they simultaneously transmitted 8 ITU-standard wavelengths 
through a 5-cm long EO APLN filter with a transmittance of >90% and a bandwidth of ~0.45 
nm for each wavelength channel. Moreover，the transmission spectrum of the EO APLN 
filter can be conveniently tuned by temperature at a rate of ~0.65 nm/0C in the telecom C 
band. 
 

 
Fig. 8. Calculated (solid line) and measured (open circles) transmission spectra of the 5-cm 
long EO APLN filter. The two spectral curves agree reasonably well, except that the side 
lobes in the experimental curve are more apparent. The inset shows a microscopic image of 
an HF-etched z surface of the fabricated APLN crystal. The label in the inset indicates the 
width of the unit domain block used in this APLN crystal, i.e., Δx = 5 μm(C.H.Lin et 
al.,2007). 

2.2.3 Flat-top wavelength filter  
Generally, the passband of this kind filter is extremely narrow. Tiny shift of the fundamental 
wavelength because of unstable temperature or any other factors will contribute to great 
loss. Thereby, a flat-top filter which can avoid the interference of the outside and maintain 
signal quality is necessary.  
To begin with this section, we would like to introduce the spectrum waveform similarity 
(SWS) rule discovered in PPLN firstly(Liu et al.,2009a). The SWS rule can be described as 
follows: if the product of the domain N and the rocking angle θ is fixed, the shape of the 
spectrum waveform remains similar, as N varies. To get a clear picture of this rule, Fig.9 will 
be helpful. In figure 9, “A” represents the product of the domain N and the rocking angle θ. 
With “A” fixed at pi/2, the shape of the spectrum waveform remains similar when N is 
changing, despite the FWHM correspondingly increases. Based on the spectrum waveform 
similarity (SWS) rule, we come to a conclusion that the shape of the spectrum waveform is 
determined by the product A. By observing the spectrums at different value of A, our study 
reveals a critical point (A=2.24) at which the spectrum surprisingly evolved into flat-top 
type (Fig.10). The 1 dB width of the flat-top waveform can be fitted as follows: 
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Fig. 9. The transmission spectrums by use of numeral calculation in PPLN with the product 
A fixed at π/2. (a) The transmission spectrum with N at 4000; (b) The transmission spectrum 
with N at 2000; (c) The transmission spectrum with N at 1000; (d) The transmission 
spectrum with N at 500(Liu et al.,2009a). 

 
Fig. 10. The transmission spectrums by use of numeral calculation in PPLN with the product 
A fixed at 2.24. (a) The transmission spectrum with N at 4000; (b) The transmission spectrum 
with N at 2000; (c) The transmission spectrum with N at 1000; (d) The transmission 
spectrum with N at 500(Liu et al.,2009a).  
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 1db 0Δλ »2.5λ /N   (6) 

where λ0 is the fundamental wavelength of the filter. 
In order to confirm this theoretical discovery about flat-top spectrum in PPLN, further 
investigation has been performed experimentally(Liu et.al,2009b). The PPLN sample, 
employed in the experiment, with a dimension of 30(L)×10(W)×0.5(T)mm3 consists of 2857 
domains with the period of 21 (μm). In above discussion, we have known the flat-top 
spectrum requires Nθ=2.24 which is greater than the single wavelength Solc-type filter 
(2Nθ=л/2). Thereby, as to a given PPLN (N fixed), higher electric field is requested than 
usual. During the experiment, the transmission of the fundamental wavelength attends to 
maximum at 3 (kV/cm) (A) and gradually declines when the electric field keeps on arising 
subsequently. Consistent with the theoretical result, the spectrum evolves into flat-top type 
with higher electric field at the critical point 4.2 (kV/cm) (B). The corresponding 
transmission spectrums at A and B are, respectively, shown in Fig.11. A flat-top waveform 
with 1 (nm) flat-top width is obtained in the experiment. 
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Fig. 11. The transmission spectrums at electric fields of A and B. The curve with square 
symbol represents the spectrum with 3 (kV/cm) electric field (A) and the curve with star 
symbol represents the spectrum with 4.2 (kV/cm) electric field (B) (Liu et al.,2009b). 

Interestingly, as to a given PPLN, by extending the external electric field to a higher value, 
the theoretical results reveal that new critical points of flat-top will be found every 2.4 
(kV/cm) electric field. Besides, the width of each flat-top transmission spectrum is 
proportionally increased with the increment of external electric field. Thereby, tunable 
passband can be achieved by switching the external electric field between different critical 
points which is shown in Fig.12. 
In this section, both the theory and the experiment show that there is a critical voltage at 
which a flat-top transmission spectrum can be achieved. To have an insight into the flat-top 
process, more studies should proceed in future. We believe this phenomenon may be also 
found in other materials and structures similar to PPLN. As the flat-top spectrum is able to 
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keep signal stable, this finding may improve the possibility of the practical application of 
Solc-type PPLN filter in optical networks and optical signal processing in future. 
 

1534 1535 1536 1537 1538 1539 1540 1541 1542
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

B1

B0

Theoretical 
results

Tr
an

sm
is

si
on

Wavelength(nm)  
Fig. 12. The theoretical transmission spectrums at critical points B0 and B1. The solid curve 
represents the theoretical spectrum at B0; The dash curve represents the theoretical spectrum 
at B1(Liu et al.,2009b). 

2.2.4 Photovoltaic effect in PPLN crystal  
In the experiments of above sections, we also found that, without field applied, the device 
also has the function of Solc filter, which shows disagreement with the theory. Our study 
reveals that the photovoltaic effect (PVE) plays an essential role in the performance of non-
field applied PPLN Solc filter(Chen et al.,2006). The PVE effect sometimes can not be 
neglected, especially in electric-optic devices. Our theoretical analysis shows that only the 
 

 
Fig. 13. Two types of device setups for PPLN Solc-type wavelength filter; the arrow on the 
polarizer indicates the polarization direction. The fact that type A takes on the filter 
behavior while type B does not reveals the test light has the PVE on the PPLN and it 
becomes a Solc filter when no external field exists. The numbered components are: 1, 
collimator; 2, crossed polarizer; 3, PPLN(Chen et al.,2006). 
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electric field E in the Y direction can enable the Solc filter. If the input polarizer is put in the 
Y direction, there will be a field formed in the Y direction that will make the device work as 
a Solc filter; Whereas, if the input polarizer is set in the Z direction, no field will cause the 
half-wave plate rocking and the PPLN will have no filter function. By observing the 
spectrums with two types of setups shown in Fig.13, the theoretical analysis is 
experimentally confirmed in Fig.14. 
On the other hand, this PVE effect inspires us a new thought to build the light controlled 
optical devices or to measure the PVE coefficients (Shi et al., 2006). Fig.15 shows measured 
 

 
Fig. 14. The transmission curve of the type A setup of device is in accord with the Solc filter 
function while the type B setup almost has no pass peak(Chen et al.,2006). 

 
Fig. 15. The spectrum of the PPLN filter under 143mW/cm2 UV illumination (empty square 
symbol) and without UV light illumination (red circle symbol) (Shi et al.,2006). 
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output power against wavelength for the PPLN of period 20.8μm with and without the 
illumination of the UV light, respectively. The UV light intensity is about 143mw/cm2. The 
passband of the filter moves from 1531.9nm to 1529.1nm.4). It costs several seconds until 
spectrum of the filter becomes stable. However, the peak value and the shape of the pass 
band are unchanged. It means the Y field of the PVE is not changed. This suggests that no Y 
direction field is induced when a non-polarized light propagates in Z direction. 

2.2.5 Solc-type filter in Ti:PPLN channel waveguide   
In this section, we will present the latest research on solc-type filter based on Ti:PPLN 
channel waveguide which has a significant advantage of low driven voltage. The filtering 
mechanism of this kind filter is same to the filter based on PPLN crystal introduced above.  
In this kind filter, the gap between the electrodes can be as short as (μm) level, therefore, 
only several voltages are enough for filtering or switching a light(Lee et al.,2007). The 
experimental setup to perform the wavelength filtering based on the Ti:PPLN channel 
waveguide is shown in Fig.16. An optical signal from a wavelength-swept fiber laser based 
on a semiconductor optical amplifier and a Fabry–Perot tunable filter was collimated and 
end-fire coupled into the Ti:PPLN waveguide, which is placed between two crossed 
polarizer by a 10х objective lens. The polarization direction of input beam was adjusted 
parallel to the Y axis of the Ti:PPLN device, and the output signal was observed by an 
optical spectrum analyzer. The filtering results of one-mode guiding condition and two-
mode guiding condition are shown in Fig. 17. In one-mode condition, the measured FWHM 
of the filter was about 0.21 nm, and in two-mode condition, the origin of one peak is the 
TEM00-like mode, and the other is the TEM01-like mode. The wavelength difference of the 
two peaks is about 0.8 nm. 

 
Fig. 16. (Color online) Experimental setup for the waveguide-type solc-type filter based on 
the Ti:PPLN channel waveguide. WSFL, wavelength-swept fiber laser; OSA, optical 
spectrum analyzer; PC, polarization controller(Lee et al.,2007). 

Similar to the light controlled optical solc-type filter by use of PVE effect in PPLN crystal, 
Y.L. Lee et.al demonstrate a tunable all-optical solc-type wavelength filter based on Ti:PPLN 
channel waveguide(Lee et al.,2008). Fig.18 shows the centre wavelength of the filter as a 
function of the UV illumination intensity. As the intensity increases, the centre wavelength 
of the filter shifts to a shorter wavelength. The measured wavelength tuning rate of the filter 
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Fig. 17. (Color online) Optical spectra of the Šolc filter based on the Ti:PPLN waveguide 
depending on guiding modes at room temperature: (a) one-mode guiding condition, (b) 
two-mode guiding condition(Lee et al.,2007). 

was about -26.42 nm/W cm-2 which shows more slant than that of a bulk PPLN Solc-type 
filter (-19.23 nm/W cm-2) (Shi et al.,2006). The right axis of Fig.18 indicates the amount of 
change in the refractive index difference between no and ne as a function of UV intensity. 
These results indicate that a Ti:PPLN solc-type filter gives a wider wavelength tuning range 
than that of a bulk PPLN solc-type filter. 
 

 
Fig. 18. Centre wavelength of Ti:PPLN solc-type filter aganst UV illumination intensity(Lee 
et al., 2008) 

3. Polarization controller   
In this section, we will introduce our study on precise linear polarization-state controller 
based on PPLN(Liu et al.,2009c), which was also inspired by Y.Q. Lu et.al.’s study(Lu et 
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al.,2000), where they theoretically proposed the electro-optical effect in PPLN. The working 
mechanism is the same with the Solc-type filter. It is known that with respect to the 
fundamental wavelength of solc-type filter, each domain serves as a half-wave plate. 
Therefore, after passing through the stack of half-wave plates, the optical plane of 
polarization of the fundamental wavelength rotates continually and emerges finally at an 
angle of 2Nθ. As θ is controlled with external electric field, the final rotation angle is as well 
dominated by the electric field. Consequently, an EO linear polarization-state controller for 
the fundamental wavelength can be realized. In the following discussion, we use another 
name of “operating wavelength” to represent the fundamental wavelength which is more 
appropriate than the latter. 
 

 
Fig. 19. Experimental measurement of the state of polarization of the output light 
(λ=1543.47nm) on a Poincare sphere when varying the applied electric field from 0 to 3 
(kV/cm) (Liu et al.,2009c). 
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Fig. 20. Experimental measurement of the rotation angle of the output light (λ=1543.47nm) 
when varying the applied electric field from 0 to 3 (kV/cm) (Liu et al.,2009c). 
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As for the PPLN sample employed in the experiment, the operating wavelength is found out 
to be λ=1543.47nm. Then, experimental measurement of the state of polarization of the 
output light (λ=1543.47nm) is shown on a Poincare sphere in Fig.19 when varying the 
applied electric field. The experiment shows the state of polarization remains on the 
equatorial plane when changing the electric field which indicates the output light remains 
linear state of polarization. The corresponding rotation angle at each electric field is shown 
in Fig.20, where the electric field intensity is tuned from 0 to 3 (kV/cm), with the step of 0.1 
(kV/cm) each time and the rotation angle linearly varies between 0-100 degrees.  
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Fig. 21. Experimental measurement of the rotation angle of the output light (λ=1543.47nm) 
when varying the applied electric field with smaller step. (a ) The external electric field 
varies from 0.100 to 0.200 (kV/cm); (b) The external electric field varies from 0.100 to 0.110 
(kV/cm) (Liu et al.,2009c). 

To obtain higher precision, we reduce the electric field step to 0.01 (kV/cm) and 0.001 
(kV/cm), respectively. Higher precision of 0.4 degree and 0.04 degree is finally achieved, 
limited by the accuracy of the measurement system, which are shown in Fig.21. Moreover, 
the operating wavelength can be tuned to a series of different wavelengths by changing the 
temperature. 
The device operating as a precise linear polarization-state controller may find many 
applications where high precision control of linear polarization-state light is requested 
ranging from polarization analysis to monitoring of network performance, material 
birefringence, and measurement of polarization mode dispersion, swept-wavelength 
measurement, medical imaging and fiber sensor systems.  

4. Electro-optical switch   
High speed optical switch is one of the key components in optical communication. In this 
section, with the same experimental setup of solc-type filter, we change to with focus on the 
application of a precise EO switch. The first observation of an EO switch in PPLN is shown 
in Fig.22, where high extinction ratio with 43 dB is gained in the experiment. 
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Fig. 21. Experimental measurement of the rotation angle of the output light (λ=1543.47nm) 
when varying the applied electric field with smaller step. (a ) The external electric field 
varies from 0.100 to 0.200 (kV/cm); (b) The external electric field varies from 0.100 to 0.110 
(kV/cm) (Liu et al.,2009c). 

To obtain higher precision, we reduce the electric field step to 0.01 (kV/cm) and 0.001 
(kV/cm), respectively. Higher precision of 0.4 degree and 0.04 degree is finally achieved, 
limited by the accuracy of the measurement system, which are shown in Fig.21. Moreover, 
the operating wavelength can be tuned to a series of different wavelengths by changing the 
temperature. 
The device operating as a precise linear polarization-state controller may find many 
applications where high precision control of linear polarization-state light is requested 
ranging from polarization analysis to monitoring of network performance, material 
birefringence, and measurement of polarization mode dispersion, swept-wavelength 
measurement, medical imaging and fiber sensor systems.  

4. Electro-optical switch   
High speed optical switch is one of the key components in optical communication. In this 
section, with the same experimental setup of solc-type filter, we change to with focus on the 
application of a precise EO switch. The first observation of an EO switch in PPLN is shown 
in Fig.22, where high extinction ratio with 43 dB is gained in the experiment. 
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Fig. 22. The experimental transmission spectrums at electric fields of 2.2 (kV/cm) and 0.6 
(kV/cm); The sold curve represents the switching state “ON”, and the dash curve represents 
the state “OFF”. 

 
Fig. 23. (a) The flat-top width as a function of the domain number; (b) The critical electric 
field as a function of the domain number; The transmission spectrum at the domain number 
of 60 is showed in Fig.24 

However, an obstacle to the application of such switch is the narrowband and wavelength 
limit. Inspired by the discovery of flat-top spectrum in PPLN in 2.2.3 section, we further find 
out a critical electric field at which the spectrum evolves into broadband. Fig.23 shows the 
flat-top width and the critical electric field as a function of the domain number. Considering 
a given PPLN with 60 domains, the transmission spectrum at the critical electric field is 
shown in Fig.24, which has a broadband with 50 nm flat-top width. The broadband here can 
efficiently extend the switch’s operating wavelengths. However, although sharp increase of 
the flat-top width can be learned from Fig.23 (a), higher width than 50 nm is impossible in 
practice, because the corresponding critical electric field will synchronously rapidly rise in 
Fig.23 (b), which will damage the PPLN. 
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Fig. 24. The transmission spectrum at the critical electric field of 15 (V/μm) when the 
domain number is 60 

5. Laser Q-switch  
A class of Q-switched lasers employs a fast intra-cavity polarization rotator for switching 
the laser polarization between high- and low-loss laser modes. The two loss modes can be 
established by using a polarization-dependent loss element such as EO PPLN crystal. In this 
section, we present another significant application on laser Q switch laser based on EO 
PPLN crystal, which were proposed by Y. H. Chen et.al(Chen & Huang,2003) and Y. Y. Lin 
et.al(Lin et al.,2007). 
In the year of 2003, Y. H. Chen et.al successfully employed a PPLN Pockels cell as a laser Q-
switch with a switching voltage as low as ~100 V(Chen & Huang,2003). The PPLN Pockels 
cell consists of a quarter-wave plate and an EO PPLN crystal having the same crystal 
orientation as a typical PPLN wavelength converter.  
Fig. 25 shows the continuous-wave (CW) performance of the Nd:YVO4 laser with and 
without a 100-V voltage applied to the EO PPLN crystal. Without the applied voltage, the 
Nd:YVO4 laser had a CW threshold of 400-mW pump power, attributable to the high output 
coupling loss (13%). With a 100-V voltage applied to the EO PPLN crystal, the laser’s CW 
threshold was increased to ~1.4-W pump power as expected from the polarization rotation 
effect.  
To show laser Q-switching operation, the EO PPLN is drove by using a 7-kHz, 100-V voltage 
pulser with a 300-ns pulse width. At 1.2-W pump power, 60-mW average power or 0.74-kW 
peak power with 8.6-mJ pulse energy in an 11.6-ns laser pulse width is measured in the 
experiment (Fig .26). 
Despite the low switching voltage and excellent integrated QPM performance, the PPLN 
Pockels cell was sensitive to temperature and generated appreciable green-laser power at 
532 nm in the Nd:YVO4 laser, both due to the QPM structure in the PPLN. It is desirable to 
have a “green-free” and temperature-insensitive laser Q-switch that still retains the 
advantages of low switching voltage and excellent integrated QPM performance. In the year 
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Fig. 25. CW performance of the Nd:YVO4 laser with (solid curve) and without (dashed 
curve) a 100-V voltage applied to the EO PPLN. With the 100-V voltage, the laser threshold 
was increased from 400 mW to 1.4 W because of the polarization-rotation effect from the EO 
PPLN crystal(Chen & Huang,2003). 

 
Fig. 26. Measured Q-switched pulse from the EO PPLN Q-switched Nd:YVO4 laser at 1.2-W 
pump power. The pulse width was 11.6 ns, and the peak power was ~0.74 kW(Chen 
& Huang,2003). 

of 2007, Y. Y. Lin et.al reported such a laser Q-switch which had overcome the previous 
disadvantages using a novel EO PPLN Bragg modulator, producing 7.8 ns, 201 μJ pulses at a 
10 kHz repetition rate when pumped by a 19.35 W diode laser at 808 nm(Y.Y.Lin et al.,2007). 
The schematic setups of two different kind laser Q-switches are shown in Fig.27. 
Figure 28 shows the measured Q-switched pulse energy versus the diode pump power of 
the second kind laser Q-switch. At 19.35 W pump power, the Q-switched output pulse at 
1064 nm has 201μJ energy and 7.8 ns width, corresponding to a peak power of 26 kW. The 
error bar in the plot shows that the pulse-to-pulse energy jitter was less than 5% over the 
range of our measurement. The inset shows the temporal profile of the Q-switched output  
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Fig. 27. Schematic of the actively Q-switched Nd:YVO4 laser using (a) a PPLN Pockels cell 
and (b) an EO PPLN Bragg modulator as a laser Q-switch. The laser cavity is formed by the 
surface S1 and the output coupler (OC). In (b), the Bragg angle θB is exaggerated for clarity. 
QWP, quarter-wave plate; HR, high reflection; HT, high transmission; PR, partial 
reflection(Y.Y.Lin et al,2007). 

 
Fig. 28. Output pulse energy of the actively Q-switched Nd:YVO4 laser versus pump power. 
With 19.35 W pump power at 808 nm, the 1064 nm laser pulse has an energy of 201 ~J and a 
width of 7.8 ns, corresponding to a laser peak power of 26 kW. The inset shows the 
measured temporal profile of the Q-switched laser pulse(Y.Y.Lin et al.,2007). 
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pulse. In the experiment, no noticeable change was observed on the laser performance when 
the EO PPLN grating was heated from room temperature to 180 °C; In addition, no green-
laser power produced from the non-phase-matched second-harmonic generation in the EO 
PPLN grating was observed in the experiment as well. The experiment successfully 
confirmed the advantages of this kind Q-switch. 

6. Conclusion  
In this chapter, we have reviewed essential applications by use of polarization coupling in 
periodically poled lithium niobate during the past five years. Because of the outstanding 
properties of PPLN, we believe that PPLN will remain to be an important contemporary 
realm of research. 
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1. Introduction     
Wavelength-division-multiplexing (WDM) technology has been developing in broadband 
optical networks. The wavelength range used in fiber transmission systems has been 
increasing by employing various kinds of fiber amplifiers. In order to make it possible to 
handle signals of multiple wavelengths efficiently in network nodes, wavelength-selective 
processing in switching, routing and buffering systems will be required. In such processing 
systems, integrated-optic switches become one of fundamental key devices. In particular, 
high-speed wavelength-selective switches are required for WDM packet processing. 
Wavelength-selective switches are classified from viewpoint of control method into 
electrically controlled devices and optically controlled ones. The former includes collinear 
acoustooptic (AO) devices (Goto & Miyazaki, 1990).  Although multiple signals at different 
wavelengths can be independently switched with a single AO switch, it provides a response 
time only at an order of micro seconds.  Optical circuits consisting of arrayed waveguide 
gratings (AWGs) and wavelength-insensitive switches are also regarded as a device in this 
class (Goh et al., 2008). The switching response depends on the control mechanizm of the 
wavelength-insensitive switches. The response time in thermo-optic switches is an order of 
milli seconds (Suzuki et al., 1998). On the other hand, optically controlled switches include 
devices using phase shift induced by optical nonlinear Kerr effect (Doran & Wood, 1988) 
and phase shift in semiconductor optical amplifiers (SOAs) (Nakamura et al., 2000) and in 
quantum dots (Kitagawa et al., 2009). These switches using phase shifting, in general, cannot 
provide wavelength-selectivity. Therefore, to realize wavelength-selective switching of the 
latter class, combination with multiplexers and demultiplexers such as AWGs is required. 
As a switch of the latter class, the authors have proposed a new type of wavelength-selective 
switch where optical amplitudes in waveguide arms of interferometers are controlled by 
Raman amplifiers (Kishikawa & Goto, 2005; Kishikawa & Goto, 2006; Kishikawa & Goto, 
2007a; Kishikawa & Goto, 2007b). In this article, the operation principle of wavelength-
selective switching with the proposed devices is described. Computer simulation by finite-
difference beam-propagation-method (FD-BPM) is performed to verify the switching 
operation. 

2. Wavelength-selective switching by light control 
Optical switching circuits discussed in this article consist of directional couplers, 
waveguide-type Raman amplifiers and attenuators as shown in Fig. 1. Designing of the 
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switching circuits indicated by the dotted rectangular is theoretically discussed in the next 
section.  In the switching circuits, the signal light intensity is controlled with waveguide-
type Raman amplifiers. We consider that WDM optical signals at wavelengths λ 1, λ 2 and λ 3 
are incident into the upper waveguide of the circuit, and the two signals at λ 1 and λ 3 are to 
be switched to OUT B, whereas the signal at λ 2 is to be forwarded to OUT A. To induce this 
routing operation, optical pumping signals at λ 1' and λ 3' are injected to Raman amplifiers, 
where λ i', i=1,2,3, is shorter than λ i by an amount of a Raman shift λ R, that is, λ i'= λ i - λ R.  
The Raman shift depends on the material of the amplifier, whose typical value is 
approximately 100 nm.  By injecting these pumping signals, the Raman amplifiers amplify 
wavelength-selectively the signals at λ 1 and λ 3. In some structures of the circuits, control 
signal λ 2' may be injected to another Raman amplifier placed in the circuits.  We will find 
the structure of switching circuits with the required conditions for the amount of 
amplification. Since the Raman amplifiers are controlled by pumping light, all-optical 
switching can be realized. 
 

Combination of couplers and Raman amplifiers

: Optical Raman amplifier

: Optical attenuator

: Optical coupler

: Waveguide

: Optical Raman amplifier

: Optical attenuator

: Optical coupler

: Waveguide
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Fig. 1. Wavelength-selective switching circuit using a combination of optical couplers,  
optical Raman amplifiers and optical attenuators. 
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Fig. 2. Wavelength-selective amplification by stimulated Raman scattering with waveguide-
type Raman amplifiers. 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

258 

switching circuits indicated by the dotted rectangular is theoretically discussed in the next 
section.  In the switching circuits, the signal light intensity is controlled with waveguide-
type Raman amplifiers. We consider that WDM optical signals at wavelengths λ 1, λ 2 and λ 3 
are incident into the upper waveguide of the circuit, and the two signals at λ 1 and λ 3 are to 
be switched to OUT B, whereas the signal at λ 2 is to be forwarded to OUT A. To induce this 
routing operation, optical pumping signals at λ 1' and λ 3' are injected to Raman amplifiers, 
where λ i', i=1,2,3, is shorter than λ i by an amount of a Raman shift λ R, that is, λ i'= λ i - λ R.  
The Raman shift depends on the material of the amplifier, whose typical value is 
approximately 100 nm.  By injecting these pumping signals, the Raman amplifiers amplify 
wavelength-selectively the signals at λ 1 and λ 3. In some structures of the circuits, control 
signal λ 2' may be injected to another Raman amplifier placed in the circuits.  We will find 
the structure of switching circuits with the required conditions for the amount of 
amplification. Since the Raman amplifiers are controlled by pumping light, all-optical 
switching can be realized. 
 

Combination of couplers and Raman amplifiers

: Optical Raman amplifier

: Optical attenuator

: Optical coupler

: Waveguide

: Optical Raman amplifier

: Optical attenuator

: Optical coupler

: Waveguide

λ1 λ2 λ3
λ

Signal
IN

λ’1 λ’3
λ

Pump light IN
λ2

λ

λ1 λ3
λ

OUT A

OUT B

Pump light OUT

 
Fig. 1. Wavelength-selective switching circuit using a combination of optical couplers,  
optical Raman amplifiers and optical attenuators. 
 

λ1’ λ2’ λN’ λ1 λ2 λN

ΔλR

λ
ΔλWDM

λR
Δλtotal=(N-1) ΔλWDM

Raman gainPumping light

 
Fig. 2. Wavelength-selective amplification by stimulated Raman scattering with waveguide-
type Raman amplifiers. 

All-Optical Wavelength-Selective Switch by Intensity Control in Cascaded Interferometers  

 

259 

The wavelength-selective amplification can be performed in wide wavelength range by 
employing stimulated Raman scattering as shown in Fig. 2.  The Raman gain bandwidth Δf R 
in frequency for a specific pumping wavelength is tens GHz, for example, Δf R =20 GHz with 
pulse-pumped maximum gain of 20 dB and continuous wave (cw)-pumped gain of 3.7 dB at 
λ =960 nm in GaP waveguides (Suto et al., 2002). In a Si waveguide, Δf R =75 GHz with cw-
pumped gain of 2.3 dB at wavelength 1574 nm (Rong et al., 2004), and pulse-pumped gain of 
20 dB at wavelength 1673 nm (Raghunathan et al., 2005) were reported.  
We denote the wavelength range available for this device as Δλtotal. Then, the WDM number 
handled with this switch is expressed as NWDM = Δλtotal / Δλ R = c Δλtotal  /Δf R λ 2, where c is 
the light velocity and Δλ R is the Raman gain bandwidth in wavelength.  If Δλtotal is as wide 
as 40 nm with the center wavelength of λ=1550 nm, NWDM can be as large as 65 with Si 
Raman amplifiers.  

2. Theoretical analysis of switching 
2.1 Key elements 
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Fig. 3. Key elements consisting the proposed wavelength-selective switches. 

This section describes theoretical analysis with ideal device models.  Key elements 
consisting the proposed switch are a 3-dB directional coupler and parallel independent 
waveguides containing amplifiers or attenuators as shown in Fig. 3.  In the 3-dB directional 
coupler shown in (a), the electric field amplitude Eout (i), i=1, 2, of the optical output signals 
are related with Ein(i) of the optical input signals from the coupled mode theory, by 
eliminating the common phase term along the propagation, as 
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where 1j = − , κ and κ 0 are the coupling coefficient and the coefficient at a designed 
wavelength for 3-dB coupling. The value κ  depends on the field overlapping of optical 
individual waveguides. The wavelength dependence of κ therefore depends on the 
waveguide structure. This wavelength dependence of the 3-dB directional coupler causes 
the wavelength dependency in the proposed switch.  At the designed wavelength for the 3-
dB coupling, eq.(1) is simplified by using κ = κ 0, as   
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Optical waves propagated along the independent parallel waveguides with amplification 
coefficient α 1 and α 2 are expressed as 

 
(1) (1)

1
(2) (2)

2

0
.

0
out in

out in

E E
E E

α
α

⎛ ⎞ ⎛ ⎞⎛ ⎞
=⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠ ⎝ ⎠
  (3) 

2.2 Switch A 
We have proposed two switch architectures. Figure 4 shows the device structure of one of the 
switch architectures, named as switch A. The switch consists of two cascaded interferometers. 
In the first interferometer, each arm has a Raman amplifier with amplification coefficient αA 
and αB for the lower and upper arms, respectively. An attenuator with attenuation coefficient β 
is placed in the upper arm of the second interferometer. The Raman amplifiers are pumped by 
backward traveling light coupled with polarization-selective or wavelength-selective couplers. 
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Fig. 4. Schematic diagram of the proposed wavelength-selective switch A consisting of two 
cascaded interferometers. 

Optical WDM signals at wavelength λ i , i=1, ..., N, are incident at input port IA. When optical 
WDM signals at λ k, {1,..., }k N∈ , are to be switched to output port OB, pumping WDM lights 
at λ k ' are coupled to the lower Raman amplifier to amplify the signals with gain coefficient 
αA. The wavelength λ k ' satisfies the condition λ k'= λ k - λ R. On the contrary, when the WDM 
signals at λ j are to be switched to output port OA, pumping WDM lights at λ j ' are coupled 
to the upper Raman amplifier to amplify the signals with gain coefficient αB.  Since the 
Raman amplifiers made of crystalline waveguides can wavelength-selectively amplify 
optical signals with narrow gain bandwidth ΔλR, multiple WDM signals can be 
simultaneously and wavelength-selectively switched with this single switch. 
Using eqs.(2) and (3), the output fields through the switch are related to the input fields as 
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Optical waves propagated along the independent parallel waveguides with amplification 
coefficient α 1 and α 2 are expressed as 
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By substituting eq. (5) into eq. (4), the outputs are obtained as 
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It is expected from eq. (6) that Bout=0 for some values of αA, αB and β, on the other hand, Aout=0 
for some other values of these parameters. Since the number of these unknown parameters is 
three for two equations, the solutions for these parameters cannot be determined. However, by 
considering physical limitations in these parameters, we obtain the solutions as 
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It is found from eq.(7) that the switch operates as a 1x2 spatial switch whose output port is 
selected by proper amplification and attenuation effects.  It is noted that the value β is 
constant in these two conditions. The incident light is routed to output port OA by 
amplifying the upper amplifier with 1 2Bα = + . The amplification is not required in the 
other amplifier αA. On the contrary, the light is routed to output port OB by amplifying the 
lower amplifier with  1 2Aα = + . A drawback of this architecture is that either amplifier has 
to be activated for an input signal. That is, there is no default single output path without 
pumping. 

2.3 Switch B 
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cascaded interferometers. 

An alternative architecture of the switch consists of cascaded three interferometers as shown 
in Fig. 5. Three Raman amplifiers are placed in the lower arms of the three interferometers. 
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The feature of this architecture is that optical incident signals are routed to output port OA 
without any pumping light for amplification, and are switched to output port OB only when 
three amplifiers are activated by pumping. Since the three amplifiers are activated to have 
the same amplification coefficient α, the control for switching is simpler than that in switch 
A. The output fields through this switch are related to the input fields as 
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Since the incident optical signal is coupled into the lower port IA, we assume 
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By substituting eq. (9) into eq. (8), the outputs are obtained as 
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For no amplification at each Raman amplifier, that is α=1, output  electric fields are 
calculated to be Aout= - Ein and Bout=0. It means that the incident optical wave is routed to 
output port OA without amplification. In contrast, to switch the wave from output OA to 
output OB, the output electric fields have to be Aout=0 by proper amplification. The condition 
is given as a solution of an equation α3-3α2-α-1=0. This solution for α can be satisfied with 
α=3.383. With this value of α, Bout is calculated to be –j(α+1)(α-1)2 Ein = –j6.222 Ein. It means 
that the incident optical wave is amplified and routed to output OB. This switching 
operation is summarized as 
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The difference of the output intensity by a factor of (6.222)2 can be compensated by 
employing an attenuator at output port OB or an amplifier at output port OA. 

3. Numerical simulation of switching 
3.1 Switch A 
The switching characteristics can be analyzed using the equations described in the previous 
section. Wavelength dependence is also found by using eq. (1) instead of eq.(2) in the similar 
manner as described above. In this section, on the contrary, we verify the switching operation 
by numerical simulation to clarify the wave propagation along the waveguides of the switch. 
We use FD-BPM simulation with seventh-order Pade approximation (Hadley, 1992). 
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The difference of the output intensity by a factor of (6.222)2 can be compensated by 
employing an attenuator at output port OB or an amplifier at output port OA. 

3. Numerical simulation of switching 
3.1 Switch A 
The switching characteristics can be analyzed using the equations described in the previous 
section. Wavelength dependence is also found by using eq. (1) instead of eq.(2) in the similar 
manner as described above. In this section, on the contrary, we verify the switching operation 
by numerical simulation to clarify the wave propagation along the waveguides of the switch. 
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Fig. 6. Two-dimensional model of switch A for FD-BPM simulation.   

We consider a two-dimensional slab waveguide model as shown in Fig. 6. The step length 
and the step width in the lateral direction are Δz=1.0 μm and Δx=0.05 μm, respectively. As 
the waveguide material, we consider silica waveguides. The core and cladding regions have 
refractive indices of nc=1.461 and ns=1.450, respectively. The width of the waveguide is 
W=3.0 μm. The interval and the length of the coupled region are set to be d=3.2 μm and 
Lc=100 μm to realize 3-dB coupling at wavelength 1550 nm. The length of the parallel 
waveguides corresponding to the Raman amplifiers and the attenuator is Lp=50 μm. The 
branching waveguides have the length of Ls=1025 μm. The distance between the two input 
ports is D=26.5 μm. The total length is L=6.65 mm.  
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Fig. 7. Distribution of optical fields with two different switching conditions in swith A. 
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The switching operation at λ=1550 nm is confirmed as shown in Fig.7, where squared 
electric fields |E|2 are plotted. In this simulation, Raman amplification is equivalently 
simulated just by increasing the optical electric field by multiplying the gain coefficient αA 
or αB at a place located at the end of the waveguide region for the amplifier. In a similar 
manner, the attenuator is modelled by multiplying the optical electric field by β at the 
beginning of the attenuator. 
The wavelength dependence of the output intensity with the switch is plotted in Fig. 8. At 
the designed wavelength λ=1550 nm, the switching extinction ratio is larger than 35 dB. The 
wavelength range to achieve an extinction ratio larger than 20 dB is approximately 40 nm, 
though the 10-dB extinction ration is obtained over 100 nm. This wavelength dependence is 
caused by the wavelength dependence of the directional couplers. 
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Fig. 8. Wavelength dependence of switched outputs for the switch A designed at 
wavelength λ=1550nm. 
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Fig. 8. Wavelength dependence of switched outputs for the switch A designed at 
wavelength λ=1550nm. 
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3.2 Switch B 
The switching operation with switch B is also verified by FD-BPM simulation. The model 
used in the simulation is shown in Fig. 9. The total length of the switch is L=8.85 mm. 
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Fig. 9. Two-dimensional model of switch B for FD-BPM simulation. 
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Fig. 10. Distribution of optical fields with two different switching conditions in swith B. 

The switching operation at λ=1550 nm is confirmed as shown in Fig. 10. Although the output 
intensities from output port OA and OB are different, switching is successfully simulated. 
The wavelength dependence is shown in Fig. 11. At the designed wavelength λ=1550nm, the 
switching extinction ratio is larger than 25 dB. The wavelength range to achieve the 
extinction ratio larger than 20 dB is approximately 30 nm, though the 10-dB extinction ration 
is obtained over 80 nm. 
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(b) 3.383α =  

Fig. 11. Wavelength dependence of switched outputs for the switch B designed at 
wavelength λ=1550nm. 

4. Improvement of wavelength dependency 
Waveguide-type Raman amplifiers do not depend on wavelength bands to be used because 
stimulated Raman scattering which is the base effect of Raman amplification can occur at 
any wavelength bands. Meanwhile, 3dB couplers have wavelength dependency in general, 
that is, the function of dividing an incident optical wave into two waves at the rate of 50:50 
is available at some particular wavelength bands. The main cause of the wavelength 
dependency is the wavelength dependence of the coupling coefficient κ in eq.(1). For 
improving the characteristics of wavelength dependency of the switch and utilizing it at any 
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Fig. 11. Wavelength dependence of switched outputs for the switch B designed at 
wavelength λ=1550nm. 

4. Improvement of wavelength dependency 
Waveguide-type Raman amplifiers do not depend on wavelength bands to be used because 
stimulated Raman scattering which is the base effect of Raman amplification can occur at 
any wavelength bands. Meanwhile, 3dB couplers have wavelength dependency in general, 
that is, the function of dividing an incident optical wave into two waves at the rate of 50:50 
is available at some particular wavelength bands. The main cause of the wavelength 
dependency is the wavelength dependence of the coupling coefficient κ in eq.(1). For 
improving the characteristics of wavelength dependency of the switch and utilizing it at any 
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wavelength bands, wavelength-independent (or wavelength-flattened) optical couplers 
should be employed. Fiber-type wavelength-independent couplers, that can be used for 
50:50 of the dividing rate at wavelength bands such as 1550 nm± 40 nm and 1310 nm ± 40 
nm, have already been on the market.  However, waveguide-type wavelength-independent 
couplers have advantage from the viewpoint of integrating the switch elements. 
An alternative for improving wavelength dependence is to replace the directional couplers 
by asymmetric X-junction couplers (Izutsu et al., 1982; Burns & Milton, 1980; Hiura et al., 
2007). The asymmetric X-junction coupler has basically no dependence on wavelength and 
helps to improve the wavelength dependency of the proposed switch (Kishikawa et al., 
2009a; Kishikawa et al., 2009b).   

5. Another issue in implementation 
Phase shift of the signal pulse experienced in the waveguide-type Raman amplifiers should 
be discussed because it can impact the operation of the switch. The phase shift is induced 
from refractive index change caused by self-phase modulation (SPM), cross-phase 
modulation (XPM), free carriers generated from two-photon absorption (TPA) (Roy et al., 
2009), and temperature change. Although the structure of the switch becomes more 
complex, the effect of SPM and TPA-induced free carriers can be cancelled by installing the 
same nonlinear waveguides as those of the waveguide-type Raman amplifiers into counter 
arms of the Mach-Zehnder interferometers of the switch. The influence of XPM and 
temperature change involved with high power pump injection can also be suppressed by 
injecting pump waves, having the same power and different wavelengths that do not 
amplify the signal pulse, into the counterpart nonlinear waveguides. 

6. Conclusion 
We proposed a novel all-optical wavelength-selective switching having potential of a few tens 
of picosecond or faster operating speed.  We discussed the theory and the simulation results of 
the switching operation and the characteristics. Moreover, the dynamic range over 25dB was 
also obtained from the simulation results of the switch. This characteristics can be wavelength-
selective switching operation. More detailed analysis and simulation taking the nonlinearity of 
Raman amplifiers into account are required to confirm the operation with actual devices. 
Although the principle and the fundamental verification were performed with the switches 
consisting of directional couplers, the idea can be similarly applied to switches consisting of 
other components such as asymmetric X-junction couplers to increase the wavelength range. 

8. References 
Doran, N. J. & Wood, D. (1988). Nonlinear-Optic Loop Mirror, Optics Lett., vol.13, no.1, 

pp.56-58, Jan. 1988. 
Burns, W. K. & Milton, A. F. (1980). An Analytic Solution for Mode Coupling in Optical 

Waveguide Branches, IEEE J. Quantum Electron., vol.QE-16, no.4, pp.446-454, Apr. 
1980. 

Goh, T., Kitoh, T., Kohtoku, M., Ishii, M., Mizuno, T. & Kaneko, A. (2008). Port Scalable PLC-
Based Wavelength Selective Switch with Low Extinction Loss for Multi-Degree 
ROADM/WXC, The Optical Fiber Communication Conference and the National 
Fiber Optic Engineers Conference (OFC/NFOEC2008), San Diego, OWC6, Mar. 2008. 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

268 

Goto, N & Miyazaki, Y. (1990). Integrated Optical Multi-/Demultiplexer Using Acoustooptic 
Effect for Multiwavelength Optical Communications, IEEE J. on Selected Areas in 
Commun., vol.8, no.6, pp.1160-1168, Aug. 1990. 

Hadley, G. R. (1992). Wide-Angle Beam Propagation Using Pade Approximant Operators, 
Opt. Lett., vol.17, no.20, pp.1426-1428, Oct. 1992.  

Hiura, H., Narita, J. &  Goto, N. (2007).  Optical Label Recognition Using Tree-Structure Self-
Routing Circuits Consisting of Asymmetric X-junction, IEICE Trans. Commun., 
vol.E90-C, no.12, pp.2270-2277, Dec. 2007. 

Izutsu, M., Enokihara, A. &  Sueta, T. (1982). Optical-Waveguide Hybrid Coupler, Opt. Lett., 
vol.7, no.11, pp.549-551, Nov. 1982. 

Kishikawa, H. & Goto, N. (2005). Proposal of All-Optical Wavelength-Selective Switching 
Using Waveguide-Type Raman Amplifiers and 3dB Couplers, J. Lightwave 
Technol., vol.23, no.4, pp.1631-1636, Apr. 2005. 

Kishikawa, H. & Goto, N. (2006). Switching Characteristics of All-Optical Wavelength-
Selective Switch Using Waveguide-Type Raman Amplifiers and 3-dB Couplers, 
IEICE Trans. Electron., vol.E89-C, no.7, pp.1108-1111, July 2006. 

Kishikawa, H. & Goto, N. (2007a). Optical Switch by Light Intensity Control in Cascaded 
Coupled Waveguides, IEICE Trans. Electron., vol.E90-C, no.2, pp.492-498, Feb. 2007. 

Kishikawa, H. & Goto, N. (2007b). Designing of Optical Switch Controlled by Light Intensity 
in Cascaded Optical Couplers, Optical Engineering, vol.46, no.4, pp.044602-1-10, 
Apr. 2007. 

Kishikawa, H., Kimiya, K., Goto, N. & Yanagiya, S. (2009a).  All-Optical Wavelength-Selective 
Switch Controlled by Raman Amplification for Wide Wavelength Range, 
Optoelectronics and Communications Conf., OECC2009, Hong Kong, TuG3, July 2009. 

Kishikawa, H., Kimiya, K., Goto, N. & Yanagiya, S. (2009b).  All-Optical Wavelength-Selective 
Switch by Amplitude Control with a Single Control Light for Wide Wavelength 
Range", Int. Conf. on Photonics in Switching, PS2009, Pisa, PT-12, Sept. 2009. 

Kitagawa, Y., Ozaki, N., Takata, Y., Ikeda, N., Watanabe, Y., Sugimoto, Y. &  Asakawa, K. 
(2009). Sequential Operations of Quantum Dot/Photonic Crystal All-Optical Switch 
With High Repetitive Frequency Pumping, J. Lightwave Technol., vol.27, no.10, 
pp.1241-1247, May 2009. 

Nakamura, S., Ueno, Y., Tajima, K., Sasaki, J., Sugimoto, T., Kato, T., Shimoda, T., Itoh, M., 
Hatakeyama, H., Tamanuki, T. &  Sasaki, T. (2000). Demultiplexing of 168-Gb/s 
Data Pulses with a Hybrid-Integrated Symmetric Mach-Zehnder All-Optical 
Switch, IEEE Photon. Tech. Lett., vol.12, no.4, pp.425-427, Apr. 2000. 

Raghunathan, V., Boyraz, O &  Jalali, B. (2005). 20dB On-Off Raman Amplifiation in Silicon 
Waveguides,  Conf. Lasers and Electro-Optics (CLEO2005), Baltimore, CMU1, May 2005. 

Rong, H., Liu, A., Nicolaescu, R., Paniccia, M., Cohen, O. &  Hak, D. (2004).  Raman Gain 
and Nonlinear Optical Absorption Measurements in a Low-Loss Silicon 
Waveguide, Appl. Phys. Lett., vol.85, no.12, pp.2196-2198, Sept. 2004. 

Roy, S., Bhadra, S. K. & Agrawal, G. P. (2009). Raman Amplification of Optical Pulses in 
Silicon Waveguides: Effects of Finite Gain Bandwidth, Pulse Width, and Chirp, J. 
Opt. Soc. Am. B, vol. 26, no. 1, Jan. 2009. 

Suto, K., Saito, T., Kimura, T., Nishizawa, J. & Tanabe, T. (2002). Semiconductor Raman 
Amplifier for Terahertz Bandwidth Optical Communication, J. Lightwave Technol., 
vol.20, no.4, pp.705-711, Apr. 2002. 

Suzuki, S., Himeno, A. & Ishii, M. (1998).  Integrated Multichannel Optical Wavelength 
Selective Switches Incorporating an Arrayed-Waveguide Grating Multiplexer and 
Thermooptic Switches,  J. Lightwave Technol., vol.16, no.4, pp.650-655, Apr. 1998. 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

268 

Goto, N & Miyazaki, Y. (1990). Integrated Optical Multi-/Demultiplexer Using Acoustooptic 
Effect for Multiwavelength Optical Communications, IEEE J. on Selected Areas in 
Commun., vol.8, no.6, pp.1160-1168, Aug. 1990. 

Hadley, G. R. (1992). Wide-Angle Beam Propagation Using Pade Approximant Operators, 
Opt. Lett., vol.17, no.20, pp.1426-1428, Oct. 1992.  

Hiura, H., Narita, J. &  Goto, N. (2007).  Optical Label Recognition Using Tree-Structure Self-
Routing Circuits Consisting of Asymmetric X-junction, IEICE Trans. Commun., 
vol.E90-C, no.12, pp.2270-2277, Dec. 2007. 

Izutsu, M., Enokihara, A. &  Sueta, T. (1982). Optical-Waveguide Hybrid Coupler, Opt. Lett., 
vol.7, no.11, pp.549-551, Nov. 1982. 

Kishikawa, H. & Goto, N. (2005). Proposal of All-Optical Wavelength-Selective Switching 
Using Waveguide-Type Raman Amplifiers and 3dB Couplers, J. Lightwave 
Technol., vol.23, no.4, pp.1631-1636, Apr. 2005. 

Kishikawa, H. & Goto, N. (2006). Switching Characteristics of All-Optical Wavelength-
Selective Switch Using Waveguide-Type Raman Amplifiers and 3-dB Couplers, 
IEICE Trans. Electron., vol.E89-C, no.7, pp.1108-1111, July 2006. 

Kishikawa, H. & Goto, N. (2007a). Optical Switch by Light Intensity Control in Cascaded 
Coupled Waveguides, IEICE Trans. Electron., vol.E90-C, no.2, pp.492-498, Feb. 2007. 

Kishikawa, H. & Goto, N. (2007b). Designing of Optical Switch Controlled by Light Intensity 
in Cascaded Optical Couplers, Optical Engineering, vol.46, no.4, pp.044602-1-10, 
Apr. 2007. 

Kishikawa, H., Kimiya, K., Goto, N. & Yanagiya, S. (2009a).  All-Optical Wavelength-Selective 
Switch Controlled by Raman Amplification for Wide Wavelength Range, 
Optoelectronics and Communications Conf., OECC2009, Hong Kong, TuG3, July 2009. 

Kishikawa, H., Kimiya, K., Goto, N. & Yanagiya, S. (2009b).  All-Optical Wavelength-Selective 
Switch by Amplitude Control with a Single Control Light for Wide Wavelength 
Range", Int. Conf. on Photonics in Switching, PS2009, Pisa, PT-12, Sept. 2009. 

Kitagawa, Y., Ozaki, N., Takata, Y., Ikeda, N., Watanabe, Y., Sugimoto, Y. &  Asakawa, K. 
(2009). Sequential Operations of Quantum Dot/Photonic Crystal All-Optical Switch 
With High Repetitive Frequency Pumping, J. Lightwave Technol., vol.27, no.10, 
pp.1241-1247, May 2009. 

Nakamura, S., Ueno, Y., Tajima, K., Sasaki, J., Sugimoto, T., Kato, T., Shimoda, T., Itoh, M., 
Hatakeyama, H., Tamanuki, T. &  Sasaki, T. (2000). Demultiplexing of 168-Gb/s 
Data Pulses with a Hybrid-Integrated Symmetric Mach-Zehnder All-Optical 
Switch, IEEE Photon. Tech. Lett., vol.12, no.4, pp.425-427, Apr. 2000. 

Raghunathan, V., Boyraz, O &  Jalali, B. (2005). 20dB On-Off Raman Amplifiation in Silicon 
Waveguides,  Conf. Lasers and Electro-Optics (CLEO2005), Baltimore, CMU1, May 2005. 

Rong, H., Liu, A., Nicolaescu, R., Paniccia, M., Cohen, O. &  Hak, D. (2004).  Raman Gain 
and Nonlinear Optical Absorption Measurements in a Low-Loss Silicon 
Waveguide, Appl. Phys. Lett., vol.85, no.12, pp.2196-2198, Sept. 2004. 

Roy, S., Bhadra, S. K. & Agrawal, G. P. (2009). Raman Amplification of Optical Pulses in 
Silicon Waveguides: Effects of Finite Gain Bandwidth, Pulse Width, and Chirp, J. 
Opt. Soc. Am. B, vol. 26, no. 1, Jan. 2009. 

Suto, K., Saito, T., Kimura, T., Nishizawa, J. & Tanabe, T. (2002). Semiconductor Raman 
Amplifier for Terahertz Bandwidth Optical Communication, J. Lightwave Technol., 
vol.20, no.4, pp.705-711, Apr. 2002. 

Suzuki, S., Himeno, A. & Ishii, M. (1998).  Integrated Multichannel Optical Wavelength 
Selective Switches Incorporating an Arrayed-Waveguide Grating Multiplexer and 
Thermooptic Switches,  J. Lightwave Technol., vol.16, no.4, pp.650-655, Apr. 1998. 

14 

Nonlinear Optics in Doped Silica Glass 
Integrated Waveguide Structures 
David Duchesne1, Marcello Ferrera1, Luca Razzari1, 

Roberto Morandotti1, Brent Little2, Sai T. Chu2 and David J. Moss3 

1INRS-EMT, 
2Infinera Corporation, 

3IPOS/CUDOS, School of Physics, University of Sydney, 
1Canada  

2USA  
3Australia 

1. Introduction     
Integrated photonic technologies are rapidly becoming an important and fundamental 
milestone for wideband optical telecommunications. Future optical networks have several 
critical requirements, including low energy consumption, high efficiency, greater bandwidth 
and flexibility, which must be addressed in a compact form factor (Eggleton et al., 2008; 
Alduino & Paniccia, 2007; Lifante, 2003). In particular, it has become well accepted that devices 
must possess a CMOS compatible fabrication procedure in order to exploit the large existing 
silicon technology in electronics (Izhaky et al., 2006; Tsybeskov et al., 2009). This would 
primarily serve to reduce costs by developing hybrid electro-optic technologies on-chip for 
ultrafast signal processing. There is still however, a growing demand to implement all-optical 
technologies on these chips for frequency conversion (Turner et al., 2008; Venugopal Rao et al., 
2004), all-optical regeneration (Salem et al., 2008; Ta’eed et al., 2005), multiplexing and 
demultiplexing (Lee et al., 2008; Bergano, 2005; Ibrahim et al., 2002), as well as for routing and 
switching (Lee et al., 2008; Ibrahim et al., 2002). The motivation for optical technologies is 
primarily based on the ultrahigh bandwidth of the optical fiber and the extremely low 
attenuation coefficient. Coupled with minimal pulse distortion properties, such as dispersion 
and nonlinearities, optical fibers are the ideal transmission medium to carry information over 
long distances and to connect optical networks. Unfortunately, the adherence of the standard 
optical fiber to pulse distortions is also what renders it less than perfectly suited for most 
signal processing applications required in telecommunications. Bending losses become 
extremely high in fibers for chip-scale size devices, limiting its integrability in networks. 
Moreover, its weak nonlinearity limits the practical realization (i.e. low power values and short 
propagation lengths) of some fundamental operations requiring nonlinear optical phenomena, 
such as frequency conversion schemes and switching (Agrawal, 2006). 
Several alternative material platforms have been developed for photonic integrated circuits 
(Eggleton et al., 2008; Alduino & Panicia, 2007; Koch & Koren, 1991; Little & Chu, 2000), 
including semiconductors such as AlGaAs and silicon-on-insulator (SOI) (Lifante, 2003; 
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Koch and Koren, 1991; Tsybeskov et al., 2009; Jalali & Fathpour, 2006), as well as nonlinear 
glasses such as chalcogenides, silicon oxynitride and bismuth oxides (Ta’eed et al., 2007; 
Eggleton et al., 2008; Lee et al., 2005). In addition, exotic and novel manufacturing processes 
have led to new and promising structures in these materials and in regular silica fibers. 
Photonic crystal fibers (Russell, 2003), 3D photonic bandgap structures (Yablonovitch et al., 
1991), and nanowires (Foster et al., 2008) make use of the tight light confinement to enhance 
nonlinearities, greatly reduce bending radii, which allows for submillimeter photonic chips. 
Despite the abundance of alternative fabrication technologies and materials, there is no clear 
victor for future all-optical nonlinear devices. Indeed, many nonlinear platforms require 
power levels that largely exceed the requirements for feasible applications, whereas others 
have negative side effects such as saturation and multi-photon absorption. Moreover, there 
is still a fabrication challenge to reduce linear attenuation and to achieve CMOS 
compatibility for many of these tentative photonic platforms and devices. In response to 
these demands, a new high-index doped silica glass platform was developed in 2003 (Little, 
2003), which combines the best of both the qualities of single mode fibers, namely low 
propagation losses and robust fabrication technology, and those of semiconductor materials, 
such as the small quasi-lossless bending radii and the high nonlinearity. This book chapter 
primarily describes this new material platform, through the characterization of its linear and 
nonlinear properties, and shows its application for all-optical frequency conversion for 
future photonic integrated circuits. In section 2 we present an overview of concurrent recent 
alternative material platforms and photonic structures, discussing advantages and 
limitations. We then review in section 3 the fundamental equations for nonlinear optical 
interactions, followed by an experimental characterization of the linear and nonlinear 
properties of a novel high-index glass. In section 4 we introduce resonant structures and 
make use of them to obtain a highly efficient all-optical frequency converter by means of 
pumping continuous wave light.  

2. Material platforms and photonic structures for nonlinear effects 
2.1 Semiconductors 
Optical telecommunications is rendered possible by carrying information through 
waveguiding structures, where a higher index core material (nc) is surrounded by a cladding 
region of lower index material (ns). Nonlinear effects, where the polarization of media 
depends nonlinearly on the applied electric field, are generally observed in waveguides as 
the optical power is increased. Important information about the nonlinear properties of a 
waveguide can be obtained from the knowledge of the index contrast (Δn = nc-ns) and the 
index of the core material, nc. The strength of nonlinear optical interactions is predominantly 
determined through the magnitude of the material nonlinear optical susceptibilities (χ(2) and 
χ(3) for second order and third order nonlinear processes where the permittivity depends on 
the square and the cube of the applied electromagnetic field, respectively), and scales with 
the inverse of the effective area of the supported waveguide mode. Through Miller’s rule 
(Boyd, 2008) the nonlinear susceptibilities can be shown to depend almost uniquely on the 
refractive index of the material, whereas the index contrast can easily be used to estimate the 
area of the waveguide mode, where a large index contrast leads to a more confined (and 
thus a smaller area) mode. It thus comes to no surprise that the most commonly investigated 
materials for nonlinear effects are III-V semiconductors, such as silicon and AlGaAs, which 
possess a large index of refraction at the telecommunications wavelength (λ = 1.55 μm) and 
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where waveguides with a large index contrast can be formed. For third order nonlinear 
phenomena such as the Kerr effect1, the strength of the nonlinear interactions can be 
estimated through the nonlinear parameter γ = n2ω/cA (Agrawal, 2006), where n2 is the 
nonlinear index coefficient determined solely from material properties, ω is the angular 
frequency of the light, c is the speed of light and A the effective area of the mode, which will 
be more clearly defined later. The total cumulative nonlinear effects induced by a 
waveguide sample can be roughly estimated as being proportional to the peak power, 
length of the waveguide and the nonlinear parameter (Agrawal, 2006). In order to minimize 
the energetic requirements, it is thus necessary either to have long structures and/or large 
nonlinear parameters. Focusing on the moment on the nonlinear parameter, in typical 
semiconductors, the core index nc > 3 (~3.5 for Si and ~3.3 GaAs) leads to values of n2 ~10-18 
– 10-17 m2/W, to be compared with fused silica (nc = 1.45) where n2 ~2.6 x 10-20 m2/W. 
Moreover, etching through the waveguide core allows for a large index contrast with air, 
permitting photonic wire geometries with effective areas below 1 um2, see Fig. 1. This leads 
to extremely high values of γ ~ 200,000W-1km-1 (Salem et al., 2008; Foster et al., 2008) (to be 
compared with single mode fibers which have γ ~ 1W-1km-1 (Agrawal, 2006)). This large 
nonlinearity has been used to demonstrate several nonlinear applications for 
telecommunications, including all-optical regeneration at 10 Gb/s using four-wave mixing 
and self-phase modulation in SOI (Salem et al., 2008; Salem et al., 2007), frequency 
conversion (Turner et al., 2008; Venugopal Rao et al., 2004; Absil et al., 2000), and Raman 
amplifications (Rong et al., 2008; Espinola et al., 2004). 
 

 
Fig. 1. (left) Silicon-on-insulator nano-waveguide (taken from (Foster et al., 2008)) and 
inverted nano-taper (80nm in width) of an AlGaAs waveguide (right). Both images show the 
very advanced fabrication processes of semiconductors. 

There are however major limitations that still prevent their implementation in future optical 
networks. Semiconductor materials typically have a high material dispersion (a result of 
being near the bandgap of the structure), which prevents the fabrication of long structures. 
To overcome this problem, small nano-size wire structures, where the waveguide dispersion 
dominates, allows one to tailor the total induced dispersion. The very advanced fabrication 
technology for both Si and AlGaAs allows for this type of control, thus a precise waveguide 

                                                                 
1 We will neglect second order nonlinear phenomena, which are not possible in 
centrosymmetric media such as glasses. See (Boyd, 2008) and (Venugopal Rao et al., 2004; 
Wise et al., 2002) for recent advances in exploiting χ(2) media for optical telecommunications. 

80nm 
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geometry can be fabricated to have near zero dispersion in the spectral regions of interest. 
Unfortunately, the small size of the mode also implies a relatively large field along the 
waveguide etched sidewalls (see Fig. 1). This leads to unwanted scattering centers and 
surface state absorptions where initial losses have been higher than 10dB/cm for AlGaAs 
(Siviloglou et al., 2006; Borselli et al., 2006; Jouad & Aimez, 2006), and ~ 3 dB/cm for SOI 
(Turner et al.,2008). 
Another limitation comes from multiphoton absorption (displayed pictorially in Fig. 2 for 
the simplest case, i.e. two-photon absorption) and involves the successive absorption of 
photons (via virtual states) that promotes an electron from the semiconductor valence band 
to the conduction band. This leads to a saturation of the transmitted power and, 
consequently, of the nonlinear effects. For SOI this has been especially true, where losses are 
not only due to two-photon absorption, but also to the free carriers induced by the process 
(Foster et al., 2008; Dulkeith et al., 2006). Moreover, the nonlinear figure of merit (= n2/α2λ, 
where α2 is the two photon absorption coefficient), which determines the feasibility of 
nonlinear interactions and switching, is particular low in silicon (Tsang & Liu, 2008). 
Lastly, although reducing the modal area enhances the nonlinear properties of the 
waveguide, it also impedes coupling from the single mode fiber into the device; for 
comparison the modal diameter of a fiber is ~10μm whereas for a nanowire structure it is 
typically 20 times smaller. This leads to high insertion losses through the device, 
necessitating either expensive amplifiers at the output, or of complicated tapers often 
requiring mature fabrication technologies and sometimes multi-step etching processes 
(Moerman et al., 1997) (SOI waveguides make use of state-of-the-art inverse tapers which 
limits the insertion losses to approximately 5dB (Almeida et al., 2003; Turner et al., 2008)).  
 

 
Fig. 2. Schematic of two-photon absorption in semiconductors. In the most general case of 
the multiphoton absorption process, electrons pass from the valence band to the conduction 
band via the successive absorption of multiple photons, mediated via virtual states, such 
that the total absorbed energy surpasses the bandgap energy. 

2.2 High index glasses  
In addition to semiconductors, a number of high index glass systems have been investigated 
as a platform for future photonic integrated networks, including chalcogenides (Eggleton et 
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followed by a characterization method for the nonlinearity, and explain the possible 
applications achievable by exploiting resonant and long structures. 

3. Light dynamics in nonlinear media 
In order to completely characterize the nonlinear optical properties of materials, it is 
worthwhile to review some fundamental equations relating to pulse propagation in 
nonlinear media. In general, this is modelled directly from Maxwell’s equations, and for 
piecewise homogenous media one can arrive at the optical nonlinear Schrodinger equation 
(Agrawal, 2006; Afshar & Monro, 2009): 
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Where ψ is the slowly-varying envelope of the electric field, given by: 

( )0 0'( , ) ( , )expE z t F x y i z i tψ β ω= − , where ψ’ has been normalized such that 2ψ  represents 
the optical power. ω0 is the central angular frequency of the pulse, β0 the propagation 
constant, β1 is the inverse of the group velocity, β2 the group velocity dispersion, α1 the linear 
loss coefficient, α2 the two-photon absorption coefficient, γ (= n2ω0/cA) the nonlinear 
parameter, t is time and z is the propagation direction. Here F(x,y) is the modal electric field 
profile, which can be found by solving the dispersion relation: 

 
2 2

2 2
2
nF F F

c
ω β∇ + =   (2) 

The eigenvalue solution to the dispersion relation can be obtained by numerical methods 
such as vectorial finite element method (e.g. Comsol Multiphysics). From this the dispersion 
parameters can be calculated via a Taylor expansion: 
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The effective area can also be evaluated: 
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In arriving to eq. (1), we neglected higher order nonlinear contributions, non-instantaneous 
responses (Raman) and non-phase matched terms; we also assumed an isotropic cubic 
medium, as is the case for glasses. These approximations are valid for moderate power 
values and pulse durations down to ~100fs for a pulse centered at 1.55 μm (Agrawal, 2006). 
The terms HOL and HOD refer to higher order losses and higher order dispersion terms, 
which may be important in certain circumstances (Foster et al., 2008; Siviloglou et al., 2006). 
Whereas eq. (1) also works as a first order model for semiconductors, a more general and 
exact formulation can be found in (Afshar & Monro, 2009). Given the material dispersion 
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experimental technique for reconstructing the phase and amplitude at the output of a device 
is the Fourier Transform Spectral Interferometry (FTSI) (Lepetit et al., 1995). Using this 
spectral interference technique, the dispersion of the 45cm doped silica glass spiral 
waveguide was determined to be very small (on the order of the single mode fiber 
dispersion, β2~22ps2/km), and not important for pulses as short as 100fs (Duchesne et al., 
2009). This is extremely relevant, as 3 critical conditions must be met to allow propagation 
through long structures (note that waveguides are typically <1cm): 1) low linear 
propagation loses, so that a useful amount of power remains after propagation; 2) low 
dispersion value so that ps pulses or shorter are not broadened significantly; and 3) long 
waveguides must be contained in a small chip for integration, as was done in the spiral 
waveguide discussed. This latter requirement also imposes a minimal index contrast Δn on 
the waveguide, such that bending losses are also minimized. Moreover, as will be discussed 
further below, having a low dispersion value is critical for low power frequency conversion. 

3.2 Nonlinear losses 
In order to see directly the effects of the nonlinear absorption on the propagation of light 
pulses, it is useful to transform Eq. (1) to a peak intensity equation, 2 /I Aψ= , as follows: 

 
* *
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where we have neglected dispersion contributions based on the previous considerations. We 
have also explicitly added the higher order multiphoton contributions (three-photon 
absorption and higher), although it is important to note that these higher order effects 
typically have a very small cross section that require large intensity values [see chapter 12 of 
(Boyd, 2008)]. Considering only two-photon absorption, the solution is found to be:  
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exp
1 exp
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From this one can immediately conclude that the maximal output intensity is limited by 
two-photon absorption to be 1/α2z; a similar saturation behaviour is obtained when 
considering higher order contributions. Multiphoton absorption is thus detrimental for high 
intensity applications and cannot be avoided by any kind of waveguide geometry (Boyd, 
2008; Afshar & Monro, 2009).  
Experimentally, the presence of multiphoton absorption can be understood from simple 
transmission measurements of high power/intensity pulses. Pulsed light from a 16.9MHz 
Pritel fiber laser, centered at 1.55μm, was used to characterize the transmission in the doped 
silica glass waveguides. An erbium doped fiber amplifier was used directly after the laser to 
achieve high power levels, and the estimated pulse duration was approximately 450fs. Fig. 5 
presents a summary of the results, showing a purely linear transmission up to input peak 
powers of 500W corresponding to an intensity of 25GW/cm2 (Duchesne et al., 2009). This 
result is extremely impressive, and is well above the threshold for silicon (Dulkeith et al., 
2006; Liang & Tsang, 2004; Tsang & Liu, 2008), AlGaAs (Siviloglou et al., 2006), or even 
Chalcogenides (Nguyen et al., 2006). Multiphoton absorption leads to free carrier 
generation, which in turn can also dramatically increase the losses (Dulkeith et al., 2006; 
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Liang & Tsang, 2004; Tsang & Liu, 2008). For the case of two-photon absorption, the impact 
on nonlinear signal processing is reflected in the nonlinear figure of merit, 2 2/FOM n λα=  , 
which estimates the maximal Kerr nonlinear contribution with limitations arising from the 
saturation of the power from two-photon absorption. In high-index doped silica glass, this 
value is virtually infinite for any practical intensity values, but can be in fact quite low for 
certain chalcogenides (Nguyen et al., 2006) and even lower in silicon (~0.5) (Tsang & Liu, 
2008).   
 

 
Fig. 5. Transmission at the output of a 45cm long high-index glass waveguide. The linear 
relation testifies that no multi-photon absorption was present up to peak intensities of more 
than 25GWcm2 (~500W). 

By propagating through different length waveguides, we were able to determine, by means 
of a cut-back style like procedure, both the pigtail losses and propagation losses to be 1.5dB 
and 0.06dB/cm, respectively. Whereas this value is still far away from propagation losses in 
single mode fibers (0.2dB/km), it is orders of magnitude better than in typical integrated 
nanowire structures, where losses >1dB/cm are common (Siviloglou et al., 2006; Dulkeith et 
al., 2006; Turner et al., 2008). The low losses, long spiral waveguides confined in small chips, 
and low loss pigtailing to single mode fibers testifies to the extremely well established and 
mature fabrication process of this high-index glass platform. 

3.3 Kerr nonlinearity 
In the high power regime, the nonlinear contributions become important in Eq. (1), and in 
general the equation must be solved numerically. To gain some insight on the effect of the 
nonlinear contribution to Eq. (1), it is useful to look at the no-dispersion limit of Eq. (1), 
which can be readily solved to obtain: 

 ( )2 1
0 0 1 1exp 1 exp( )i zψ ψ γ ψ α α−⎡ ⎤= − −

⎣ ⎦
  (9) 
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The nonlinear term introduces a nonlinear chirp in the temporal phase, which in the 
frequency domain corresponds to spectral broadening (i.e. the generation of new 
frequencies). This phenomenon, commonly referred to as self-phase modulation, can be 
used to measure the nonlinear parameter γ by means of recording the spectrum of a high 
power pulse at the output of a waveguide (Duchesne et al., 2009; Siviloglou et al., 2006; 
Dulkeith et al., 2006). The nonlinear interactions are found to scale with the product of the 
nonlinear parameter γ, the peak power of the pulse, and the effective length of the 
waveguide (reduced from the actual length due to the linear losses). For low-loss and low-
dispersion guiding structures, it is thus useful to have long structures in order to increase 
the total accumulated nonlinearity, while maintaining low peak power levels. It will be 
shown in the next section how resonant structures can make use of this to achieve 
impressive nonlinear effects with 5mW CW power values. For other applications, dispersion 
effects may be desired, such as for soliton formation (Mollenauer et al., 1980). 

 
Fig. 6. Input (black) and output spectra (blue) from the 45cm waveguide. Spectral 
broadening is modelled via numerical solution of Eq. (1) (red curve). 
Experimentally, the nonlinearity of the doped silica glass waveguide was characterized in 
(Duchesne et al., 2009) by injecting 1.7ps pulses (centered at 1.55μm) with power levels of 
approximately 10-60W. The output spectrum showed an increasing amount of spectral 
broadening, as can be seen in Fig. 6. The value of the nonlinearity was determined by 
numerically solving the nonlinear Schrodinger equation by means of a split-step algorithm 
(Agrawal, 2006), where the only unknown parameter was the nonlinear parameter. By 
fitting experiments with simulations, a value of γ = 220 W-1km-1 was determined, 
corresponding to a value of n2 = 1.1 x 10-19 m2/W (A = 2.0 μm2). Similar experiments in 
single mode fibers (Agrawal, 2006; Boskovic et al., 1996), semiconductors (Siviloglou et al., 
2006; Dulkeith et al., 2006), and chalcogenides (Nguyen et al., 2006) were also performed to 
characterize the Kerr nonlinearity. In comparison, the value of n2 obtained in doped silica 
glass is approximately 5 times larger than that found in standard fused silica, consistent 
with Miller’s rule (Boyd, 2008). On the other hand, the obtained γ value is more than 200 
times larger, due to the much smaller effective mode area of the doped silica waveguide in 
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contrast to the weakly guided single mode fiber. However, semiconductors and 
chalcogenides nanotapers definitely have the upper hand in terms of bulk nonlinear 
parameter values, where γ ~ 200,000 W-1km-1 have been reported (Foster et al., 2008; Yeom et 
al., 2008), due to both the smaller effective mode areas and the larger n2, as previously 
mentioned.  
From Eq. (9), there are 2 ways to improve the nonlinear interactions (for a fixed input 
power): 1) increasing the nonlinear parameter, or 2) increasing the propagation length. To 
increase the former, one can reduce the modal size by having high-index contrast 
waveguides, and/or using a high index material with a high value of n2. Thus, for nonlinear 
applications, the advantage for doped silica glass waveguides lies in exploiting its low loss 
and advanced fabrication processes that yield long winding structures, which is typically 
not possible in other material platforms due to nonlinear absorptions and/or immature 
fabrication technologies.  

4. Resonant structures 
Advances in fabrication processes and technologies have allowed for the fabrication of small 
resonant structures whereby specific frequencies of light are found to be “amplified” (or 
resonate) inside the resonator (Yariv & Yeh, 2006). Resonators have found a broad range of 
applications in optics, including high-order filters (Little et al., 2004), as oscillators in specific 
parametric lasers (Kippenberg et al., 2004; Giordmaine & Miller, 1965), thin film polarization 
optics, and for frequency conversion (Turner et al., 2008; Ferrera et al., 2008).  For the case of 
nonlinear optics, disks (whispering gallery modes) and micro-ring resonators have been 
used in 2D for frequency conversion (Grudinin et al., 2009; Ibrahim et al., 2002), whereas 
microtoroids and microsphere have been explored in 3D (Agha et al., 2007; Kippenberg et 
al., 1991). The net advantage of these structures is that, for resonant frequencies, a low input 
optical power can lead to enormous nonlinear effects due to the field enhancement provided 
by the cavity. In this section we examine the specific case of waveguide micro-ring 
resonators for wavelength conversion via parametric four wave mixing. Micro-ring 
resonators are integrated structures which can readily be implemented in future photonic 
integrated circuits. First a brief review of the field enhancement provided by resonators 
shall be presented, followed by the four-wave mixing relations. Promising experimental 
results in high-index doped silica resonators will then be shown and compared with other 
platforms. 

4.1 Micro-ring resonators 
Consider the four port micro-ring resonator portrayed in Fig. 7, and assume continuous 
wave light is injected from the Input port. Light is coupled from the input (bus) waveguide 
into the ring structure via evanescent field coupling (Marcuse, 1991). As light circulates 
around the ring structure, there is net loss from propagation losses, loss from coupling from 
the ring to the bus waveguides (2 locations), and net gain when the input light is coupled 
from the bus at the input to the ring. Note that this is in direct analogy with a standard 
Fabry-Perot cavity, where the reflectivity of the mirrors/sidewalls has been replaced with 
coupling coefficients. Using reciprocity and energy conservation relations at the coupling 
junction, the total transmission from the Input port to the Drop port is found to be (Yariv & 
Yeh, 2006): 
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Where I0 is the input intensity, L the ring circumference (=2πR), and k is the power coupling 
ratio from the bus waveguide to the ring structure. A typical transmission profile inside 
such a resonator is presented in Fig. 8, where we have also defined the free spectral range 
and the width of the resonance, ΔfFW. Resonance occurs at frequencies /resf mc nL= , where 
m is an even integer, and n is the effective refractive index of the mode, whereas the free 
spectral range is given by /FSR c nL= . In general the ring resonances are not equally spaced 
with frequency, as dispersion causes a shift in the index of refraction. The coupling 
coefficient can be expressed in terms of experimentally measured quantities: 

 ( ) ( )21 1 2 exp / 2k Lρ ρ ρ α= − + − +   (11) 
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. At resonance, the local intensity inside the resonator is enhanced 
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These equations have extremely important applications. From Eq. (10) the transmission 
through the resonator is found to be unique at specific frequencies, hence the device can be 
utilized as a filter. Even more importantly for nonlinear optics, for an input signal that 
matches a ring resonance, the intensity is found to be enhanced, which can be utilized to 
observe large nonlinear phenomena with low input power levels (Ferrera et al., 2008). In the 
approximation of low propagation losses, Eq. (12) results in 0/IE Q FSR fπ≈ ⋅ ⋅ , which 
implies that the larger the ring Q-factor (Q=f0/ΔfFW), the larger the intensity enhancement. 
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Fig. 8. Typical Fabry-Perot resonance transmission at the drop port of a resonator (input 
port excited). Here a FSR of 500GHz and a Q of 25 were used. 
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Where 2 3 12β β β βΔ = − −  represents the phase mismatch of the process. In arriving to these 
equations we have assumed that the pump beam (ω2) is much stronger than the signal (ω1) 
and idler (ω3), and that the waves are closely spaced in frequency so that the nonlinear 
parameter γ = n2ω0/cA is approximately constant for all three frequencies (the pump 
frequency should be used for ω0). The phase mismatch term represents a necessary 
condition (i.e. Δβ = 0) for an efficient conversion, and is the optical analogue of momentum 
conservation. On the other hand, energy conservation is also required and is expressed as:

2 1 32ω ω ω= + . 
 

 
Fig. 9. Typical spectral intensity at the output of the resonator. (Inset) Energy diagram for a 
semi-degenerate four-wave mixing interaction. 
The growth of the idler frequency can be obtained by assuming an undepleted pump 
regime, whereby the product ψ2 exp(-αz/2) is assumed to be approximately constant, and by 
solving the Eqs. (13) (Agrawal, 2003; Absil et al., 2000) we obtain: 
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Where P1, P2 and P3 here refer to the input powers of the signal, pump and idler beams 
respectively. The conversion is seen to be proportional to both the input signal power, and 
the square of the pump power. Again, we see that the process scales with the nonlinear 
parameter and is reduced if phase matching (i.e. Δβ = 0) is not achieved. Various methods 
exist to achieve phase matching, including using birefringence and waveguide tailoring 
(Dimitripoulos et al., 2004; Foster et al., 2006; Lamont et al., 2008), but perhaps the simplest 
way is to work in a region of low dispersion. As is shown in (Agrawal, 2006), the phase 
mismatch term can be reduced to:  
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and is thus directly proportional to the dispersion coefficient (note that at high power levels 
the phase mismatch becomes power dependant; see (Lin et al., 2008)). 
For micro-ring resonator structures, Eq. (14) can be modified to account for the power 
enhancement provided by the resonance geometry. When the pump and signal beams are 
aligned to ring resonances, and for low dispersion conditions, phase matching will be 
obtained, and moreover, the generated idler should also match a ring resonance. In this case 
we may use Eq. (12) with Eq. (14) to give the expected conversion efficiency: 

 2 2 2 43
2

1

( )
eff

P L P L IE
P

η γ≡ = ⋅ ,  (16) 

where P3 is the power of the idler at the drop port of the ring, whereas P1 and P2 are the 
input powers both at the Input port, both at the Add port, or one at the Add and the other at 
the Input (various configurations are possible). The added benefit of a ring resonator for 
four-wave mixing is clear: the generated idler power at the output of the ring is amplified by 
a factor of IE4, which can be an extremely important contribution as will be shown below. 
Four-wave mixing is an extremely important parametric process to be used in optical 
networks, and has found numerous applications. This includes the development of a multi-
wavelength source for wavelength multiplexing systems (Grudinin et al., 2009), all-optical 
reshaping (Ciaramella & Trillo, 2000), amplification (Foster et al., 2006), correlated photon 
pair generation (Kolchin et al., 2006), and possible switching schemes have also been 
suggested (Lin et al., 2005). In particular, signal regeneration using four-wave mixing was 
shown in silicon at speeds of 10Gb/s (Rong et al., 2006). In an appropriate low loss material 
platform, ring resonators promise to bring efficient parametric processes at low powers. 

4.3 Frequency conversion in doped silica glass resonators 
The possibility of forming resonator structures primarily depends on the developed 
fabrication processes. In particular, low loss structures are a necessity, as photons will see 
propagation losses from circulating several times around the resonator. Furthermore, 
integrated ring resonators require small bending radii with minimal losses, which further 
require a relatively high-index contrast waveguide. The high-index doped silica glass 
discussed in this chapter meets these criteria, with propagation losses as low as 0.06 dB/cm, 
and negligible bending losses for radii down to 30 μm (Little, 2003; Ferrera et al., 2008). 
 

 
Fig. 10. Schematic of the vertically coupled high-index glass micro-ring resonator. 
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Two ring resonators will be discussed in this section, one with a radius of 47.5 μm, a Q 
factor ~65,000, and a bandwidth matching that for 2.5Gb/s signal processing applications, 
as well as a high Q ring of ~1,200,000, with a ring radius of 135μm for high conversion 
efficiencies typically required for applications such as narrow linewidth, multi-wavelength 
sources, or correlated photon pair generation (Kolchin et al., 2006; Kippenberg et al., 2004; 
Giordmaine & Miller, 1965). In both cases the bus waveguides and the ring waveguide have 
the same cross section and fabrication process as previously described in Section 2.2 and 3 
(see Fig. 3). The 4-port ring resonator is depicted in Fig. 10, and light is injected into the ring 
via vertical evanescence field coupling. The experimental set-up used to characterize the 
rings is shown in Fig. 11, and consists of 2 CW lasers, 2 polarizers, a power meter and a 
spectrometer. A Peltier cell is also used with the high Q ring for temperature control. 
 

 
Fig. 11. Experimental set-up used to characterize the ring resonator and measure the 
converted idler from four wave mixing. 2 tunable fiber CW lasers are used, one at the input 
port and another at the drop port, whose polarizations and wavelengths are both set with 
inline fiber polarization controllers to match a ring resonance. The output spectrum and 
power are  collected at the drop and through ports. A temperature controller is used to 
regulate the temperature of the device. 

4.3.1 Dispersion 
As detailed above, dispersion is a critical parameter in determining the efficiency of four-
wave mixing. In ring resonators the dispersion can be directly extracted from the linear 
transmission through the ring. This was performed experimentally by using a wavelength 
tunable CW laser at the Input port and then recording the transmission at the drop port. The 
transmission spectral scan for the low Q ring can be seen in Fig. 12, from which a free 
spectral range of 575GHz and a Q factor of 65,000 were extracted (=200GHZ and 1,200,000 
for the high Q). 
As was derived in the beginning of Section 4, the propagation constants at resonance can be 
found to obey the relation: β = m/R, and thus are solely determined by the radius and an 
integer coefficient m. From vectorial finite element simulations the value of m for a specific 
resonance frequency can be determined, and hence the integer value of all the 
experimentally determined resonances is obtained (as they are sequential). This provides a 
relation between the propagation constant β and the angular frequency of the light ω. By 
fitting a polynomial relation to this relation, as described by Eq. (3), the dispersion of the 
ring resonator is obtained. Fig. 13 presents the group velocity dispersion in the high Q ring 
(due to the smaller spectral range, a higher degree of accuracy was obtained here in 
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comparison with the low Q) obtained by fitting a fourth order polynomial relation on the 
experimental data (Ferrera et al., 2009). It is important to notice that the dispersion is 
extremely low for both the quasi-TE and quasi-TM modes of the structure, with zero 
dispersion crossings at λ = 1560nm (1595nm) for the TM (TE) mode. At 1550nm we obtain an 
anomalous GVD of β2= -3.1 ± 0.9 ps2/km for the TM mode and -10 ± 0.9 ps2/km for the TE 
mode. These low dispersion results were expected from previous considerations (see Section 
3.1), and are ideal for four wave mixing applications.  
 

 
Fig. 12. Input-Drop response of the low Q (65,000) micro ring resonator. 
 

 
Fig. 13. Experimentally obtained dispersion (after fitting) of both the TE and TM 
fundamental modes. The zero-GVD points are found to be at 1594.7nm and 1560.5nm for TE 
and TM, respectively. 
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In addition, the dispersion data can be used to predict the bandwidth over which four-wave 
mixing can be observed. In resonators, the linear phase matching condition for the 
propagation constants is automatically satisfied as the resonator modes are related linearly 
by : β = m/R (Ferrera et al., 2009; Lin et al., 2008). Rather, energy conservation becomes the 
new phase matching conditions, expressed as  2 1 32 rω ω ω ωΔ = − − , where ω1 and ω2 are 
aligned to resonances by construction, but where the generated idler frequency 

3 2 12ω ω ω= − is not necessarily aligned to its closest resonance ω3r (Ferrera et al., 2009; Lin et 
al., 2008). We define the region where four-wave mixing is possible through the relation 

3 3 3 /2r r Qω ω ω ωΔ = − < , such that the generated idler is within the bandwidth of the 

resonance. This condition for the high Q ring is presented in Fig. 14, where the region in 
black represents absence of phase matching, whereas the colored region represents possible 
four-wave mixing (the blue region implies the lowest phase mismatch, and red the highest). 
The curvature in the plots is a result of high order dispersive terms. It can be seen that the 
four wave mixing can be accomplished in the vicinity of the zero dispersion points up to 
10THz (80nm) away from the pump. This extraordinary result comes from the low 
dispersion of the resonator, which permits appreciable phase matching over a broad 
bandwidth at low power. However, it is important to note that four-wave mixing can 
always be accomplished in an anomalous dispersion regime given a sufficiently high power 
(Lin et al., 2008). 
 

 
 

Fig. 14. Phase matching diagram associated to four-wave mixing in the high Q micro-ring 
resonator (interpolated). The regions in black are areas where four wave-mixing is not 
possible, whereas the coloured regions denote possible four-wave mixing with the colour 
indicating the degree of frequency mismatch (blue implies perfect phase matching; colour 
scale is Δω in MHz). 
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4.3.2 Four-wave mixing in microring resonators 
The 3 GHz bandwidth of the low Q resonator can be used for telecommunication 
applications such as signal regeneration and amplification (Salem et al., 2008; Ta’eed et al., 
2005; Salem et al., 2007). We note that the device reported here was primarily designed for 
linear filter applications at 2.5 Gb/s, leaving room for further optimization for higher-bit-
rate nonlinear applications. Four-wave mixing was obtained in this ring using only 5mW of 
input pump power at a resonance of 1553.38 nm, while the signal was tuned to an adjacent 
resonance at 1558.02nm with a power of 550 μW. Fig. 15 depicts the recorded output 
spectrum showing the generation of 2 idler frequencies: one of 930pW at 1548.74nm, and a 
second of 100pW at 1562.69nm. The latter idler is a result of formally exchanging the role of 
the pump and signal beams. The lower output idler power for the reverse process is a direct 
result of Eq. (16), where the conversion is shown to be proportional to the pump power 
squared. As is reported in (Ferrera et al., 2008), this is the first demonstration of four wave 
mixing in an integrated glass structure using CW light of such low power. This result is in 
part due to the relatively large γ factor of 220 W-1km-1 (as compared to single mode fibers) 
and, more importantly, due to the low losses, resulting in a large intensity enhancement 
factor of IE4 ~ 1.4 x 107, which is orders of magnitude better than in semiconductors, where 
losses are typically the limiting factor (Turner et al., 2008; Siviloglou et al., 2006). Recent 
results in SOI have also shown impressive, and slightly higher, conversion efficiencies using 
CW power levels. However, as can be seen in (Turner et al., 2006), saturation due to two-
photon absorption generated free carriers limits the overall process, whereas in silica-doped 
glass it has been shown that no saturation effects occur for more than 25 GW/cm2 of 
intensity, allowing for much higher conversion efficiencies with an increased pump power 
(note that the pump intensity in the ring is only ~0.015GW/cm2 at resonance for 5mW of 
input power) (Duchesne et al., 2009). 
 

 
Fig. 15. Wavelength conversion in the low Q ring resonator. 

The predicted frequency conversion, Eq. (16), was also verified experimentally. Firstly, for a 
fixed input pump power of 20mW the signal power was varied and the expected linear 
relationship between idler power and signal power was obtained, with a total conversion 
efficiency of 25 x 10-6, as is shown in Fig. 16. Moreover, the reverse situation in which the 
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pump power was varied for a fixed signal power also demonstrated the expected quadratic 
dependence, validating the approximations leading to Eq. (16). Lastly, by tuning the signal 
wavelength slightly off-resonance and measuring the conversion efficiency, it was 
experimentally shown, Fig. 17, that these results were in quasi-perfect phase matching, as 
predicted from Fig. 14.  
 

 
Fig. 16. Linear and quadratic relation of the idler power versus input signal power and input 
pump power, respectively. 
 

 
Fig. 17. Idler detuning curve, showing that dispersion is negligible in the system. 
Experiments were also carried out in the high Q=1,200,000 ring resonator, which is for 
applications other than telecommunications, such as the realization of a narrow line source 
(Kawase et al., 2001). The advantage of this ring is the tremendous intensity enhancement 
factor IE =302.8, which amounts to a conversion efficiency enhancement as high as 8.4 x 109. 
Fig. 18 summarises the results of two different experiments where the pumps are placed to 
adjacent resonances, and when they are placed 6 free spectral ranges away from each other, 
respectively. In both cases the conversion efficiency was estimated to be -36 dB with only 
8.8mW of input power. Moreover, a cascade of four-wave mixing processes can be seen 
whereby the pump and 1st idler mix to generate a 3rd idler (the numbers refer to Fig. 18). 
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Fig. 18. Four wave mixing across several resonances in the high Q resonator. A conversion 
efficiency of -36db is obtained with only 8.8mW of external CW power. 

5. Perspectives and conclusions 
In this chapter we have presented a novel high-index doped-silica material platform for 
future integrated nonlinear optical applications. The platform acts as a compromise between 
the attractive linear properties of single mode fibers, namely low propagation losses and 
robust fabrication process, and those of semiconductors and other nonlinear glasses, and 
this by having a relatively large nonlinear parameter. Moreover, it outshines other high 
index glasses in its ability to have very low loss waveguides of 0.06 dB/cm without high 
temperature anneal, allowing for a complete CMOS compatible fabrication process. A small 
cross sectional area combined with a high index contrast also allows for tight bends down to 
30 μm with negligible losses, permitting long spiral or resonant structures on chip. We have 
shown that although semiconductors possess a much larger nonlinearity γ, the low losses 
and robust fabrication allows for long and resonant structures with large and appreciable 
nonlinear effects that would otherwise not be possible in most semiconductors, or saturate 
with increasing input powers for others. In particular, we have presented and described 
measurement techniques to characterise the linear and third order nonlinearities, with 
specific applications to parametric four wave mixing. 
Apart from the imminent applications in future photonic integrated circuits, these results 
may also pave way for a wide range of applications such as narrow linewidth, and/or 
multi-wavelength sources, on-chip generation of correlated photon pairs, as well as sources 
for ultra-low power optical hyperparametric oscillators. 
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1. Introduction  
Femtosecond micromachining and inscription uses focussed femtosecond laser pulses to 
fundamentally change materials through the interaction of the pulse and material. The 
fabrication of intricate microstructures on the surface of opaque materials, or within the bulk 
volume of optically transparent glassy or polymeric materials, is widely recognized as an 
important development in the innovation of advanced components in fields such as 
medicine (stent production) and photonics (micro-devices, sensors). This chapter sets out to 
introduce the topic of femtosecond laser micromachining and inscription of different 
materials and will focus on the practical considerations of the subject.  
A femtosecond, often shortened to fs, corresponds to 10-15 of a second and in femtosecond 
laser machining specialised lasers generate extremely high intensity pulses, where each 
pulse has a temporal duration that typically ranges between 50 to 500fs, which subsequently 
interact with materials. This interaction has a number of interesting properties that can be 
utilised in shaping and permanently changing the physical, chemical and optical properties 
of the material. Recent advances in the development of femtosecond laser sources have 
accelerated the growth of this field resulting in many exciting novel applications.  
The extremely short temporal profiles of femtosecond laser pulses, when combined with 
tightly focusing optics, produce sub-micron scale material changes that are associated with 
the parts of the beam where the optical intensity is extremely high, typically reaching 
1013W/cm2. Under such conditions, intensity-dependent non-linear absorption processes, 
such as multi-photon absorption and avalanche ionisation take place, leading to permanent 
structural and chemical changes in a myriad of materials (N. H. Rizvi, nd). This is 
particularly important for transparent materials since they have electronic band gaps too 
large to bridge with a single photon process and therefore the linear absorption of laser light 
does not occur. As a result of this there is minimal interaction between the laser and 
material; however, with a tightly focused femtosecond laser beam the interaction can be 
triggered and the non-linear effects dominate. Any structuring therefore only occurs around 
the laser focus and has strong spatial confinement. The induced structural changes can take 
many forms; index change and void creation are two common examples and can be used to 
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form true 3-dimensional structures. This is only possible because of the non-linear 
behaviour of the pulse-material interaction at the focus. 
In this chapter we discuss the following subject areas: the key concepts of femtosecond pulse 
and material interaction; the materials that are used as machinable substrates; we offer a 
review of the types of femtosecond lasers that are commercially available; we introduce 
some techniques applied in the field to date and a review of some of the current applications 
for this type of technology. 

2. Fundamental considerations 
Having first looked at the fundamentals of how femtosecond lasers interact with materials, 
we will look at the properties of a femtosecond laser beam and discuss a number of 
parameters that strongly affect the micromachining process. 

2.1 Pulse energy deposition mechanisms 

The nature of the interaction between a material and a femtosecond pulse is largely 
dependent on the energy bandgap of the material and the energy of the incident photons. 
This determines whether single or multiphoton (figure 1) absorption will dominate. If the 
photon energy is greater than the bandgap then single photon absorption dominates. In this 
instance a photon is absorbed and an electron in the valence band is promoted to the 
conduction band leaving a hole. It is worth noting that in some indirect bandgap 
semiconductors single photon absorption can also occur but this process requires assistance 
from phonon interactions. When the bandgap is greater than the photon energy then 
multiphoton absorption becomes important. Multiphoton absorption relies on a number of 
photons arriving and being absorbed by the electron within a short space of time and is the 
key absorption mechanism in transparent insulating materials such as fused silica 
(amorphous SiO2), where the band gap is large. Multiphoton absorption can also be 
important for laser absorption in materials where single photon absorption is inhibited by 
band filling, for example in indirect gap semiconductor materials such as silicon (Sundaram 
& Mazur, 2002; J. P. Callan et al., 2001).  
 

 

Fig. 1. A schematic of single and multiphoton absorption of incident photons (shown in red) 
causing electrons to be promoted to the conduction band from the valence band. 
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When a femtosecond laser beam is focussed onto a transparent material very little 
absorption occurs until the light intensity is high enough for multiphoton absorption to 
occur. The multiphoton ionisation that triggers the multiphoton absorption results from 
several photons being resonantly absorbed causing an electron to be promoted from the 
valence band to the conduction band.  
In solids, scattering effects cause a loss of phase coherence between the excitation and incident 
photons. This means that the coherence dependent effects (i.e. ionisation) are observed in 
timescales of between 10-100 fs. It is only after this time that any created carriers become free. 
These carriers are then able to absorb more energy through free carrier absorption. This 
process does not increase the free carrier population only the energy although in extreme cases 
impact ionization can be triggered creating additional excited carriers. 
Once excited the electrons and holes, through carrier-carrier and carrier-phonon scattering, 
spread and re-organise themselves in the conduction and valence bands. The two processes 
involved in the redistribution of carrier energy vary significantly in their mechanisms. 
Carrier-carrier exchange is a two body electrostatic interaction between two carriers. In this 
process there is no loss or gain in the total energy in a given system. This type of scattering 
takes 100s of femtosecond to reach an even distribution (the Fermi-Dirac state) through 
dephasing. Carrier-phonon scattering involves the free carriers losing and gaining energy 
and momentum through the emission and absorption of phonons. This transfer can be both 
inter and intra valley as well as within the bands themselves. The interaction does not 
change the number of carriers, however, their energy decreases due to spontaneous phonon 
emission with the energy being transferred to the substrate lattice. The two processes also 
have different timescales, although they can scatter concurrently. The carrier-phonon 
scattering lasts several picoseconds as the individual phonons carry limited energy and thus 
to dissipate the energy to thermal equilibrium takes longer.  
Once the electrons, holes and lattice are in thermal equilibrium there will still be an excess of 
free carriers, as compared to when the entire material is in thermal equilibrium. These 
excess carriers are removed through either recombination (Auger and radiative) of electron-
hole pairs or by carrier diffusion from the region of exposure. These processes take 10-100s 
of nanoseconds to occur. Once both thermal equilibrium is restored and the excess free 
carriers have been removed the material is often changed structurally and or thermally. If 
the material threshold has been exceeded, in other words if taken to temperatures above 
melting/boiling points, then melting and vaporization can occur. This occurs in the ns to µs 
timescale after initial exposure. The material becomes extremely hot but is still solid until a 
form of nucleation occurs and it can locally turn into a liquid or gaseous state. At this point 
there is an expansion into the surrounding media. The remaining energy, from the trailing 
edge of incident pulse(s), is converted to kinetic energy creating ions and allowing atoms 
and molecules to gain sufficient energy to break bonds. If this occurs on the surface and the 
particles leave the surface of the substrate this is called ablation. If this occurs within a 
transparent material it is often referred to as void creation where there is an absence of 
material often with compacted areas surrounding it. The extent to which the expansion 
occurs is dependent on the thermal diffusion rate of the material as it determines the rate of 
cooling of the exposed area. If melting or other processes have occurred resolidification and 
condensation are the mechanisms for returning the material to thermal equilibrium. This, 
however, may not leave the material in its’ original state and this is where femtosecond 
micromachining comes in with the aim of manipulating the modification to create useful 
devices in a highly controlled manner. 
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To look at multiphoton absorption in a little more depth let us consider the inscription of 
dielectric crystals. As in the case of most glasses, the material bandgap is significantly 
greater than the incident photon energy. This ratio between the two is known as the 
multiphoton absorption order, K and for glass exposed with a femtosecond laser in the IR 
spectrum is typically 4-6. It is possible to reduce this value to 2 by using a source operating 
in the UV range thus obtaining two-photon absorption. This happens because of the relative 
increase in the individual photon energy that occurs at the lower wavelength. The 
dependence on having a sufficient flux of incident photons to initiate multiphoton 
absorption and ionisation implies a non-linear process. This is due to its’ energy loss rate 
being proportional to the Kth power of the peak pulse intensity. This leads to the threshold 
pulse intensity being given by: 

���� � �Κ��������� �
� ��

                                                              (1) 

where ρcr is the plasma breakdown intensity, tp is the pulse width, βK is the multiphoton 
absorption co-efficient and ω is the laser frequency. It should be noted that as K increases 
the influence of the other parameters decreases. It is also only the section of the plasma field 
induced by multiphoton absorption that creates a modified region. This region is typically 
half the size of that which is heated. This can be exploited to give sub diffraction limited 
nanoscale modulations in index and ablation (S. K. Turitsyn et al., 2007). 

2.2 Typical pulse properties 
Each femtosecond laser has its’ own characteristic pulse properties; however, there are some 
fundamental properties that they share. Most are Gaussian in both the temporal and spatial 
domain although it should be noted that sech2 is most common for mode-locked lasers. The 
pulses typically have a low M2 factor (ISO Standard 11146, 2005); more details on this are 
covered in section 4. This allows the pulses to be shaped easily through a number of 
techniques (N. Sanner et al., 2005). However, complex pulse shaping is not typically applied 
in most systems. Most pulse shaping is done with the use of spatial light modulators. These 
are typically 2D liquid crystal displays that are adjusted in the Fourier domain, although 
they are progressing to the use of micro-mirrors, which modulate the beam. In the case of 
the displays often the pulses are monitored and the liquid crystal programmed to act as a 
filter for certain areas until the desired pulse shape is achieved. These systems are usually 
attached to the lower repetition rate amplified laser systems although technological progress 
means that refresh rates towards the MHz range are close to being achieved (E. Frumker & 
Y. Silberberg, 2007). 

2.3 Control of ablation area 
When a pulse passes through an objective lens it becomes a stretched Gaussian profile in the 
spatial domain. Through the correct choice of lens it is possible to control the energy profile 
of the pulse and its spatial footprint. The spot diameter is given by: 

���� �������� � ���� � λ
NA (2) 

where λ is the wavelength and NA is the numerical aperture of the focusing lens objective. 



Frontiers in Guided Wave Optics and Optoelectronics 298 

To look at multiphoton absorption in a little more depth let us consider the inscription of 
dielectric crystals. As in the case of most glasses, the material bandgap is significantly 
greater than the incident photon energy. This ratio between the two is known as the 
multiphoton absorption order, K and for glass exposed with a femtosecond laser in the IR 
spectrum is typically 4-6. It is possible to reduce this value to 2 by using a source operating 
in the UV range thus obtaining two-photon absorption. This happens because of the relative 
increase in the individual photon energy that occurs at the lower wavelength. The 
dependence on having a sufficient flux of incident photons to initiate multiphoton 
absorption and ionisation implies a non-linear process. This is due to its’ energy loss rate 
being proportional to the Kth power of the peak pulse intensity. This leads to the threshold 
pulse intensity being given by: 

���� � �Κ��������� �
� ��

                                                              (1) 

where ρcr is the plasma breakdown intensity, tp is the pulse width, βK is the multiphoton 
absorption co-efficient and ω is the laser frequency. It should be noted that as K increases 
the influence of the other parameters decreases. It is also only the section of the plasma field 
induced by multiphoton absorption that creates a modified region. This region is typically 
half the size of that which is heated. This can be exploited to give sub diffraction limited 
nanoscale modulations in index and ablation (S. K. Turitsyn et al., 2007). 

2.2 Typical pulse properties 
Each femtosecond laser has its’ own characteristic pulse properties; however, there are some 
fundamental properties that they share. Most are Gaussian in both the temporal and spatial 
domain although it should be noted that sech2 is most common for mode-locked lasers. The 
pulses typically have a low M2 factor (ISO Standard 11146, 2005); more details on this are 
covered in section 4. This allows the pulses to be shaped easily through a number of 
techniques (N. Sanner et al., 2005). However, complex pulse shaping is not typically applied 
in most systems. Most pulse shaping is done with the use of spatial light modulators. These 
are typically 2D liquid crystal displays that are adjusted in the Fourier domain, although 
they are progressing to the use of micro-mirrors, which modulate the beam. In the case of 
the displays often the pulses are monitored and the liquid crystal programmed to act as a 
filter for certain areas until the desired pulse shape is achieved. These systems are usually 
attached to the lower repetition rate amplified laser systems although technological progress 
means that refresh rates towards the MHz range are close to being achieved (E. Frumker & 
Y. Silberberg, 2007). 

2.3 Control of ablation area 
When a pulse passes through an objective lens it becomes a stretched Gaussian profile in the 
spatial domain. Through the correct choice of lens it is possible to control the energy profile 
of the pulse and its spatial footprint. The spot diameter is given by: 

���� �������� � ���� � λ
NA (2) 

where λ is the wavelength and NA is the numerical aperture of the focusing lens objective. 
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At the focus, if the material’s threshold energy is exceeded, the pulse will interact with the 
material and be absorbed. The use of lenses to focus and control the laser induced plasma is 
a very effective method of spatially shaping the resultant profile. Also by changing the pulse 
energy it is possible to control the spatial dimensions of the pulse-material interaction, 
figure 2. This allows the pulses to be spatially confined to a sub micron focal spot under the 
right conditions enabling a range of complex structures to be micromachined. (R. W. 
Applegate et al., 2006; P. Bado et al., 2006; S. Kawata et al., 2001; B. Yu, 2008).  
 

 

Fig. 2. A schematic showing that control of the laser pulse energy, relative to the material 
ablation threshold, can spatially control the structural change, in this case ablation. 

Focussing can occur through the use of lenses and /or by using a low numerical aperture 
(NA) lens and allowing the material to self focus. The most common approach is to use an 
objective lens to create a focal spot because it is a more controlled process and works for 
lower power laser pulses. The threshold for the Kerr self focusing effect, where the refractive 
index seen by the beam is intensity dependent and is given by , is sufficiently 
high that for most materials this technique requires a significant amount of energy incident 
to create the fluence levels required (M. Sheik-Bahae et al., 1990; G. P. Agrawal, 2006). 
Above the threshold the Kerr effect occurs and the pulse experiences self focusing until it 
collapses. This effect at most energy levels is balanced by multiphoton absorption, plasma 
absorption and the plasma self-defocusing, due to the lower refractive index it creates. It is 
often considered preferable to avoid the Kerr effect when micromachining as it causes the 
laser focus to be deviated from its point of intended path. Self focusing occurs when the 
power, P, becomes greater than the critical power, PCr which can be calculated from the 
equation: 

(3)

where λ0 is the laser wavelength, n1 is the linear refractive index and n2 is the nonlinear 
refractive index. 
The time between pulses is a function of the repetition rate of a laser. The time between 
subsequent pulses interacting with the media makes a significant difference to the heating 
and subsequent cooling of the focal volume. The two forms of sources, oscillators and 
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Fig. 4. A plot of the energy thresholds for modification vs pulse duration, for a range of 
materials, with the values taken from a literature survey.  

Most material thresholds have a small range of values attributed to them arising from the 
laser parameters and techniques being applied being different between groups conducting 
the research. A good example of this is given in the paper by Sanner et al (N. Sanner et al., 
2009), where the range of values quoted for the ablation threshold for fused silica is given as 
2-12 J cm-2. This range is by no means an anomaly or the widest range published, for 
example the value for natural diamond is given as 10-80 J cm-2 (T. V. Kononenko et al., 2008) 
where the value fluctuates widely across a specimen surface. The reason for the range in 
values can be explained by considering that there are a number of ways of measuring the 
thresholds and even defining them (N. Sanner et al., 2009), there are also differences in the 
exact composition of the materials used and their source, as well as differences in the 
experimental set-up. The variation in material and the dependence on small variations of 
impurities and dopants can lead to significantly different thresholds. The values also do not 
reflect the range of repetition rates that are available and the subsequent change in energy 
threshold (S. M. Eaton et al., 2005; C. B. Schaffer, 2003). There is also a dependence on the 
wavelength of the laser as this will determine the physical mechanisms involved from 
multiphoton absorption, impact ionization, free carrier absorption and many others.  
It should be noted that the chart also reflects the work carried out using the lasers that have 
been practically available in laboratories around the world. The vast majority of these 
systems have a repetition rate of about 1kHz and are Ti:Sapphire amplifier lasers. This will 
potentially bias the results of the plot as the lasers that may be best suited to a given 
material may not be reflected in the work carried out to date. A good example of this may be 
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Poly(methyl methacrylate) (PMMA) where at the correct wavelength a particularly short 
pulse may suit the material in which the chain length of the molecules is long and the 
thermal sensitivity is high. The short pulse duration would potentially enable the 
confinement of the resultant shockwaves to be significantly greater. 

3.1 Non-transparent materials 
As one would expect, the use of femtosecond lasers with non-transparent materials is 
typically limited to working on the surface in either ablation or modification (E. D. Diebold, 
2009). There are a number of non-transparent materials that have been studied as shown in 
figure 4. Each material has a number of different properties that affect the energy threshold. 
For non-transparent materials, the band gap is the most important contributor when looking 
to determine the energy threshold. This will, as detailed in section 2.1, determine the process 
by which the photons interact with the material. The interaction of femtosecond pulses with 
non-transparent materials causes excitation of the majority of electrons, formally in bound 
states, creating a plasma-like state which immediately creates disorder in typical lattice 
structures. This means that the process is typically considered to be athermal as it occurs 
before the lattice has come to an equilibrium state through the carriers. There is some debate 
as to exactly how athermal the process is but there is little disagreement that the reduction 
of the heat affected zone (often abbreviated to HAZ) is significant as compared to the longer 
pulse durations that had previously been studied (S. Valette et al., 2005). The potential for 
the use of non-transparent materials, either on their own, in multi-layered combinations or, 
in combination with dielectric materials, for a range of applications holds a great deal of 
future development capacity and will be a subject of continued research for a number of 
years to come. 

3.2 Transparent materials 
Transparent materials also rely on non-linear absorption and subsequent ionization to create 
either ablation at the surface or index modification within the bulk. The exact mechanisms 
are not fully determined. However, work on modelling the processes involved is beginning 
to compare well with practical results and illuminate the mechanisms (J. S. Petrovic, 2007). 
The mechanism for the energy transport from pulse to material is commonly thought to be 
through nonlinear absorption. A femtosecond pulse of sufficient energy when focused 
inside a material will optically breakdown. At this point a proportion of the energy is 
transferred to the lattice via excitation of the electrons in a multiphoton absorption process. 
These electrons reach thermal equilibrium within several femtoseconds and seed the 
subsequent avalanche ionisation which absorbs the energy in the tail of the pulse. It is 
assumed that the energy that does not go into the ionisation is stored as kinetic energy in the 
electrons. The recombination time for electrons in fused silica is of the same order as most of 
the pulse durations as shown in figure 4 at 170fs (Q. Sun et al., 2005). It is commonly 
assumed that the mechanical and thermal changes on the time scale of a pulse are negligible. 
In the next picosecond a proportion of the energy in the electrons is transferred to the lattice. 
During this time there is plastic deformation occurring which propagates at the speed of 
sound covering about a micron in 0.1ns. This pressure or shockwave separates from the hot 
focal volume in a matter of nanoseconds. This is then followed by thermal diffusion acting 
in the microsecond timescale where the thermal energy diffuses out of the focal volume. 
Beyond critical energies these processes give rise to permanent changes in structure that 
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creates one of two commonly accepted forms in the shape of voids (A. Martinez et al., 2006) 
or smooth index changes (N. T. Nguyen et al., 2006). The difference between the two 
depends on whether the pulse is above or below the damage threshold of the material 
concerned.  
Void creation is achieved when the focusing is very tight and the pulse energies used are 
high. This has the effect of creating huge pressures at the point of focus and subsequently on 
the surrounding material. The surrounding material experiences a pressure wave moving 
away from the peak intensity forming a rarefied region of material followed by a region of 
densification. When the pressures created, through the focusing and pulse energy, are great 
enough a void may be created (E. N. Glezer & E. Mazur, 1997). 
Smooth index changes are achieved with pulses below the structural damage threshold. 
They too create rarefied areas; however, as the pressure exerted by the focal volume is much 
smaller the resultant index change gradient is smoother leading to structures that can be 
used for waveguiding. The effect of the pulse repetition rate on the material-pulse 
interaction is shown to have a significant effect on the profile of the index change at higher 
repetition rates (typically in the MHz region). This is shown to be due to the thermal 
diffusion of the material being longer than the pulse to pulse separation (C. B. Schaffer et al., 
2003). This means that the material is thermally loaded when the next pulse is incident at the 
focal region. This effect has not been observed at lower repetition rates in the kHz range.  
It should be noted that there are competing mechanisms for explaining the effects of pulse 
material interaction such as tunnelling ionization; however, work by Keldysh has shown 
that they are just two boundaries of the same process under different conceptual approaches 
(L. V. Keldysh, 1965). 

3.3 Ablation in transparent materials 
When the conditions for void creation are met and the energy incident in the focal region is 
sufficient to create a plasma with sufficient energy for Coulomb repulsion to create voids, 
ablation may occur. The only difference is the depth at which the changes occur. If near 
enough the surface the plasma will inevitably weaken the surface wall allowing the pressure 
on the side walls to be reduced in due course. This causes the removal of material from a 
substrate and is characterised as ablation.  

3.4 Heat affected zone 
The nature of the timescales involved in both transparent and non-transparent material 
interactions with femtosecond pulses, and the subsequent structural changes, offer up 
insight into the advantages of micromachining with ultrashort pulsed lasers. The electron-
phonon scattering time, of approximately 1 picosecond, is greater than the pulse duration 
and so the pulse has ended before the excitation of the ions has begun. This means that 
theoretically the heat diffusion outside of the focal area is minimized (S. Valette et al., 2005). 
This extra control on the locale of micromachined change adds a level of precision not 
afforded to lasers of sub-picosecond pulse duration. This reduction in the heat affected zone 
is often important in many applications. The reduction can lead to fewer, if any, micro-stress 
fractures being created when machining materials which, for example, are used for heavy 
strain loading thus reducing the chances of fracture. Also, to induce changes in a material 
using a femtosecond laser it is not necessary to have dopants to seed the absorption process. 
The effect of the nonlinear ionization can be used, with great care and refined technique, to 
produce a confined and reproducible material change that can be put to practical use.  
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4. Types of femtosecond laser 
The results of a market survey on femtosecond laser sources are presented in table 1 
(Amplitude Systemes; Coherent; High Q laser; Kapteyn-Murnane Laboratories; Raydiance). 
There are a number of ways of evaluating femtosecond lasers, each parameter set leading to 
a different profile of applications that they suit. The parameters chosen for this summary are 
wavelength, energy per pulse, pulse width, repetition rate, average power and the key 
amplification medium of the source. There are, of course, other parameters that are also 
fundamental but for reasons of space have not been included for example, the M2 value, 
peak power, beam diameter and polarization. These parameters should not be overlooked, 
however, when considering which laser source is applicable to a given task.  
The M2 factor, also known as the beam quality or beam propagation factor, is commonly 
used as a measure of the beam quality (ISO Standard 11146, 2005). For diffraction limited 
Gaussian beam the divergence is thus given by: 

(4) 

where Θ is the half angle beam divergence, λ is the wavelength and ω0 is the beam radius at 
the beam waist. A diffraction limited beam has an M2 of 1 and is considered Gaussian. The 
level of divergence that a beam has will limit the degree to which it can be focused and since 
the M2 factor is a measure of this it is a good indication of how a laser beam will focus given 
a certain numerical aperture objective lens. When combined with the optical power of a 
laser it determines the laser fluence achievable. Typically femtosecond lasers will have an 
M2 value of between 1 and 1.5, in most applications a value closer to 1 is usually preferable. 
The peak power is a parameter that is typically considered when deciding what material you 
wish to ablate or into which you wish to inscribe a structure. The key being that the peak 
power must exceed the material threshold energy so that work may be carried out. This can be 
done by comparing the many sources of material thresholds (see figure 4 for published results) 
against the specifications of the systems supplied. The peak pulse power, ppp, is given by: 

(5) 

where is the pulse duration and F is a factor determined by the shape of the pulse; for a 
sech2 pulse the factor is 0.88, for a Gaussian it is 0.94.  
The beam diameter needs to be taken into consideration when designing the optics that a 
femtosecond laser system will require or, of course, vice versa. It is important to control the 
beam divergence and aperture size of the lens as through miscalculation of these much of 
the beam quality, wavefront, energy profile and peak energy may be lost or reduced.  
Most of the sources in table 1 are linearly polarised. Although the polarisation is not 
generally an issue, care should be taken when designing the system to make sure that the 
polarisation for any beam is known at any given point. As an example, when using an 
autocorrelator to monitor the laser, an orthogonal polarisation state may be required to that 
which your laser outputs. There is also work on the polarisation state relative to the 
direction of beam-substrate translation; this is covered in more detail in section 5.3. 
There are currently two key types of femtosecond laser commonly commercially available. 
They may be grouped into amplifier and oscillator systems. The details as to how they work 
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will not be covered here but may be found in references (T. Südmeyer, 2008; S. Backus, 
1998), however, differences in terms of the output pulses will be discussed. 
The wavelength ranges of the types of laser are determined by a number of factors. There 
are two main bands covered by the fibre lasers at 1030-1045nm and around 1550-1560nm. 
The two bands correspond to the dopant used in the lasers cavities. The conventional C-
band erbium window is at 1530-1565nm and ytterbium sources operate at around 1030-
1050nm (S. B. Poole, 1985). There is a third much smaller group of fibre lasers operating at 
around 800nm. Bulk amplifiers and oscillators, are also governed by the amplification 
material chosen. They typically use Ti:Sapphire and ytterbium and as such commonly 
operate at wavelengths around 800nm and 1030-1050nm. 
The energy per pulse is a parameter to be considered in a similar way to the peak power. 
The pulse energy required will depend on both the material and the chosen application. 
Machining of a crystal for instance will typically require a much greater energy per pulse, 
for example energies up to and above 80 Jcm-2 (T. V. Kononenko et al., 2008) for natural 
diamond, while for index change in PMMA energies above 0.6 Jcm-2 (A. Baum et al., 2007) 
cause permanent change. The energy per pulse of the types of laser are detailed in table 1. 
The oscillators typically have energies in the range of 1-100s nJ per pulse, whereas the fibre 
lasers offer energies in the μJ range and amplifier pulse energies typically fall in the mJ 
range. The choice of pulse energy for a given application is critical as most materials have a 
small window of energies between the desired effect, say index change, and damage. The 
other consideration is that to control the energy, and other parameters, incident on a sample 
is significantly easier when not having to operate at the extreme limits of attenuators or with 
insufficient laser energy after the losses experienced through the system. 
 

  

Table 1. Table showing the market survey of femtosecond sources and basic properties 
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Femtosecond pulses are considered ultrashort and as table 1 shows they range greatly in 
practical terms. There are effectively two or three classifications of pulse duration. There are 
the extremely short pulsed lasers, with pulses typically in the 10s of femtosecond duration 
which are most commonly, although not exclusively, oscillator lasers. The next region is 
about 100-350 fs that are often amplifier lasers. The final group is from 350-800 fs and is 
largely occupied by fibre and amplifier lasers. The pulse duration makes a significant 
difference to the pulse-material interaction and the pulse energy required.  
Repetition rates of commercially available systems range greatly from single kHz through to 
100MHz. The range leads to a significant difference in the applications of each. There is 
some evidence to suggest that better quality waveguides, for instance, are written with 
lasers operating in the MHz regime rather than kHz (S. M. Eaton et al., 2005). On the 
contrary often for micro-machining ablation lower repetition rates in the 1-300 kHz range 
tend to be chosen because they have higher pulse energies which are above the ablation 
threshold. For these lower repetition rate systems there is also less thermal loading due to 
the pulse train spacing. Repetition rates and the resultant thermal loading, or absence, offers 
clear advantages of one repetition rate over another for a specific task. 
In conclusion the parameters of a chosen laser will strongly influence the effectiveness of 
work in particular area. The parameter windows are relatively small for high quality results 
in any given application. 

5. Techniques employed 
There are several different techniques employed when making micro-machined devices 
through inscription and ablation. Some of them are techniques applied to both regimes and 
others are applied more specifically to one or the other.  Typically using a laser to perform 
micro-machining involves complex physical processes and is dependent on fine parameters 
of the material and laser. Theoretical models exist and are touched upon in other sections of 
this chapter, however, they are often considered to be only a guideline and require 
refinement for optimal processing when using a practical system. In this section some of the 
basic methods and techniques applied to micro-machining are explained. 

5.1 The basic system 
Systems tend to either operate by having the sample fixed and the laser beam moving or by 
fixing the sample to a moving stage, or set thereof, and having a fixed objective lens, figure 
5. There is also the option to use galvanometric systems where the beam is manipulated 
using mirror(s) and obviously a combination of all three. Each of the layouts has its own 
pros and cons depending on the main purpose of use, for instance when the desired sample 
is small and is required to be machined quickly then galvanometric systems can be most 
advantageous, however, when operating over a larger area these systems suffer from 
spherical plane effects and correcting for these often leads to a loss of sharpness in the 
focusing. This is especially important for femtosecond work where the depth of focus, due 
to the nonlinear nature, is so small.  
Often the most practical systems use a partially fixed objective, where the objective is also 
on a stage but often remains stationary when working at a given depth in the sample, and 
use mechanical or air bearing stages to move the sample. These are often programmed by 
computer linked drive control units. The majority of stages operate some version of CNC 
(Computer Numerical Control) system (Smid, 2005) each of which have their own protocols, 
however, the techniques used are applicable to most if not all systems of this sort. 
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Fig. 5. A schematic of three types of focusing arrangement from left to right a static sample 
with moving objective, a moving stage with static objective lens and a galvanometric set up 
with motion controlled by mirror angle. 

5.2 Common terminology & basic techniques 
There are a number of terms applied to certain types of machining that describe the 
fundamental technique applied to working on a work piece and these are defined in table 2. 
The first of which we will consider is percussion drilling. This is a process of firing a number 
of pulses on a given area, each pulse removing a very small volume of material, thus leading 
to the creation of a hole. Typical laser repetition rates over 1kHz allow removal rates to be 
viable for use. This technique is used for the creation of small holes through or in materials. 
In general the material removal rates are relatively constant for small depths (to ~100 μm) 
after which the removal rate operates as the square root of the depth. Thus the time taken to 
double the depth is typically in excess of four times that of the initial hole. This occurs 
because as the beam penetrates to the bottom of a hole energy is lost to the material and the 
nature of Gaussian beam paths, after focusing, means that the energy available at the bottom 
decreases as the wing that is clipped is inversely proportional to the aspect ratio increase. 
Typically helical trepanning produces some of the smoothest side walls and most uniform 
holes but takes longer and tends to be best applied to smaller artefacts.  

5.3 Other considerations 
There are a number of other parameters and components to be aware of that can be critical 
to the finish and quality of a desired object. It is important to consider the desired aspect 
ratio or etch depth, the NA and working distance of the lens, the position of the focus in the 
sample, the beam polarisation, the speed of the moving parts and an inspection mechanism. 
The aspect ratio is defined by the ratio of depth to width of an artefact, for example, a 
microfluidic channel or hole through a ceramic. The etch depth is the effective write depth 
of an inscribed feature such as a waveguide or diffractive element inside the bulk of the 
material. To optimise both of these parameters the choice of lens, power and beam shaping 
are fundamental. If aiming to write a deep slot into a substrate one would typically choose a 
lens with a low NA and long working distance so that it could operate at a distance and 
over a range of positions without being coated with the debris created by the plasma and 
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Single shot drilling - The process of using a single laser pulse to drill, this is 
rarely used. 

 

Percussion drilling - The use of a number of laser pulses at a repetition rate 
spacing above that of the length of the pulse used to remove material. Can lead 
to surface spatter which can lead to micro-cracking, deformation of hole shape 
and achieving high aspect ratios is often difficult. 

 

Trepanning - This is essentially percussion drilling with circular motion, often 
a pilot hole is drilled and then a spiral motion followed by circular finishing. 
The technique suffers from the same drawbacks as percussion drilling. The 
hole size formed by this motion is, to within the radius of the plasma, the 
diameter of motion. The holes produced by trepanning are generally more 
circular and accurate than a percussion drilled hole, however, they are larger in 
size. 

 

Helical drilling - The process of quantizing the ablation steps reaching 
breakthrough only after a number of passes described by a spiral motion. This 
often has a more circular geometry than trepanning and also minimises the 
load placed on the opposite face to that of the focus. It tends to also give less 
recast, however, takes significantly longer to process.  

 

Cutting - Cutting through a sample using a series of pulses through motion of 
the beam or sample, often multiple passes are required.  
 
Etching / Milling - Removing a defined depth of material through control of 
pulse energy and/or number of pulses per location. 

 

Rastering - The motion of moving back and forth over an area with lines 
separated by a given pitch. By varying the pitch this can lead to the removal of 
material from an area or in trenches. Typically these form square wave patterns 
although other forms are also used. 

Table 2. A Table of the common techniques and a brief description of their mechanism. 

avoiding contact with the material. Ideally most of the work should be done with a static z 
component and the right choice of lens, however, there are times when stepping the lens 
towards the sample is necessary to achieve a specific depth or profile. The position of the 
focus required to ablate a slot, when scanning, is typically not at the midpoint of the desired 
slot depth. Through experience it comes out at typically 1/3 of the depth but the exact 
position will change depending on the sample and other parameters. There are also issues to 
do with shielding by the walls when looking to achieve high aspect ratio side walls. This is 
because the pulses wings are clipped reducing the power of the pulse. 
The speed of any scanned motion, as with repetition rate, will affect the rate of removal of 
material. This is because the fluence will be varied by the change in the speed of motion as 
the number of pulses per unit volume will be less. A variation in the repetition rate would 
have the converse effect. That is to say that if the pulse rate increases by a factor of 2 that the 
removal rate would increase linearly, assuming constant pulse energy. Whereas a doubling 
of the speed would half the removal rate or create a series of dots rather than a line.  
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There are two types of polarisation that can be used, linear and circular polarisation. The 
polarisation is believed to affect the write quality of inscribed lines such as waveguides. The 
current thinking is that a polarisation orthogonal to the direction of write for straight 
waveguides, or circular for curved ones, is preferable and results in smoother tracks (M. 
Ams et al., 2006). Polarisation parallel to the direction of write is not favourable since it 
produces less smooth tracks. There are other techniques employed such as combining 
cylindrical lenses with the regular microscope objectives to refine the width of written lines. 
The ability to fully inspect and align a sample pre- and post-inscription or ablation is of 
fundamental advantage to any system. The use of confocal systems and inspection methods 
to inspect during writing has also developed considerably in recent years (J. Li, et al., 2008). 
A standalone camera can also be used to monitor the sample. The exact design and 
components used will not be uniform across all systems but the importance and advantage 
gained by their inclusion are extremely significant to the complexity of the fabricated 
devices. 
Some examples of femtosecond micromachining are shown in figure 6. The images illustrate 
some of the common effects observed, both good and bad, from femtosecond 
micromachining. By reducing the separation between the slots it is possible to reduce the 
wall thickness and create extremely high aspect ratio structures. Figure 6 also shows entry 
and exit holes. The entry holes in this example are slightly rounded which can be corrected 
for by adjusting the focus position. The third image shows how both good and bad set up 
parameters affect the resultant finish quality. 
 

 

Fig. 6. Slots machined in stainless steel shim 0.178 mm thick; (LHS) entry side showing 
gradual reduction in slot separation, (left middle) exit of the same slots, (right middle) slot 
showing what happens when the parameters and finishing are correct and wrong, (RHS) 
showing the high aspect ratio structures remaining after ablation. 

5.4 Computer Aided Design (CAD) & rapid prototyping 
There are a number of applications of femtosecond micro-machining where the complexity 
and rapid prototyping required are less suited to programming the motion line by line. This 
is clearly shown in the complexity of the microfluidic device illustrated by figure 7 below.  
To code this line by line would be extremely time consuming and to change something like 
the machining pitch could take considerable effort going through the code line by line. In 
these situations the use of CAD software packages can be a significant advantage in being 
able to vary the parameters (such as pitch, write speed and scaling) quickly and design 
complex structures that would otherwise take significantly longer. Although it is not 
impossible to code some of the more complex structures the plausibility and economy of 
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doing so when the software packages are available becomes more weighted in favour of the 
automated approach (G. Smith, 2008). 
 

 

Fig. 7. Computer Aided design images, from left to right 1) An plan view of a computer 
designed microfluidic device, 2) the machine path lines shown for workpiece with green 
representing the path of the laser ablation and red being the skimming non ablation transit, 
3) a close up of the tool path for ablation showing rastering and a finishing edge pass. 

5.5 Post processing 
There are a few post processing techniques that are important in relation to femtosecond 
micromachining. The most common technique is to wet etch using either hydrofluoric acid 
(commonly abbreviated to HF and is hydrogen fluoride in water solution) or ammonium 
bifluoride (ABF is chemically NH4HF2 and a diluted version of HF in a salt form, although 
used in water solution). The whole process involves inscribing the material (below the 
ablation threshold) using the laser focal spot then placing the substrate in the acid. The acid 
preferentially etches the inscribed areas at a rate of 50:1 in fused silica (K. Sugioka et al., 
2007) and as such removes the inscribed area selectively. This technique offers the ability to 
make smoother structures in transparent materials with smaller features and higher aspect 
ratios. It is also possible to fabricate subsurface channels that would otherwise take a 
sequence of layer deposition stages or lithographic techniques. There is a downside, in that 
the use of these chemicals adds additional processes and time over direct ablation and 
involves the handling of hazardous chemicals. Figure 8 shows work done in optical fibre. 
The fibre has been exposed by femtosecond laser inscription below the damage threshold 
then wet etched using HF producing very narrow, high aspect ratio channels through the 
fibre core. 
The use of heat treatment, cycled and constant, may be important for femtosecond 
micromachined structures. In theory, the thermally induced stresses created by the 
shockwaves propagating in the material around the plasma can be thermally annealed out 
through heating the substrates post inscription. Heat treatment thermally relaxes the 
material such that the stress is released and the permanent change of the inscription is all 
that is left. This effect is still the subject of study and its ability to offer further 
understanding of the plasma-material interaction will most likely be of fundamental impact 
(S. Juodkazis et al., 2004). 
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Fig. 8. Micro-channels fabricated in standard fibre using fs inscription and chemical etching 
(Y. Lai et al., 2006). 

6. Applications 
The numerous properties of femtosecond pulse interactions with a range of materials have 
led to a diverse range of novel applications. For example, the ability to micromachine in 3 
dimensions in transparent media due to the nonlinear interaction has opened up 
possibilities that were previously not available without the addition of dopants and short 
wavelength laser exposure. There are also a number of applications that would simply not 
be possible without the use of femtosecond lasers for micromachining. Having said this 
there should be a note of caution as while there are numerous advantages to the technology 
it should not be considered as the only solution to all applications. Instead the advantages 
should be utilised for specific purposes. 

6.1 Periodic structures 
Because of the short pulse duration and the high refractive index changes that can be 
induced femtosecond lasers can be used to produce period structures in transparent 
materials. More specifically, they have been used to fabricate fibre Bragg gratings (Y. Kondo 
et al., 1999). These structures are written into or near the core of an optical fibre and reflect 
light at a wavelength determined by the periodicity of the structure. 
Two approaches to the fabrication of these structures have been optimised over the last few 
years in the femtosecond domain: the point-by-point method (E. Wikszak et al., 2004; A. 
Martinez et al., 2004, K. Kalli et al., 2009) and the phase mask method (K. A. Zagorul'ko et al., 
2003). Both methods had previously been used for the UV fabrication (with either CW or 
conventional pulsed lasers) of fibre Bragg gratings however the femtosecond regime provides 
some key differences due mainly to the localisation of the fringes which allows, for example, 
multiple gratings to be positioned in unique positions around a single core, as shown in figure 
9. This can be highly advantageous from a device design point of view as, for example, it 
enables the production of a single fibre Bragg grating device that can be used as a directional 
bend sensor. Gratings can also be inscribed through the hole structure of microsctructure 
optical fibres using femtosecond lasers. Kalli et al have shown that with a suitable fibre design 
it is possible to use femtosecond pulses to penetrate the holes of the microstructure fibre 
without significant breakup of the femtosecond laser pulse during inscription.  
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In planar samples femtosecond lasers have been used to inscribe diffraction gratings which 
can in turn be used to fabricate fibre Bragg gratings (G. N. Smith et al., 2009). A photograph 
of one of these is shown in figure 9 showing first, second and third order phase masks. The 
work to date demonstrates the proof of concept and flexibility for the use of femtosecond 
lasers to make complex and reproducible phase masks. This approach has the potential to 
rival e-beam fabrication of phase masks and has the advantage of being a single step 
fabrication process that uses no chemicals. 
 

 
Fig. 9. Femtosecond inscribed fibre Bragg gratings in (LHS) the centre of the fibre core and 
(middle) on the edge of the fibre core, (RHS) photograph of a femtosecond phase mask 
inscribed with fs laser underneath the surface of the UV grade fused silica (G. N. Smith et 
al., 2009).  

6.2 Micromachining of planar glass 
Microfluidic device, incorporating high aspect ratio micron scale channels, can be directly 
machined. These devices are developed as lab-on-chip devices for purposes such as 
measuring a specific particle to particulate sorting and counting (D. N. Schafer, 2009). The 
advantage is that they only require tiny amounts of a fluid to function thus reducing costs of 
development of chemicals, allowing more information to come from smaller samples at 
increased speed of prototyping and development. Some of typical structures that are 
employed are shown in figure 10. They show bends, micropump holes, joints and high 
aspect ratio structures in both planar and fibre samples all of which can be easily adapted 
and machined using femtosecond micromachining giving advantages for rapid prototyping 
(G. Smith et al., 2008).  
There are a number of methods for making these devices. The most common is to inscribe a 
structure in the material and then expose it to hydrofluoric acid. Another is to ablate 
structures or create voids in the presence of what are known as wetting fluids (Y. Iga et al., 
2004). This works in the same way as you would use fluid with a standard milling process to 
remove the debris from a machined area. A third method is dry ablation, however, the 
results often lead to sidewalls that suffer from turbulent flow (rather than the ideal lamina 
flow) due to the surface roughness. 

6.3 Waveguiding 
There has been a great deal of interest in the use of femtosecond lasers to make waveguides. 
They have been used to make a number of things from straight connectors and curved 
waveguides to more complex structures like splitters, beam shapers, amplifiers and  
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Fig. 10. Microfludic devices - (top LHS) SEM image of micro-groves to enhance fluid mixing 
(bottom LHS) SEM image of test structure, (top middle) microscope image showing smooth 
channel bend from microfluidics device, (bottom middle) photograph of larger scale 
structure showing high aspect ratio of fluid guides, (top RHS) slot ablated along the fibre 
axis in optical fibre using fs laser to within 5µm of the fibre core, (bottom RHS) slot ablated 
perpendicular to the fibre axis.  
interferometers (A. A. Said, 2004; A. Szameit et al., 2006; A. M. Kowalevicz et al., 2005; K. 
Minoshima et al., 2001). There have been other avenues where the properties have been 
utilised such as the image reconstruction using a waveguide array (A. Szameit et al., 2009). 
This and other applications rely on the 3D write capability of femtosecond lasers allowing 
the creation of complex structures that are otherwise typically built layer by layer. The only 
pre-requisite is to create permanent index change localised to the area of write, typically the 
desired effect is a positive index change although other structures are also possible, thus 
forming a guide for the light to travel along. There are normally areas around the 
waveguides where the pulses have interacted with the media through the wings of a pulse 
or through heat shockwaves etc. These are best reduced through optimisation of the 
material and laser parameters used. Waveguides have typically been written in planar glass 
or crystalline samples, however, using femtosecond laser it is possible to inscribe waveguide 
structures in optical fibre. Figure 11 shows an example of this written at Aston University 
using a femtosecond laser in standard single mode optical fibre. The guide ends close to the 
edge of the fibre core and couples light from the evanescent field out of the fibre. This shows 
the potential to include complex waveguide based structures in fibres which could have a 
range of telecommunications and sensing applications. 

6.4 Other applications 
Femtosecond lasers have been used for numerous other applications, some of which are 
briefly described here to provide an illustration of the scope and potential of femtosecond 
lasers. 
Optical data storage uses micron sized defects, typically index variations, in substrates used 
for the storage of data in a highly dense arrangement. This has now been accomplished in 3 
dimensions and in a rewriteable format (K. Miura et al., 2002). The ability to write the points 
in 3 dimensions is something that can only be achieved through the use of the nonlinear 
femtosecond processing. The other key advantage of using a femtosecond laser process is 
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matter interaction and the lack of damage caused to surrounding areas, due to better spatial 
confinement and lower thermal loading, has led to femtosecond lasers being developed to 
replace the other lasers and perform as minimally invasive, accurate and precise scalpels on 
a daily basis (J. F. Bille, 2008). 

7. Conclusions 
The use of focussed femtosecond laser pulses to fundamentally change materials through 
the interaction of the pulse and material offers new opportunities in device design. This is 
especially true for fabrication of intricate microstructures within the bulk volume of 
optically transparent glassy or polymeric materials. But it also can give significant 
advantages for the micromachining of surface structures in opaque materials in terms of 
feature size and aspect ratio. 
Although femtosecond laser micromachining and inscription has been studied for several 
decades recent significant improvements in the range of lasers available have accelerated the 
technology into a range of diverse fields. The lasers available today offer vastly improved 
peak powers and reliability making commercial exploitation more viable. The advantages of 
using the nonlinear interaction of light with solid materials are being explored in a number 
of exciting ways, both in science and engineering, with new avenues opening up as new 
materials, sources and techniques are developed.  
The capacity for making use of the short pulse durations, nonlinear absorption and other 
characteristics discussed above to create complex three dimensional structures both on the 
surface and within materials has attracted much recent research effort. However, there is 
much more potential through the combination of techniques and the development of further 
knowledge, simulation and modelling that will likely lead to future applications and fields 
that are only in their infancy at present. 
The unique capabilities of femtosecond micromachining make it preferential in a great 
number of applications. The capacity to locally modify and create permanent change in a 
range of both transparent and non-transparent materials is of fundamental importance not 
only to photonics but to a growing number of manufacturing processes. The 
industrialisation of micromachining processes will be of great significance in the future 
success of solar cell and flexible organic light emitting diodes (OLEDs) in the manufacture of 
large sheets that need highly localised and complex machining patterns cut at speed. The 
most prominent current technology that will be able to facilitate this is the use of 
femtosecond lasers.  
The reliability of the current generation of femtosecond sources compared to earlier models 
means that these lasers are rapidly being accepted as an option for commercial fabrication. 
With the continued development in the supporting technologies associated with 
femtosecond lasers such as the improvement in pump sources, development and 
commercialisation of more efficient glass compounds, the pulse-material interaction being 
more fully understood and the delivery systems and techniques being refined, there is a 
promising future for femtosecond micromachining to expand into more fields and become a 
common part of manufacturing and photonics industries.  
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8.1 Laser suppliers 

For details of the laser specifications go to the links below; 
Amplitude systemes: http://www.amplitude-systemes.com/ 
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Coherent: http://www.coherent.com/Lasers/  
High Q: http://www.highqlaser.at/en/products/ 
IMRA: http://www.imra.com/ 
Kapteyn-Murnane Laboratories: http://www.kmlabs.com/ 
Raydiance-Inc: http://www.raydiance-inc.com/our-products 
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1. Introduction     
Magneto-optical materials have two unique properties, which make them important for a 
variety of optical applications. The first property is non-reciprocity. The time inverse 
symmetry is broken in magneto-optical materials.  Therefore, properties of magneto-optical 
materials are different for two opposite directions of light propagation and optical non-
reciprocal devices like the optical isolator and the optical circulator can be fabricated only by 
utilizing magneto-optical materials. The second important property of the magneto-optical 
materials is a memory function. If the material is ferromagnetic, the data can be memorized 
by means of two opposite directions of the residual magnetization. Both the reading and 
writing of such memory can be done by magneto-optical effect. 
The optical isolator is an important component of optical networks. It is transparent in one 
direction and blocks light in opposite direction. Due to the imperfect matching between 
optical components in the network, the unwanted back reflection always exists and it 
severely disturbs the network performance. To avoid this, the optical components have to be 
protected by an optical isolator. Also, the isolator is important to cut the back-travelling 
amplified spontaneous emission in the case of serially-connected amplifiers.  
Today there is a big demand to integrate all optical components into an opto-electronics 
chip. In fact, the isolator is one of few components, which have not yet been integrated into 
commercial chips. It is because of difficulties to integrate magneto-optical materials into a 
semiconductor-made chip. To solve this, we proposed to use (Cd,Mn)Te as a magneto-
optical material for such isolator. The (Cd,Mn)Te exhibits a huge Faraday effect and can be 
grown on a semiconductor substrate. For (Cd,Mn)Te waveguide grown on GaAs substrate 
we achieved a high Faraday rotation of 2000 deg/cm, a high isolation ratio of 27 dB, a low 
optical loss of 0.5 dB/cm, and a high magneto-optical figure-of-merit of 2000 deg/dB/kG in 
a wide 25-nm wavelength range (Debnath et al., 2007). These values meet or exceed similar 
values of commercial discrete isolators. 
We predicted theoretically (Zaets & Ando, 1999) and proved experimentally (Zayets & 
Ando, 2005) the effect of non-reciprocal loss in hybrid semiconductor/ferromagnetic metal 
waveguides. This effect can be utilized for new designs of waveguide optical isolator. 
Because the structure of this isolator is similar to that of laser diode, such a design is 
beneficial for the integration. The bistable laser diode with non-reciprocal amplifier was 
proposed to be used for high-speed optical logic (Zayets & Ando, 2001). 
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We proposed the non-volatile high-speed optical memory, which utilizes the magnetization 
reversal of nanomagnet by spin-polarized photo-excited electrons. It was demonstrated 
experimentally that one selected pulse from a train of two optical data pulses with interval 
of 450 fs can solely excite the spin-polarized electrons without a disturbance from the 
unselected optical data pulse (Zayets & Ando, 2009). This proves feasibility for proposed 
memory to record data train with rate of 2.2 TBit/sec. 

2. Cd1-xMnxTe waveguide optical isolator 
The conventional bulk-type optical isolator consists of a 45-degree Faraday rotator placed 
between two polarizers [Fig.1]. The angle between axes of entrance polarizer and exit 
polarizer is 45 degrees. In forward direction the polarization of light is 45 degree rotated by 
the Faraday rotator to be along the axis of the exit polarizer. Therefore, the light can pass 
through the isolator in forward direction. In backward direction, the direction of 
polarization rotation is opposite to that in forward direction due the non-reciprocal nature 
of the magneto-optical effect. At the entrance polarizer, the polarization is 90 degrees to the 
polarizer axis and the light is fully blocked.  
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0°0°

 
Fig. 1. Design of free-space optical isolator. The Faraday rotator is placed between entrance 
polarizer (left side) and exit polarizer (right side). Upper diagrams show polarization in 
forward direction. Lower diagrams show polarization in backward direction. 
In present optical networks, ferrimagnetic garnet oxide crystals such as Y3Fe5O12 (YIG) and 
(GdBi)3Fe5Ob are used as magneto-optical materials for discrete optical isolators. Because 
most of the active optical elements (such as the laser diode, optical amplifier, modulator, 
and optical gate) are produced on GaAs or InP substrates, it is desirable to integrate 
monolithically all optical components on these types of substrate, but integration of the 
isolator is a difficult task. Waveguide optical isolator based on the garnet film has been 
reported (Ando et al., 1988). But the garnet-made isolators have not been monolithically 
integrated with semiconductor optoelectronic devices, because these oxide crystals can not 
be grown on semiconductor substrates. 
Paramagnetic semiconductor Cd1-xMnxTe is promising as a magneto-optical material for 
integrated optical isolators and circulators. Cd1-xMnxTe shares the zinc-blende crystal 
structure with the typical semiconductor optoelectronic materials such as GaAs and InP; 
thus its film can be grown directly on GaAs and InP substrates. Cd1-xMnxTe also exhibits a 
huge Faraday effect (its Verdet constant is typically 50-200 deg/cm/kG) (Furdyna 1988) 
near its absorption edge because of the anomalously strong exchange interaction between 
the sp-band electrons and the localized d-electrons of Mn2+. Furthermore, the tunability of 
its absorption edge from 1.56 to 2.1 eV with Mn concentration makes the Cd1-xMnxTe 
magneto-optical waveguide compatible with (Al,Ga,In)P:GaAs optoelectronic devices 
operating in the wavelength range of 600-800 nm. For longer-wavelength (λ=800-1600 nm) 
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most of the active optical elements (such as the laser diode, optical amplifier, modulator, 
and optical gate) are produced on GaAs or InP substrates, it is desirable to integrate 
monolithically all optical components on these types of substrate, but integration of the 
isolator is a difficult task. Waveguide optical isolator based on the garnet film has been 
reported (Ando et al., 1988). But the garnet-made isolators have not been monolithically 
integrated with semiconductor optoelectronic devices, because these oxide crystals can not 
be grown on semiconductor substrates. 
Paramagnetic semiconductor Cd1-xMnxTe is promising as a magneto-optical material for 
integrated optical isolators and circulators. Cd1-xMnxTe shares the zinc-blende crystal 
structure with the typical semiconductor optoelectronic materials such as GaAs and InP; 
thus its film can be grown directly on GaAs and InP substrates. Cd1-xMnxTe also exhibits a 
huge Faraday effect (its Verdet constant is typically 50-200 deg/cm/kG) (Furdyna 1988) 
near its absorption edge because of the anomalously strong exchange interaction between 
the sp-band electrons and the localized d-electrons of Mn2+. Furthermore, the tunability of 
its absorption edge from 1.56 to 2.1 eV with Mn concentration makes the Cd1-xMnxTe 
magneto-optical waveguide compatible with (Al,Ga,In)P:GaAs optoelectronic devices 
operating in the wavelength range of 600-800 nm. For longer-wavelength (λ=800-1600 nm) 
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optoelectronic devices, Cd1-x-yMnxHgyTe can be used. Bulk optical isolators using these 
materials are now commercially available (Onodera et al. 1994).  
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Fig. 2. Experimental set-up to evaluate magneto-optical TE-TM waveguide mode conversion  

For the Cd1-xMnxTe to be used as a material for the waveguide isolator, several conditions 
should be satisfied. For a practical Cd1-xMnxTe waveguide isolator, the isolation ratio should 
exceed 20 dB, insertion loss should be below 1 dB and operation wavelength range should 
be wider than 20 nm. This performance can only be achieved with a magneto-optical 
waveguide having a mode conversion ratio above 95 % and a figure-of-merit above 100 
deg/dB. Below we will show that using advanced waveguide structure and optimized 
fabrication technique, this conditions can be achieved in Cd1-xMnxTe waveguide grown on 
GaAs substrate.  
The Cd1-xMnxTe has about 12% lattice mismatch with GaAs. The growth conditions of Cd1-

xMnxTe on GaAs substrate should be well optimized. Otherwise, the high density of 
dislocation in Cd1-xMnxTe film causes high optical loss in Cd1-xMnxTe waveguide (Zaets et 
al.,1997) and low value of Faraday rotation. The Cd1-xMnxTe waveguide was grown by 
molecular beam epitaxy (MBE) on GaAs (001) substrate. We optimized the growth 
conditions and fabricated the Cd1-xMnxTe waveguide in the following way. In the 
beginning, GaAs substrate was thermally cleaned at 4000 C under atomic hydrogen flux to 
remove oxides from GaAs surface. Before initiating the growth, the GaAs substrate was kept 
for 30 minutes under Zn flux to prevent the formation of the undesired Ga2Te3 compound. 
At first, a thin 10 nm ZnTe film was grown on the GaAs substrate to initialize the (001) 
growth. Following a 1-µm thick CdTe buffer layer, Cd1-xMnxTe waveguide was grown. It 
consists of a 3-µm-thick Cd0.73Mn0.27Te waveguide cladding and a 1-µm-thick Cd0.77Mn0.23Te 
waveguide core. The waveguide core was sandwiched between two 500-nm-thick Cd1-

xMnxTe (x=0.27-0.23) graded-refractive-index clad layers, for which the Mn concentration 
was changed linearly with thickness. We used the Cd0.73Mn0.27Te layer as a cladding layer, 
since GaAs is an optical absorber with a higher refractive index than that of Cd1-xMnxTe, a 
single Cd1-xMnxTe layer on GaAs does not work as a waveguide. One needs transparent 
cladding layers with smaller refractive index. Cd0.73Mn0.27Te satisfies these conditions 
because Cd1-xMnxTe with higher Mn concentration has a smaller refractive index and wider 
optical band gap. The graded-refractive-index clad layers are essential for Cd1-xMnxTe 
waveguide to achieve high magneto-optical TE-TM waveguide mode conversion and high 
optical isolation.  
Figure 2 illustrates the experimental setup for evaluating optical propagation loss and TE-
TM waveguide mode conversion (Zaets & Ando, 2000). A GaP prism was used to couple the 
laser light from tunable Ti:sapphire laser (λ=680 -800 nm) into a Cd1-xMnxTe waveguide. A 
cooled CCD TV-camera collected light scattered normally from the film surface. A linear 
polarizer was placed in front of the TV camera with its polarization axis perpendicular to 
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the light propagation direction. With this configuration, only the TE mode component of 
waveguiding light can be detected by the high-sensitivity TV camera. In the absence of a 
magnetic field, a scattered light streak was seen when the TE mode was excited (Fig. 3(a)), 
but it was not seen when TM mode was excited (Fig. 3 (b)). Also, weak dot-like scattering on 
defects was seen in both cases. 
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Fig. 3. TM-TE mode conversion ratio in Cd1-xMnxTe waveguide at λ=730 nm. (Zayets & 
Ando, 2004) 
For the evaluation of the magneto-optical TE-TM waveguide mode conversion, a magnetic 
field was applied in parallel to the light propagation direction. A light streak with a 
periodically modulated intensity was observed for both TE mode excitation (Fig. 3 (c)) and 
TM mode excitation (Fig. 3 (d)). Figures 3 (e)-(f) show the measured intensity of the 
modulated streak along the propagation length. The intensity was normalized to input 
intensity. The oscillations maxima in the case of TE excitation (Fig. 3 (e)) correspond to the 
oscillations minima in the case of TM excitation (Fig. 3 (f)) and vice versa. Under an applied 
magnetic field the polarization of the waveguide mode rotates because of Faraday effect. If 
the TE-TM mode phase mismatch is not zero, the eigenmodes of the waveguide are 
elliptically polarized and the rotation between TE and TM polarizations is not complete. As 
seen from Figs. 3 (c)- 3 (f), the Cd1-xMnxTe waveguide with the graded index cladding layer 
shows almost complete mode conversion.  
The Cd1-xMnxTe waveguide with graded buffer layers has low optical loss, high TE-TM 
mode conversion efficiency (more than 98 %) and high isolation ratio (more than 20 dB). 
However, high isolation ratio was obtained in narrow about 3 nm wavelength range. For 
practical application of the isolator the operation wavelength range should be at least 20 nm.  
For the operation of the optical isolator, the rotational angle of Faraday rotator should be 450 
(Fig.1) for any operational wavelength. Cd1-xMnxTe is a diluted magnetic semiconductor. It 
has a high value of Faraday rotation, but it is high only near its bandgap and near the 
bandgap the dispersion of Faraday rotation is significant as well. Of course, Cd1-xMnxTe is a 
paramagnetic material and at each wavelength the Faraday rotation can be tuned to 450 by 
the changing magnetic field. However, such tuning is not practical for real applications 
because a practical isolator needs a permanent magnet with a fixed magnetic field. Below 
we will show that it is possible to achieve practically dispersion-free Faraday rotation in 
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the light propagation direction. With this configuration, only the TE mode component of 
waveguiding light can be detected by the high-sensitivity TV camera. In the absence of a 
magnetic field, a scattered light streak was seen when the TE mode was excited (Fig. 3(a)), 
but it was not seen when TM mode was excited (Fig. 3 (b)). Also, weak dot-like scattering on 
defects was seen in both cases. 
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Fig. 3. TM-TE mode conversion ratio in Cd1-xMnxTe waveguide at λ=730 nm. (Zayets & 
Ando, 2004) 
For the evaluation of the magneto-optical TE-TM waveguide mode conversion, a magnetic 
field was applied in parallel to the light propagation direction. A light streak with a 
periodically modulated intensity was observed for both TE mode excitation (Fig. 3 (c)) and 
TM mode excitation (Fig. 3 (d)). Figures 3 (e)-(f) show the measured intensity of the 
modulated streak along the propagation length. The intensity was normalized to input 
intensity. The oscillations maxima in the case of TE excitation (Fig. 3 (e)) correspond to the 
oscillations minima in the case of TM excitation (Fig. 3 (f)) and vice versa. Under an applied 
magnetic field the polarization of the waveguide mode rotates because of Faraday effect. If 
the TE-TM mode phase mismatch is not zero, the eigenmodes of the waveguide are 
elliptically polarized and the rotation between TE and TM polarizations is not complete. As 
seen from Figs. 3 (c)- 3 (f), the Cd1-xMnxTe waveguide with the graded index cladding layer 
shows almost complete mode conversion.  
The Cd1-xMnxTe waveguide with graded buffer layers has low optical loss, high TE-TM 
mode conversion efficiency (more than 98 %) and high isolation ratio (more than 20 dB). 
However, high isolation ratio was obtained in narrow about 3 nm wavelength range. For 
practical application of the isolator the operation wavelength range should be at least 20 nm.  
For the operation of the optical isolator, the rotational angle of Faraday rotator should be 450 
(Fig.1) for any operational wavelength. Cd1-xMnxTe is a diluted magnetic semiconductor. It 
has a high value of Faraday rotation, but it is high only near its bandgap and near the 
bandgap the dispersion of Faraday rotation is significant as well. Of course, Cd1-xMnxTe is a 
paramagnetic material and at each wavelength the Faraday rotation can be tuned to 450 by 
the changing magnetic field. However, such tuning is not practical for real applications 
because a practical isolator needs a permanent magnet with a fixed magnetic field. Below 
we will show that it is possible to achieve practically dispersion-free Faraday rotation in 
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wide wavelength range by combining in a waveguide Cd1-xMnxTe bulk material and a  
Cd1-xMnxTe quantum well (QW). 
The Faraday effect in a Cd1-xMnxTe QW is greater than that of bulk Cd1-xMnxTe and it is not 
as dependent on wavelength. However, due to the two-dimensional nature of the QW, its 
optical properties become significantly different for light polarized in the plane of the QW 
and perpendicular to the QW. Therefore, for a waveguide composed of only a single QW, 
there is a big difference between propagation constants of TE and TM modes. Due to TE-TM 
mode phase mismatch, the linearly polarized light can be easily converted to elliptically 
polarized light, which reduces the performance of the isolator. Therefore, a waveguide 
composed of only a single QW cannot be used for the isolator application.  
In order to make a high performance isolator, we need a large, wavelength independent 
Faraday effect and small phase mismatch between TE and TM modes.  For that purpose, we 
proposed using an optical waveguide that combines Cd1-xMnxTe bulk material and a single 
QW (Debnath et.al. 2004)    
Figure 4 shows the (Cd,Mn)Te/(Cd,Zn)Te QW waveguide structure. There are two buffer 
layers of ZnTe (10 nm) and CdTe (1 µm) and a Cd0.71Mn0.29Te (3 µm) waveguide clad layer. 
The waveguide core layer was sandwiched between two Cd1-xMnxTe (0.5 µm) graded layers 
in order to reduce TE-TM mode phase mismatch. The waveguide core consists of a Cd0.76 
Mn0.2Te/Cd0.75Zn0.25 Te single QW and a 1-µm-thick Cd 0.75 Mn 0.25 Te layer, where thickness 
of the Cd0.76 Mn0.24Te well varies between 20–100 Å and the thickness of Cd0.75Zn0.25Te 
barrier is 100 Å. 

Substrate: GaAs (001)

Buffer: ZnTe (10 nm)

Buffer: CdTe (1 μ m)

Clad: Cd0.71Mn0.29Te (3 μ m)

Barrier: Cd0.75Zn0.25Te (100? )

Graded: Cd1-xMnxTe (x=0.29-0.25)

Well: Cd0.76Mn0.24Te (20? -100? )
Barrier: Cd0.75Zn0.25Te (100? )

Cd0.75Mn0.25Te (1 μ m)

Graded: Cd1-xMnxTe (x=0.25-0.29)

C
ore

 
Fig. 4. Structure of a (Cd,Mn)Te waveguide with (Cd,Mn)Te/(Cd,Zn)Te QW. The 
waveguiding light intensity distribution is shown in the right side .  (Debnath et al, 2007) 

Figure 5 shows a spatially modulated light streak of the waveguide mode at two different 
wavelengths (760 and 785 nm) for the waveguides with QW and without QW. The high 
contrast between the minima and maxima of the light intensity oscillations shows that 
complete mode conversion is attained for both waveguides. The distance between peaks 
corresponds to 180 degrees of the rotation. For the waveguide without QW [Figs. 5 (c) and 5 
(d)], there is a big difference of the rotational period for these two wavelengths. However, 
for the waveguide with QW [Figs. 5(a) and 5 (b)], there was no such difference. This means 
that, for the waveguide with QW, the Faraday rotation at these two wavelengths is the 
same. Also, for the waveguide with QW, the oscillation period is much shorter than that of 
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the waveguide without QW. This corresponds to the larger Faraday rotation in the 
waveguide with QW.  
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Fig. 5. Spatially modulated light streak from waveguide TE mode for CdMnTe waveguide 
with QW (a), (b) and waveguide without QW (c), (d)  at λ = 760 nm (a), (c) and λ = 785 nm 
(b), (d) under magnetic field of 5.5 kG .  (Debnath et al, 2007) 

Figure 6 compares the Faraday effect in Cd1-xMnxTe waveguide with QW and without QW 
at H=5.5 kG. In the case of the waveguide with QW, the Faraday rotation is very high (~1800 
deg/cm) and it is almost constant in a wide wavelength range. Figure 7 shows the 
wavelength range within which more than 95% conversion efficiency was obtained for the 
waveguide with single QW as a function of well width. For well widths of 20–40 Å, the 
operational wavelength range is as wide as 25-nm. However, for thicker well widths of 70–
100 Å, the operational wavelength range sharply decreases. Analysis shows that the 
expansion of the wavelength range for thinner QW waveguides was due to the reduction of 
the mode phase mismatch, to as low as 50 deg/cm, whereas this value rose to more than 500 
deg/cm for thicker QW waveguides. Thinner QW waveguides have high Faraday rotation 
(≈ 2000 deg/cm) and small phase mismatch (≈ 50 deg/cm) This is the reason why thinner 
QW waveguides provided a wider operational wavelength range of complete mode 
conversion. From this result we conclude that, for the practical optical isolator application, 
only waveguides with a single QW thinner than 40 Å can be used.  
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Fig. 6. Faraday rotation in Cd1-xMnxTe waveguide with QW and without QW .  (Debnath et 
al, 2007) 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

326 

the waveguide without QW. This corresponds to the larger Faraday rotation in the 
waveguide with QW.  

(a)

λ = 710 nm
λ=785 nmλ=760 nm

(b)H=5.5 
kG

H=5.5 
kG

2 
mm

with 
QW

(c) (d)

without
QW 2 

mm
λ=760 nm λ=785 nm

H=5.5 
kG

H=5.5 
kG

(a)

λ = 710 nm
λ=785 nmλ=760 nm

(b)H=5.5 
kG

H=5.5 
kG

2 
mm

with 
QW

(c) (d)

without
QW 2 

mm
λ=760 nm λ=785 nm

H=5.5 
kG

H=5.5 
kG

 
Fig. 5. Spatially modulated light streak from waveguide TE mode for CdMnTe waveguide 
with QW (a), (b) and waveguide without QW (c), (d)  at λ = 760 nm (a), (c) and λ = 785 nm 
(b), (d) under magnetic field of 5.5 kG .  (Debnath et al, 2007) 

Figure 6 compares the Faraday effect in Cd1-xMnxTe waveguide with QW and without QW 
at H=5.5 kG. In the case of the waveguide with QW, the Faraday rotation is very high (~1800 
deg/cm) and it is almost constant in a wide wavelength range. Figure 7 shows the 
wavelength range within which more than 95% conversion efficiency was obtained for the 
waveguide with single QW as a function of well width. For well widths of 20–40 Å, the 
operational wavelength range is as wide as 25-nm. However, for thicker well widths of 70–
100 Å, the operational wavelength range sharply decreases. Analysis shows that the 
expansion of the wavelength range for thinner QW waveguides was due to the reduction of 
the mode phase mismatch, to as low as 50 deg/cm, whereas this value rose to more than 500 
deg/cm for thicker QW waveguides. Thinner QW waveguides have high Faraday rotation 
(≈ 2000 deg/cm) and small phase mismatch (≈ 50 deg/cm) This is the reason why thinner 
QW waveguides provided a wider operational wavelength range of complete mode 
conversion. From this result we conclude that, for the practical optical isolator application, 
only waveguides with a single QW thinner than 40 Å can be used.  
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Fig. 6. Faraday rotation in Cd1-xMnxTe waveguide with QW and without QW .  (Debnath et 
al, 2007) 
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Fig. 7. Wavelength range, within which the complete mode conversion is obtained, as a 
function of QW width. Inset shows the isolation ratio.  (Debnath et al, 2004) 

For an integrated optical isolator, the CdMnTe magneto-optical waveguide has to be 
integrated with a reciprocal polarization rotator and a polarizing beam splitter. Both these 
components can be fabricated utilizing passive optical waveguides. The material of the 
waveguides is not essential for the operation of these components. Therefore, it is better to 
use the same passive waveguides as utilized for optical interconnection in a photonic circuit, 
where the isolator should be integrated. Figure 8 shows an example of a waveguide-type 
reciprocal polarization rotator. It is a passive optical waveguide in which the top is cut at an 
angle of 45 degrees. TM and TE modes are not eigenmodes in this waveguide. Therefore, 
there is a conversion between TM and TE mode along mode propagation. The length of this 
waveguide can be adjusted to achieve the desirable angle of polarization rotation. The 
waveguide type reciprocal polarization rotators were demonstrated utilizing Si waveguide 
(Brooks et al., 2006], AlGaAs waveguides (Huang et al., 2000) and GaInAsP/InP 
waveguides (Kim et al., 2009). Figure 11 shows an example of a waveguide-type polarizing 
beam splitter. It is a 2x2 waveguide splitter. In any waveguide splitter, the coupling 
efficiency between an input ports and an output ports depends on the value of mode 
propagation constant. Generally, in an optical waveguide the propagation constants of TM 
and TE modes are different. Therefore, it is possible to adjust the splitter so that the TM 
mode couples from port 1 into port 4 and the TE mode couples from port 1 into port 3. The 
waveguide-type polarizing beam splitters were demonstrated utilizing Si waveguide 
(Fukuda et al., 2006) and InGaAsP–InP waveguides (Augustin et al., 2007). 
 
 

reciprocal
rotator

 
Fig. 8. Waveguide-type reciprocal polarization rotator. 
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Fig. 9. Waveguide-type polarization beam splitter. 

Figure 10 shows the design of a waveguide-type polarization-independent optical isolator. It 
consists of two polarizing beam splitters connected by two arms. Each arm consists of an 45-
degree reciprocal rotator and a 45-degree Cd1-xMnxTe -made Faraday rotator. There is an 
optical absorber at port 2 to absorb backward travelling light. In the forward direction, the 
direction of polarization rotation in the Faraday rotator is the same as that in the reciprocal 
rotator and the total rotation angle by the reciprocal rotator and the Faraday rotator is 90 
degrees.  The light of both polarizations propagates through the isolator from input 1 port to 
output port 3. In the backward direction, the direction of polarization rotation in the 
Faraday rotator is opposite to that in the reciprocal rotator due to the non-reciprocal nature 
of the Faraday rotator. In this case, the total rotation angle is zero. The light propagates from 
output port 3 to the port 2, where there is an absorber.  Therefore, the input port 1 is 
isolated. The optical paths for each polarization are shown in Fig. 10. A waveguide-type 
polarization-independent optical circulator can be fabricated utilizing the same design. In 
this case the correspondence between the input and output ports is: port 1-> port 3, port 2 –
>port 4, port 3 -> port 2, port 4 -> port 1. 
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Fig. 10. Polarization-independent waveguide-type optical isolator / circulator. Polarization 
transformations for both propagation directions are shown. 

In conclusion, the high performance of Cd1-xMnxTe waveguide isolator grown on GaAs 
substrate was demonstrated. Complete TE-TM mode conversion, a high Faraday rotation of 
2000 deg/cm, a high isolation ratio of 27 dB, a low optical loss of 0.5 dB/cm, and a high 
magneto-optical figure-of-merit of 2000 deg/dB/kG were achieved in a wide 25-nm 
wavelength range. These values are comparable or better to that of commercial discrete 
isolators. The propagation of waveguide mode in Cd1-xMnxTe waveguide is very similar to 
the light propagation in magneto-optical bulk media. Therefore, non-reciprocal elements 
such as an optical isolator, circulator and polarization independent isolator can be fabricated 
by Cd1-xMnxTe waveguides using a similar scheme as is used for free space components. 
Therefore, using Cd1-xMnxTe all these components can be integrated with semiconductors 
optoelectronical components.  
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Figure 10 shows the design of a waveguide-type polarization-independent optical isolator. It 
consists of two polarizing beam splitters connected by two arms. Each arm consists of an 45-
degree reciprocal rotator and a 45-degree Cd1-xMnxTe -made Faraday rotator. There is an 
optical absorber at port 2 to absorb backward travelling light. In the forward direction, the 
direction of polarization rotation in the Faraday rotator is the same as that in the reciprocal 
rotator and the total rotation angle by the reciprocal rotator and the Faraday rotator is 90 
degrees.  The light of both polarizations propagates through the isolator from input 1 port to 
output port 3. In the backward direction, the direction of polarization rotation in the 
Faraday rotator is opposite to that in the reciprocal rotator due to the non-reciprocal nature 
of the Faraday rotator. In this case, the total rotation angle is zero. The light propagates from 
output port 3 to the port 2, where there is an absorber.  Therefore, the input port 1 is 
isolated. The optical paths for each polarization are shown in Fig. 10. A waveguide-type 
polarization-independent optical circulator can be fabricated utilizing the same design. In 
this case the correspondence between the input and output ports is: port 1-> port 3, port 2 –
>port 4, port 3 -> port 2, port 4 -> port 1. 
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Fig. 10. Polarization-independent waveguide-type optical isolator / circulator. Polarization 
transformations for both propagation directions are shown. 

In conclusion, the high performance of Cd1-xMnxTe waveguide isolator grown on GaAs 
substrate was demonstrated. Complete TE-TM mode conversion, a high Faraday rotation of 
2000 deg/cm, a high isolation ratio of 27 dB, a low optical loss of 0.5 dB/cm, and a high 
magneto-optical figure-of-merit of 2000 deg/dB/kG were achieved in a wide 25-nm 
wavelength range. These values are comparable or better to that of commercial discrete 
isolators. The propagation of waveguide mode in Cd1-xMnxTe waveguide is very similar to 
the light propagation in magneto-optical bulk media. Therefore, non-reciprocal elements 
such as an optical isolator, circulator and polarization independent isolator can be fabricated 
by Cd1-xMnxTe waveguides using a similar scheme as is used for free space components. 
Therefore, using Cd1-xMnxTe all these components can be integrated with semiconductors 
optoelectronical components.  
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3. Ferromagnetic metal/semiconductor hybrid isolator 
Both types of isolators, either made of Cd1-xMnxTe or made of garnets, required high-crystal 
quality materials in order to have a low optical loss and a high value of Faraday rotation. In 
the case of Cd1-xMnxTe, the magneto-optical film can be directly grown on a semiconductor 
substrate. The defect density in Cd1-xMnxTe film should be kept low until the end of the 
microfabrication process. For the fabrication of integrated optical circuits it is more 
convenient to use common fabrication technique like sputtering, e-beam evaporation and 
lift-off.  Ferromagnetic metals, like Fe, Co or Ni are very attractive for this purpose. They 
have high magneto-optical constants and the microfabrication of these metals is simple and 
well established for optoelectronic integrated circuits. For example, Cr and Co is often used 
as a metal for Ohmic contact to p-GaAs and p-InGaAs.  
We predicted theoretically (Zaets & Ando, 1999) and proved experimentally (Zaets & Ando, 
2005) the effect of non-reciprocal loss in hybrid semiconductor/ferromagnetic metal 
waveguides. This effect can be use for a new design of waveguide optical isolator. For this 
design, the magnetization of the ferromagnetic metal was perpendicular to the light 
propagation direction and lay in the film plane (Voigt configuration). In this case a large 
difference exists in values of loss/gain for TM modes propagating in opposite directions. 
Thus, an amplifier covered by a ferromagnetic metal can itself function as an optical isolator. 
This ferromagnetic-metal/ semiconductor hybrid isolator can be beneficial for monolithic 
integration of the optical isolator with semiconductor optoelectronic devices, because its 
structure is very similar to the structure of a laser diode and its fabrication process is almost 
the same as that of a laser diode. Therefore, the isolator can be integrated utilizing the 
present technology for a semiconductor laser diode and a semiconductor amplifier. 
The effect of the non-reciprocal loss is unique for the hybrid waveguides. In the case of the 
light propagation in a bulk MO material the non-reciprocal effect (variation of optical 
properties for opposite directions of light propagation) occurs only when the magnetization 
of the material is parallel to the light propagation (Faraday effect and magnetic circular 
dichroism).  There is no non-reciprocal effect, if the light propagates perpendicularly to the 
magnetization. On the contrary, in a MO waveguide, even if the magnetization is 
perpendicular to the light propagation direction and lies in the film plane, the TM mode has 
a non-reciprocal change of the propagation constant. 
Figure 11 compares the magneto-optical effect in a bulk material and in an optical 
waveguide covered by ferromagnetic metal. In the bulk material, when the light propagates 
along magnetic field, there are two magneto-optical effects: magnetic circular dichroism 
(MCD) and Faraday effect.  In magnetic materials the spin-up and spin-down bands are split 
along the magnetic field. Due to the conservation law of the time inverse symmetry, the 
light of the left circular polarization interacts only with the spin-up band and the light of the 
right circular polarization interacts only with the spin-down band. (In general, the light of 
elliptical polarization interacts solely with one spin band). Therefore, there is a difference of 
refractive index (Faraday effect) and of absorption (MCD effect) for the left and right 
circular polarizations, when the light propagates along the magnetic field. When the 
magnetic field is perpendicular to the light propagation, there is no linear magneto-optical 
effect. The case of a waveguide covered by magnetic metal is different. Inside of the metal 
the optical field is evanescent. As it will be shown below, in the case of evanescent field, the 
polarization rotates in xz-plane perpendicularly to the waveguide mode propagation 
direction (Fig. 11) even without magnetic field or anisotropy. Therefore, if the magnetic field 
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is applied perpendicularly to the waveguide mode propagation direction, since the 
polarization of the optical field is elliptical along this direction; there are MCD and Faraday 
effects. Both these effects contribute to the non-reciprocal loss.  
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Fig. 11. Magneto-optical effect a) in bulk b) in waveguide covered by ferromagnetic metal. 

The field of an electromagnetic wave is transverse. That means that the electrical field of the 
wave is always perpendicular to the wave vector. In the case of the light propagation in the 
bulk along z axis the electrical field can be described as 

 ( )~ . .zi k z tE e c cω− +    and   0zE =  (1) 

For circular polarized wave, the polarization, which rotates in xy-plane, can be described as 

 x

y

E i
E

= ±  (2) 

where + and – correspond to the right and left circular polarized waves. 
Next, let us consider the waveguide covered by a magnetic metal. The electrical field in the 
metal can be described as 

 ( ) ( )~ . . .x z x zk x i k z t i ik x k z tE e c c e c cω ω− + − + −+ = +  (3) 

 Since the electrical field of the electromagnetic wave is transverse k E⊥  , for the TM mode 
( 0yE = ), we have 

0x x z zik E k E+ =   or 

 x z

z x

E ki
E k

=  (4) 

Comparing Eq. 4 and Eq. 2, it can be clearly seen that optical field in the metal is elliptically 
polarized and the polarization rotates in the xz-plane. Also, from Eq. (4) it can be seen that 
the ellipticity changes polarity for opposite directions of mode propagation (kz -> -kz). 
Therefore, if the magnetization of the metal is along the y-direction, the absorption will be 
different for two opposite mode propagation directions due to MCD effect. Also, the 
Faraday effect contributes to the non-reciprocal loss in waveguide.  Due to the Faraday 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

330 

is applied perpendicularly to the waveguide mode propagation direction, since the 
polarization of the optical field is elliptical along this direction; there are MCD and Faraday 
effects. Both these effects contribute to the non-reciprocal loss.  
 

k

E

M
E

M

k
x

z
y

x
z

y
rotation in xy plane

rotation in xz plane

metal

core

TM mode

a) b)

 
Fig. 11. Magneto-optical effect a) in bulk b) in waveguide covered by ferromagnetic metal. 

The field of an electromagnetic wave is transverse. That means that the electrical field of the 
wave is always perpendicular to the wave vector. In the case of the light propagation in the 
bulk along z axis the electrical field can be described as 

 ( )~ . .zi k z tE e c cω− +    and   0zE =  (1) 

For circular polarized wave, the polarization, which rotates in xy-plane, can be described as 

 x

y

E i
E

= ±  (2) 

where + and – correspond to the right and left circular polarized waves. 
Next, let us consider the waveguide covered by a magnetic metal. The electrical field in the 
metal can be described as 

 ( ) ( )~ . . .x z x zk x i k z t i ik x k z tE e c c e c cω ω− + − + −+ = +  (3) 

 Since the electrical field of the electromagnetic wave is transverse k E⊥  , for the TM mode 
( 0yE = ), we have 

0x x z zik E k E+ =   or 

 x z

z x

E ki
E k

=  (4) 

Comparing Eq. 4 and Eq. 2, it can be clearly seen that optical field in the metal is elliptically 
polarized and the polarization rotates in the xz-plane. Also, from Eq. (4) it can be seen that 
the ellipticity changes polarity for opposite directions of mode propagation (kz -> -kz). 
Therefore, if the magnetization of the metal is along the y-direction, the absorption will be 
different for two opposite mode propagation directions due to MCD effect. Also, the 
Faraday effect contributes to the non-reciprocal loss in waveguide.  Due to the Faraday 

Magneto-optical Devices for Optical Integrated Circuits  

 

331 

effect the effective refractive index of the metal is different for the left and right circular 
polarizations. The absorption by the metal is directly proportional to the amount of light 
inside the metal and this in turn depends on the difference of refractive indexes between the 
metal and the waveguide core. If there is a change of refractive index due to the Faraday 
effect, it causes the change of optical absorption of waveguide mode by the metal.  
The effect of non-reciprocal loss has another simple explanation. The propagation of 
waveguide mode can be considered as a plane wave, which propagates in the waveguide 
core and experiences multi reflections from boundaries of waveguide. If the magnetization 
of the metal is perpendicular to the plane of reflection, the plane wave experiences the 
transverse Kerr effect. The transverse Kerr effect states that if the reflection plane of the light 
is perpendicular to the magnetization of the metal, the absorption by the metal is different 
for two opposite directions of the magnetization. Therefore, the plane wave experiences 
different absorption for opposite propagation directions.  
The optical isolation of the amplifier covered by ferromagnetic metal can be calculated by 
solving Maxwell's equations for multilayer structure. As an example of the waveguide 
isolator operating at a wavelength of 790 nm, we consider a GaAs0.9P0.1/Al0.3Ga0.7As 
quantum-well (QW) optical amplifier covered by a Co layer (Fig. 12). To reduce the 
absorption by the Co layer, a buffer layer of p-Al0.7Ga0.3As is inserted between the absorbing 
Co layer and GaAs0.9P0.1/Al0.3Ga0.7As QW amplifying core layer. The optical field of a 
waveguide mode exponentially penetrates through the buffer layer into the Co layer. 
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Fig. 12. GaAsP/AlGaAs optical amplifier covered by Co 
Figure 13 shows the dependence of the optical loss/gain for the forward and backward 
propagating modes as a function of internal gain of the GaAs0.9P0.1 active layer.  Depending  
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Fig. 13. Waveguide loss/gain as a function of the internal gain of GaAs0.9P0.1 active layer 
(Zaets&Ando, 1999). 
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on the value of the internal gain, the waveguide can operate as a non-reciprocal amplifier 
(internal gain >1680 cm-1) or as a non-reciprocal absorber (internal gain <1560 cm-1) or as an 
isolator (1560 cm-1> internal gain >1680 cm-1). The isolation ratio is almost constant against 
internal gain and it is about 180 dB/cm. 
Because the waveguide mode interacts with the MO Co layer by its exponential tale through 
the buffer layer, the non-reciprocal loss/gain depends on the thickness of the buffer layer. 
Figure 14 shows a dependence of the isolation ratio and the internal gain of GaAs0.9P0.1 
active layer as function of the thickness of the p-Al0.7Ga0.3 As  buffer layer when the value of 
loss for the mode propagating in forward direction is kept to be zero. The thinner the buffer 
layer is, the larger isolation ratio can be obtained, although the higher amplification is 
necessary to compensate the loss. 
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Fig. 14. Isolation ratio and the required internal gain of GaAs0.9P0.1 active layer vs. thickness 
of  p-Al0.7Ga0.3As buffer layer. The loss/gain of the mode propagating in forward direction is 
fixed to be zero. (Zaets&Ando, 1999). 

Figure 15 compares isolation ratio of structure of Fig.12 with Co, Fe and Ni cover layer. 
Wavelength dependence of optical constants of Co, Fe and Ni are taken into account, while  
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Fig. 15. Isolation ration vs. wavelength. Wavelength dependence of optical constants of Co, 
Fe and Ni are taken into account, while optical constants of amplifier is assumed to be 
independent on wavelength. 
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Fig. 15. Isolation ration vs. wavelength. Wavelength dependence of optical constants of Co, 
Fe and Ni are taken into account, while optical constants of amplifier is assumed to be 
independent on wavelength. 
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optical constants of amplifier are assumed to be independent of wavelength. Among these 
materials the cobalt is the most suitable for the proposed isolator. The isolation ratio only 
slightly changes vs. wavelength. Therefore, the wavelength dependence of the isolator is 
determined only by the bandwidth of the amplifier. 
The proposed design of the isolator does not require the periodical reverse of magnetization 
or the phase matching between TE and TM modes or the interferometer structure. It 
provides the high isolation ratio in a wide range of the internal gain. The isolation ratio is 
proportional to the isolator length. These all merits make this design suitable for the 
monolithical integration of optical isolator with optoelectronic devices. 
It should be noted that MO materials (ferromagnetic metals, magnetic semiconductors and 
magnetic garnets) show the highest values of the MO effect in a wavelength region where 
they show large absorption. Thus, the combination of the absorbing MO materials with the 
optical amplifiers is a viable way to achieve smaller sizes of non-reciprocal devices, which is 
suitable for integrated circuits.   
For the experimental verification of the effect of non-reciprocal loss, we fabricated passive 
optical waveguides covered by a ferromagnetic metal. The directional dependence of 
absorption by the metal is a reason for the isolation in this structure. The optical gain in the 
isolator is used only to compensate the loss. To avoid side effects due to the optical 
amplification, we studied a passive waveguide covered by a ferromagnetic metal.  
Two identical waveguides were fabricated, where only the material of buffer layer between 
Co layer and waveguide core was different. Figure 16(a) shows the structure of a Ga1-xAlxAs 
waveguide covered by Co with SiO2 buffer layer and Fig. 16 (b) shows the waveguide with 
AlGaAs buffer layer. The Ga1-xAlxAs waveguide was grown with molecular-beam-epitaxy 
(MBE) on a GaAs (001) substrate. Following a 2500-nm-thick Ga0.55Al0.45As clad layer and a 
900-nm-thick Ga0.7Al0.3As core layer, a buffer layer of 12-nm-thick SiO2 or 120-nm-thick 
Ga0.55Al0.45As was grown. The 10-μm-wide 600-nm-deep rib waveguide was wet etched. A 
100 nm of Co layer and a 100 nm of Au layer were deposited on the buffer layer. A 
protection layer of 100-nm-thick SiO2 with 8-μm-wide window was used to avoid light 
absorption at the sidewalls of the waveguide. 
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Fig. 16. AlGaAs optical waveguide covered with Co. Either a) SiO2 or b) Al0.45Ga0.55As 
was used as the buffer layer. Waveguide light propagates in the core layer and slightly 
penetrates into the Co layer. 

For the evaluation of non-reciprocal loss, laser light (λ=770 nm) was coupled into the 
waveguide with a polarization-maintaining fiber. The output light was detected by a CCD 
camera. A polarizer was placed in front of the CCD camera. The magnetic field was applied 
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perpendicularly to the light propagation direction and in the film plane with an 
electromagnet. 
Figure 17 shows the transmission coefficient of TM mode as a function of applied magnetic 
field for the waveguide with SiO2 buffer and the waveguide with Ga0.55Al0.45As buffer. A 
clear hysteresis loop of the transmission coefficient was observed with a coercive force of 35 
Oe. The transmission coefficient of TE mode showed no dependence on the magnetic field. 
The magnetization curve measured by a superconducting quantum interface device 
(SQUID). For both samples magnetization curve was identical and the coercive force was 35 
Oe. The observation of the hysteresis loop of the transmission coefficient of TM mode with 
the same coercive force is that of Co proves the TM mode transmission depends on 
magnetization of the Co. Considering time-inversion symmetry, the difference of 
transmission in the same direction of light propagation for two opposite directions of 
magnetic field is equal to the difference in transmission for opposite directions of light 
propagation in one direction of magnetic field. Therefore, the amplitude of the hysteresis 
loop of the transmission corresponds to the isolation provided by the waveguide. As can be 
seen from Fig. 17, the isolation direction for a waveguide with a SiO2 buffer is different from 
that for a waveguide with a Ga0.55Al0.45As buffer. Therefore, the isolation direction depends 
not only on the magnetization direction of the ferromagnetic metal, but on the waveguide 
structure as well.  
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Fig. 17. Optical transmission in 1.1-mm-long Ga1-xAlxAs optical waveguides covered by Co 
at λ=770 nm as a function of applied magnetic field a) with SiO2 as the buffer layer and  b) 
with Ga0.55Al0.45As as the buffer layer. (Zayets &Ando (2005)). 
These results can be explained by considering two contributions to the non-reciprocal loss 
by MCD and Faraday effects. We defined the figure-of-merit (FoM) for this isolator as a ratio 
of the non-reciprocal absorption to the total absorption by the metal. The mode propagation 
constants, non-reciprocal loss, and FoM were rigorously calculated from a direct solution of 
Maxwell's equations for the planar waveguide. In addition, both MCD and Faraday 
contributions to FoM were roughly estimated by estimating the light energy dissipation 
resulting from each contribution.  For the waveguide with SiO2 buffer, FoM was calculated 
to be 7.95%, where MCD and magneto-reflectivity contributions were estimated as -8.01 % 
and 15.86%, respectively. For the waveguide with Ga0.55Al0.45As buffer, FoM was calculated 
to be -7.19%, where MCD and Faraday contributions were estimated as -8.01 % and 1.11 %, 
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at λ=770 nm as a function of applied magnetic field a) with SiO2 as the buffer layer and  b) 
with Ga0.55Al0.45As as the buffer layer. (Zayets &Ando (2005)). 
These results can be explained by considering two contributions to the non-reciprocal loss 
by MCD and Faraday effects. We defined the figure-of-merit (FoM) for this isolator as a ratio 
of the non-reciprocal absorption to the total absorption by the metal. The mode propagation 
constants, non-reciprocal loss, and FoM were rigorously calculated from a direct solution of 
Maxwell's equations for the planar waveguide. In addition, both MCD and Faraday 
contributions to FoM were roughly estimated by estimating the light energy dissipation 
resulting from each contribution.  For the waveguide with SiO2 buffer, FoM was calculated 
to be 7.95%, where MCD and magneto-reflectivity contributions were estimated as -8.01 % 
and 15.86%, respectively. For the waveguide with Ga0.55Al0.45As buffer, FoM was calculated 
to be -7.19%, where MCD and Faraday contributions were estimated as -8.01 % and 1.11 %, 
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respectively. The sign of the contributions is different. The magnitude of the MCD 
contribution is almost same for both waveguides. On the contrary, the magnitude of 
Faraday contribution is significantly different. That is a reason that opposite isolation 
directions were observed in the waveguides with SiO2 and Ga0.55Al0.45As buffers. For both 
waveguides the sums of the MCD and Farady contributions are approximately equal to the 
FoM calculated from the rigorous solution of Maxwell equations.   
Next, we verify the isolation in the optical amplifier covered by the ferromagnetic layer. 
Figure 18 (a) showed the fabricated isolator. The optical amplifier consists of 8 
In0.46Ga0.54As/In0.26Ga0.74P tensile strained quantum wells grown on n-InP substrate. The  p-
InP was used as buffer layer and InGaAs as a contact layer. The amplifier has maximum 
amplification at λ=1566 nm. Figure 18 (b,c) shows the intensity of amplified spontaneous 
emission (ASE) as a function of applied magnetic field measured at both edges of the 
isolator, when the weak injection current of 10 mA was used. At each edge, a hysteresis loop 
was observed for ASE , however the polarity of the loop was different. It is because there is 
difference in gain for the light propagating in forward and backward directions in the 
amplifier.  
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Fig. 18. a) InGaAs/InAsP optical amplifier with Co contact.Amplified spontaneous emission 
measured  b)from left and  c) right edge under small 10 mA injection current as a function of 
applied magnetic field.  

Optical isolation of 147 dB/cm for TE mode was experimentally observed InGaAsP/InP 
optical amplifier at λ=1550 nm, in which one sidewall of waveguide was covered by 
TiO2/Fe (Simizu & Nakano, 2004).  Optical isolation of 147 dB/cm for TM mode at λ=1550 
nm was reported for InGaAsP/InP covered by MnAs (Amemiya et al.,2007) and the optical 
isolation of 99 dB/cm for TM mode at λ=1300 nm was reported for AlGaInAs/InP optical 
amplifier covered by CoFe (Van Parys et al., 2006). In all these cases, to compensate the loss 
induced by the metal, the high injection current of more than 100 mA (current density more 
than 3 KA/cm2) is required. The required current is too high for the isolator to be used in 
practical devices. In order to be suitable for integration, the injection current for the isolator 
should be reduced. It is only possible if the figure-of-merit for non-reciprocal loss could be 
increased. As we showed above, there are two contributions into the non-reciprocal loss: 
Faraday effect and MCD.  In the case of Fe or Co, these contributions have almost the same 
amplitude and opposite sign. The value of Faraday effect is roughly proportional to the real 
part of off-diagonal element of permittivity tensor of the metal and the value of MCD is 
roughly proportional to imaginary part of off-diagonal element. If some ferromagnetic metal 
could be found, for which mutual signs between imaginary and real part of off-diagonal 
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tensor element would be different to that of Fe and Co, it would make both contributions of 
the same sign and would significantly enlarge the figure-of-merit for the non-reciprocal loss. 

4. Spin-photon memory 
Photonics devices benefit from unique non-reciprocal properties of magneto-optical 
materials. If the material is ferromagnetic, the data can be stored in this material by means of 
two directions of residual magnetization. An ability to memorize data is another unique 
property of magneto-optical materials and it can be used for new designs of high-speed 
optical memory. Zayets & Ando (2009) proposed a new type of high-speed optical memory. 
Non-volatile data storage and high-speed operation are major advantages of this memory. 
Figure 19 shows the proposed design. The memory consists of micro-sized memory cells 
integrated on a semiconductor wafer. A bit of data is stored by each cell.  Each cell consists 
of semiconductor-made photo detector and nanomagnet made of a ferromagnetic metal. The 
nanomagnet has two stable magnetization directions. The data is stored as a magnetized 
direction in the nanomagnet. For the data recording, the magnetization direction must be 
reversed by optical pulse. The circularly-polarized optical pulse is absorbed in the 
semiconductor detector creating spin-polarized electrons. Under applied voltage these spin 
polarized electrons are injected from the detector into the nanomagnet.  The spin transfer 
torque is a consequence of the transfer of spin angular momentum from a spin-polarized 
current to the magnetic moment of a nanomagent. If the torque is sufficient, the 
magnetization turns and the data is memorized. Due to the optical selection rule, the spin-
polarized electrons can be created only by the circular polarized optical pulse The linear 
polarized light excites equal amount of electrons of both up and down spins, therefore there 
is no net spin polarization, the current injected into nanomagnet is not spin polarized and 
there is no spin torque.  

nanomagnet

detectorlight

+
-

R
 

Fig. 19. Design of spin-photon memory. Zayets&Ando (2009) 

Figure 20 shows integration of two memory cells and explains principle of high speed 
recording. There are two waveguide inputs. One input is for data pulses and one input is for 
the clock pulse. The clock pulse is used to select for recording a single pulse from sequence 
of the data pulses. Polarization of data pulses and clock pulse are linear and mutually 
orthogonal.  Optical paths were split that each memory cell is illuminated by the data pulses 
and the clock pulse. The lengths of waveguides are adjusted so that the phase difference 
between clock and data pulses is λ/4 at each memory cell. At the first memory cell the clock 
pulse came at the same time with first data pulse. Therefore, these two pulses combined into 
one circularly polarized pulse. Since only first pulse is circularly polarized, only this pulse 
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tensor element would be different to that of Fe and Co, it would make both contributions of 
the same sign and would significantly enlarge the figure-of-merit for the non-reciprocal loss. 

4. Spin-photon memory 
Photonics devices benefit from unique non-reciprocal properties of magneto-optical 
materials. If the material is ferromagnetic, the data can be stored in this material by means of 
two directions of residual magnetization. An ability to memorize data is another unique 
property of magneto-optical materials and it can be used for new designs of high-speed 
optical memory. Zayets & Ando (2009) proposed a new type of high-speed optical memory. 
Non-volatile data storage and high-speed operation are major advantages of this memory. 
Figure 19 shows the proposed design. The memory consists of micro-sized memory cells 
integrated on a semiconductor wafer. A bit of data is stored by each cell.  Each cell consists 
of semiconductor-made photo detector and nanomagnet made of a ferromagnetic metal. The 
nanomagnet has two stable magnetization directions. The data is stored as a magnetized 
direction in the nanomagnet. For the data recording, the magnetization direction must be 
reversed by optical pulse. The circularly-polarized optical pulse is absorbed in the 
semiconductor detector creating spin-polarized electrons. Under applied voltage these spin 
polarized electrons are injected from the detector into the nanomagnet.  The spin transfer 
torque is a consequence of the transfer of spin angular momentum from a spin-polarized 
current to the magnetic moment of a nanomagent. If the torque is sufficient, the 
magnetization turns and the data is memorized. Due to the optical selection rule, the spin-
polarized electrons can be created only by the circular polarized optical pulse The linear 
polarized light excites equal amount of electrons of both up and down spins, therefore there 
is no net spin polarization, the current injected into nanomagnet is not spin polarized and 
there is no spin torque.  
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Fig. 19. Design of spin-photon memory. Zayets&Ando (2009) 

Figure 20 shows integration of two memory cells and explains principle of high speed 
recording. There are two waveguide inputs. One input is for data pulses and one input is for 
the clock pulse. The clock pulse is used to select for recording a single pulse from sequence 
of the data pulses. Polarization of data pulses and clock pulse are linear and mutually 
orthogonal.  Optical paths were split that each memory cell is illuminated by the data pulses 
and the clock pulse. The lengths of waveguides are adjusted so that the phase difference 
between clock and data pulses is λ/4 at each memory cell. At the first memory cell the clock 
pulse came at the same time with first data pulse. Therefore, these two pulses combined into 
one circularly polarized pulse. Since only first pulse is circularly polarized, only this pulse 
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excites spin polarized electrons, changes magnetization and is memorized. All other data 
pulses are linearly polarized, they do not excite spin polarized electrons and they have no 
effect on the magnetization. For the second memory cell, the clock pulse is slightly delayed 
relatively to the data pulses and it comes together with second data pulse. Only the second 
pulse is circularly polarized and can be memorized by the second memory cell. Therefore, 
each data pulse can be memorized by individual memory cell. The closer the pulses can be 
placed relatively to each other, the more data can be transformed through one line and the 
faster recording speed of memory can be achieved. The minimum interval between pulses, 
at which a pulse can be recorded without any influence of nearest pulse, determines the 
recording speed of the memory.  
 

data

mem1

clock delay

mem2

 
Fig. 20. The scheme for the integration of memory cells. Pulse diagrams explains the method 
for the high speed recording. Zayets & Ando (2009) 

It was shown (Heberle et al., 1996) that spin-polarized excitons can by excited by two 
linearly cross-polarized pulses even the pulses arrived at different time. If the exciton 
dephasing time is longer than the interval between pulses, the excitons excited by two 
pulses can coherently interfere and create spin polarization. 
For the successful demultiplexing by method proposed on Fig. 20, the interval between data 
pulses should be at least longer than electron dephasing time. Also, the spin polarization 
created by circularly polarized pulse should not be destroyed by following linear polarized 
pulses. Next, we verified the proposed demultiplexing method at the speed of 2.2 TBit/sec. 
For this purpose, we studied dynamics of excitation of spin polarized electrons in Si-doped 
GaAs (n=7x1016 cm-3) at 80o K. 
Figure 21 shows the experimental setup. A mode-locked Ti:sapphire laser (λ=820 nm )  
provides 160 fs linearly-polarized pump and probe pulses. Polarization of the pump was 
rotated by a λ/2 waveplate and split by polarization beam splitter (PBS) into clock pulse and 
data pulse of linear and mutually orthogonal polarizations. The data pulse was split into 
two pulses. The second data pulse was 165 λ (~450 fs) delayed. Clock and data pulses were 
combined together by another PBS and focused on the sample. The linearly polarized probe 
beam was 100 ps delayed relatively to the pump and focused on the same spot on the 
sample. The spin polarization of electrons excited by pump beam was estimated from Kerr 
rotation angle of the probe beam. The rotation angle of reflected probe beam was measuring 
by polarizer (P) and photo detector (det). Intensity of each data pulse was 1-10 μJ/cm2. 
Intensity of the probe pulse was 10 times smaller. The data pulses and clock pulse were 
phase locked. When the clock pulse and one of data pulse nearly coincided, the positive and 
negative angles of Kerr rotation were observed for delays of (n+1/4)λ and (n-1/4)λ, 
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respectively. When the pulses were away from each other, the Kerr rotation was not 
observed. 
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Fig. 21. Experimental setup for study the recording speed for spin-photon memory  

Figure 22 shows spin polarization of the excited electrons as a function of delay between 
clock pulse and first data pulse. For each point the delay length was equal to (n+1/4)λ, 
where n is an integer. The maximum of spin polarization was observed when the clock 
pulse coincides with first data pulse. The spin polarization decreases when the clock pulse is 
delayed out of the first data pulse, and again increases as the clock pulse coincides with the 
second data pulse. Fig. 46 clearly shows that the spin polarization excited by the second data 
pulse can be separately distinguishable from the spin polarization excited by the first data 
pulse. This means that from two closely placed optical data pulses, only one pulse can 
trigger the recording without influence of another pulse. The interval between the data 
pulses is 450 fs. It corresponds to the recording speed of 2.2 TBit/sec. Notice that the 
detection of spin polarization was done 100 ps after data pulse arrived. This means that the 
lifetime of the spin polarized electrons is sufficient long to inject the spin polarized electrons 
into the nanomagnet for the magnetization reversal. 
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Fig. 22. Spin polarization of electrons excited by combined beam of clock pulse and two data 
pulse as a function of delay of clock pulse. For each point, the delay length was (n+1/4)λ, 
where n is integer. Reading of spin polarization was done 100 ps after arrival of pump 
pulses. Zayets & Ando (2009) 

For the memory operating at speed 2.2 TBit/sec, the delay of clock pulse between cells (Fig. 
21) should be 165·λ (~450 fs), the initial magnetization of all nanomagnets should be spin 
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respectively. When the pulses were away from each other, the Kerr rotation was not 
observed. 
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Fig. 21. Experimental setup for study the recording speed for spin-photon memory  

Figure 22 shows spin polarization of the excited electrons as a function of delay between 
clock pulse and first data pulse. For each point the delay length was equal to (n+1/4)λ, 
where n is an integer. The maximum of spin polarization was observed when the clock 
pulse coincides with first data pulse. The spin polarization decreases when the clock pulse is 
delayed out of the first data pulse, and again increases as the clock pulse coincides with the 
second data pulse. Fig. 46 clearly shows that the spin polarization excited by the second data 
pulse can be separately distinguishable from the spin polarization excited by the first data 
pulse. This means that from two closely placed optical data pulses, only one pulse can 
trigger the recording without influence of another pulse. The interval between the data 
pulses is 450 fs. It corresponds to the recording speed of 2.2 TBit/sec. Notice that the 
detection of spin polarization was done 100 ps after data pulse arrived. This means that the 
lifetime of the spin polarized electrons is sufficient long to inject the spin polarized electrons 
into the nanomagnet for the magnetization reversal. 
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Fig. 22. Spin polarization of electrons excited by combined beam of clock pulse and two data 
pulse as a function of delay of clock pulse. For each point, the delay length was (n+1/4)λ, 
where n is integer. Reading of spin polarization was done 100 ps after arrival of pump 
pulses. Zayets & Ando (2009) 

For the memory operating at speed 2.2 TBit/sec, the delay of clock pulse between cells (Fig. 
21) should be 165·λ (~450 fs), the initial magnetization of all nanomagnets should be spin 
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down and the delay of data pulses relatively to the clock pulse should be (1/4+m·165)· λ, 
where m is a number of the data pulse. As result of Fig. 22, in this case in each cell only one 
data pulse excites spin polarization and memorized there. Other data pulses have no 
influence on spin polarization of that cell. In our experiment, the shortest interval between 
the data pulses, when the spin polarization excited by each pulse can be individually 
distinguished, is about 450 fs. For shorter interval the spin polarization is overlapped and 
the spin polarization created by preceding data pulse is reduced by next data pulse, which is 
causing overwriting of data of preceding pulse by next pulse in the cell. Therefore, the 
memory can not operate at speed faster than 2.2 TBit/sec. 
By these experiments we demonstrated that from sequence of short-interval pulses it is 
possible to select only a single pulse for excitation of spin polarized electrons. That proves 
high recording speed of this memory. For the memory to be fully functional, the 
magnetization reversal by spin polarized photo-excited electrons should be realized. It 
requires injection of sufficient amount of spin-polarized current from detector into the 
nanomagnet (Slonczewski, 1996), Also, the time for the injection of the photo current from 
the detector into nanomagnet need to be adjusted so that it should be enough long to 
accomplish the magnetization reversal of the nanomagnet, but still it should be shorter than 
electron spin lifetime in the detector. The time, which takes for the magnetization of 
nanomagnet to turn between two stable direction, is about 500-1000 ps (Krivorotov, 2005). 
There are several semiconductors, in which the electron spin lifetime is longer or 
comparable with that time. For example, the spin life time is 100 ns in GaAs at T=4 K 
(Kikkawa & D. D. Awschalom, 1999 ) and 100 ps at room temperature (RT) (Hohage et al., 
2006) 10 ns in GaAs/AlGaAs quantum well (QW) at RT (Adachi et al., 2001) and several ns 
in ZnSe QW at RT (Kikkawa et al.,1997). For the design of Fig. 19, the photo current injected 
in nanomagnet decays with time constant, where C is capacity of detector and R is resistance 
of close loop. The should be comparable with magnetization reversal time of the 
nanomagnet and smaller than the spin life time in the detector.  
To estimate the energy of optical pulse required for magnetization reversal, we assumed 
that τRC is 500 ps, the efficiency of photon to spin conversion is 40 % and the critical current 
for the magnetization reversal is 5 mA (Kubota et al., 2005) To generate such current, the 
required energy of optical pulse should be about 3 pJ. It is in the range of the pulse energies 
which typically used in case of all-optical switching.  Therefore, the memory may be suitable 
for the use in present optical communication systems. 
Figure 23 shows the multiplexing scheme for this memory. For each memory cell, the optical 
waveguide passes under the nonomagnet. Due to the effect of non-reciprocal loss, the 
absorption of light in waveguide will be different for two opposite magnetization directions 
of the nanomagnet. The mode-locked laser, which could be integrated on the chip, provides 
the short pulses. The waveguide path is split, so that a pulse is split and it illuminates every 
memory cell. At output, all waveguide paths are combined. Each path has different length, 
so that each pulse reaches the output with a different delay and the amplitude of the pulse 
corresponded to the magnetization of each cell.  Therefore, at the output the serial train of 
pulses will form with intensities proportional to the data stored in each memory cell. 
This memory is compact, integratable, compatible with present semiconductor technology 
and it has fast operation speed. If realized, it will advance data processing and computing 
technology towards faster operation speed. 
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Fig. 23. Multiplexing scheme for spin-photon memory. 

5. Conclusion 
We have demonstrated that magneto-optical materials are important for optoelectronics, 
because of their unique non-reciprocal and memory properties. At present, there is an 
industrial demand for a waveguide-type optical isolator and a high-speed non-volatile 
optical memory. The use of magneto-optical materials is unavoidable for the fabrication of 
these devices.  
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1. Introduction      
The prime focus of this chapter is a hollow optical waveguide for integrated optics. Starting 
with a review of various novel hollow waveguide structures, physics and technology of 
tunable hollow waveguide have been presented with theory and experiments. With the 
flexible structure of hollow waveguide, a number of tunable optical functions can be 
realized; some of them are presented in the chapter.  After giving a brief review on various 
hollow waveguides, we describe the basic structure and propagation characteristics of the 
tunable hollow waveguide. The possibility of two-dimensional (2D) confinement with a 3D 
hollow waveguide has been discussed. A widely tunable Bragg reflector based on hollow 
waveguide is then presented and the possibility of on-chip polarization control using 3D 
hollow waveguide has been discussed which is followed by the description of a novel 
tapered 3D hollow waveguide Bragg reflector for an adjustable compensation of 
polarization mode dispersion (PMD). The chapter closes with a discussion on future 
prospects of using tunable hollow waveguide in reconfigurable integrated photonic circuits 
and in other applications. The integration Technology for widely tunable hollow waveguide 
devices has been introduced and a novel hollow waveguide with vertical and lateral 
periodicity has then been shown with a high index contrast grating which can add extra 
design flexibility to control the polarizations and can be more fabrication tolerant. 

2. Novel hollow waveguides 
Guiding light in lower refractive index media has been interesting for many applications.  
The novel concepts for guiding light in a waveguide of a core of refractive index lower than 
that of cladding were proposed in form of Bragg fibers [1], Omni waveguides [2], and 
antiresonant reflecting optical waveguide (ARROW) [3]. Usually, optical guiding is 
accomplished by confining light to a region with high refractive index surrounded by 
cladding material with lower refractive index. Hollow waveguide with an air core offer the 
potential to minimize the dependence of light transmission on air core transparency, thus 
various hollow waveguide structures such as photonic band-gap fibers have been studied 
extensively as shown in Fig. 1. 
The index of air is lower than those of typical solid cladding materials, thus it is impossible 
to confine light due to total internal reflections in hollow waveguide structures. Until now, 
various ways [4-10] to achieve low index guiding have been proposed and demonstrated, 
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which include Bragg waveguides (Photonic band-gap waveguide), metallic waveguides, 
ARROW, and slot waveguide. Recently, silica hollow core photonic band-gap fiber with a 
minimum attenuation of 1.72 dB/km has been reported [9]. These hollow core waveguides 
have a lot of advantages including low nonlinearity, low optical damage threshold and 
strong optical confinement. Thus, there are various applications such as high power 
lasers/optical guiding, precise micromachining and gas/liquid sensing as shown in Fig. 2 
[11-13]. 
 

Photonic bandgap fiberCylindrical multilayer fiber

Hollow-core waveguide
 

Fig. 1. Various air-core guiding structures [1-3]. 

Another advantage of hollow core waveguides is temperature insensitivity [7, 14-16]. For 
many applications in optical fiber communications and sensing, the sensitivity of the phase 
delay of optical guided mode to temperature is critical and it would be advantageous to 
decrease this sensitivity. In hollow waveguides, the guided mode is almost entirely confined 
to the air core region, whereas in a conventional waveguide it is entirely contained in solid 
materials. Since the temperature dependence of refractive index of air is smaller than that of 
solid material, the phase delay in hollow waveguides will have much smaller temperature 
dependence than that in conventional waveguides. In addition, a combination of vertical 
and lateral periodicities as top and bottom mirrors in hollow waveguide can reduce its 
polarization dependence [17] and thereby can make it more useful. Also, ultra low-loss 
hollow waveguide can be realized by using high index contrast grating [18] as top and 
bottom mirrors with periodicity being in the direction of propagation [19]. 
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which include Bragg waveguides (Photonic band-gap waveguide), metallic waveguides, 
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[11-13]. 
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Fig. 2. Application of air-guiding waveguides [11-13]. 

3. Tunable hollow waveguide 
3.1 Tunable and high confinement hollow structure 
It has been difficult to utilize the conventional tuning schemes such as thermo-optic or 
electro-optic effects in hollow waveguides with an air core. Thus, applications to tunable 
optical devices were hardly discussed at all. In 2001, a novel tunable hollow waveguide 
structure with variable air core for tunable optical device applications was proposed by T. 
Miura and F. Koyama [7]. The combination of both hollow waveguides and MEMS actuators 
enable us to add the tuning functions to hollow waveguides. In tunable hollow waveguides, 
the light is guided in an air gap between the two multilayer mirrors. Multilayer mirrors with 
MEMS actuator driven by electrostatic force or thermal bimorph stress bring dynamic 
mechanical displacement of an air core. The propagation characteristics of hollow 
waveguide are strongly dependent on air-core dimension, thus one can achieve wide tuning 
operation of optical properties by air-core dimension control. One-dimensional (1D) and 
two-dimensional (2D) confinements have been proposed and demonstrated with tunable 
hollow waveguide structures based on this concept as shown in Fig. 3 [20-23]. In 1D 
confinement hollow waveguides, vertical confinement of light is achieved by Bragg 
reflections due to multilayer cladding. To obtain horizontal optical (2D) confinement in 3D 
hollow waveguides, we use total internal reflections due to effective refractive index  
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Fig. 3. Tunable Hollow optical waveguide structures [38]-[40]. 
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differences generated by the air-gap steps or Bragg reflections due to periodic cladding 
structures just like vertical confinement. Tunable hollow waveguide structures are suitable 
for the temperature insensitive and widely tunable optical devices. 

3.2 Propagation characteristics of tunable hollow waveguide 
For the simplicity of the consideration, we assume the hollow waveguide composed of 
metal cladding. Metal-coated hollow waveguide is widely used in microwave or mili-wave 
frequency region. If the propagation loss of metal-coated 3D hollow waveguide is in an 
acceptable level, it can be used in our hollow waveguide devices. We investigate the 
propagation characteristics of metal coated 3D hollow waveguide in optical frequency 
region [24]. 
 

 
Fig. 4. Assumed 3D hollow waveguide model for analysis. 

Assumed 3D hollow waveguide model for analysis is shown in Fig. 4. We have to derive the 
power flowing in the 3D hollow waveguide for determination of an attenuation factor. The 
flowing power Φ, which can be obtained by integrating the Poynting vector over transverse 
waveguide area of xy-plane, is expressed by 
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where [E x H*]z is the z-component of [E x H*]. We focus on TE10 mode that is expected as 
the mode of the lowest propagation loss.  The power flow of TE10 mode can be expressed by 
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where wave impedance: η = (μ/ε) 1/2 and Ex = 0 is used. 
The main factor of the propagation loss of a metallic hollow waveguide is ohmic loss in a 
metallic wall.  If the electric conductivity is finite value, the electromagnetic wave penetrates 
into the inside of the metallic wall. The depth of this penetration, called skin depth, is 
expressed by 
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where f and δ is frequency and electric conductivity of metal, respectively. 
Then faradic current is caused by the penetrate electromagnetic wave as shown in Fig. 5.  
Assuming magnetic field to be Ht, the surface current density can be expressed by 

is = H t  [A/m]. (4) 

It is thought that the surface current is flowing uniformly in the penetrate depth of δ.  
Therefore the ohmic loss for the unit area is expressed by 
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where Rs is surface resistance, 
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The total ohmic loss P can be obtained by sum of the ohmic loss p along all surrounding 
metallic wall for the unit length.  Therefore the attenuation factor for the power flow can be 
expressed by 

α p =
P
Φ  

[Neper/m].
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The attenuation factor for the electric or magnetic field flow is also expressed by 
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α p
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We derive the ohmic loss in surrounding metallic wall for TE10 mode.   
The all of the surrounding ohmic loss for TE10 mode is given by the sum of p1, p2 and p3.  p1 
is the ohmic loss at the surface of y = 0, b resulting from the faradic current ix, which is 
caused by Hz at the surface of metallic wall. p2 is the ohmic loss at the surface of x = 0, a 
resulting from the faradic current iy, which is caused by Hz at the surface of metallic wall.  p3 
is the ohmic loss at the surface of y = 0, b originated from the faradic current iz, which is 
caused by Hx at the surface of metallic wall. Each component of magnetic field can be 
obtained by solving Maxwell’s equations as shown in [24].   
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where β01 is the propagation constant of TE01 mode. 

β10 = k 1 −
λ

2a
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

2

 
(10)

 
Fig. 5. Surface current caused by the penetration of electromagnetic waves. 
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Therefore the total ohmic loss is expressed by 
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The attenuation factor for power flow can be described as 
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We can estimate the propagation loss of metallic hollow waveguide for the optical 
frequency region using eq. (13).  The propagation loss for 20 x 20 μm hollow waveguide is as 
large as about 95 dB/cm at a wavelength of 1550 nm with gold walls. Even if the waveguide 
width is set to 100 μm, the propagation loss of about 19 dB/cm is expected. This 
propagation loss is too large to use in the optical devices. 
The propagation constant of the light guided in the waveguide, shown in Fig. 6 can be 
expressed both for TE and TM mode as 
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mπ
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Fig. 6. Conceptual diagram of propagation constant tuning. 

where m and n are mode number, k is wave vector in vacuum. This equation can be derived 
from Maxwell’s equation [24]. We are now focusing on the case of the slab hollow 
waveguide; the width of the waveguide D becomes infinite. Therefore the propagation 
constant is independent of the mode number of n, since the light cannot form the mode for 
lateral direction.  The propagation constant can be expressed as 

β m = k 1 −
mλ
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We rewrite this equation for a fundamental mode as 

β1 = k 1 −
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Fig. 7. Assumed model for analysis of propagation characteristics of hollow waveguide. 

This equation shows the dependence of propagation constant of the guided fundamental 
mode on the air core thickness of the waveguide.  From this equation, we can say that the 
propagation constant will be larger for larger values of waveguide thicknesses; the 
propagation constant is very sensitive to any change in the core thickness for the narrower 
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cores. The propagation constant in the hollow waveguide is smaller than that in free space, 
in other words, the effective refractive index becomes smaller than unity. It is to be noted 
that the phase velocity of the guided mode seems faster than that of the free space.  
However the propagated mode doesn’t propagate faster than the light propagated in free 
space. The group velocity of the guided mode remains slower than that in the free space. 
 

 
Fig. 8. Calculated effective refractive index change with the displacement of core thickness. 

The calculated the effective refractive index change, namely change in propagation constant, 
is shown in Fig. 8. The effective refractive index change is plotted as a function of the 
displacement of the core thickness, when the core thickness changes from “initial thickness” 
to “initial thickness - ΔD” for the different initial thickness of 5, 10, 15 and 20 μm. The 
effective refractive index change diverges, when the displacement of the core thickness 
approaches to the initial core thickness. This can be understood from eq. (16). From Fig. 8, 
we can see that the effective refractive index change of few % can be expected.  For example, 
when the core thickness is decreased from 5 μm to 3 μm, the effective refractive index 
change becomes as large as 2.2 %. It is difficult to achieve such a large number in 
conventional dielectric waveguides. This graph also shows that the change in effective 
refractive index becomes large as the range of the core thickness deviation becomes small.  
Therefore a narrow core hollow waveguide can effectively provide larger tuning. 

4. Tunable 3D hollow waveguide 
Hollow waveguides offer various interesting features including high power transmission, 
temperature insensitivity, low nonlinearity and strong optical confinement in comparison 
with conventional waveguides consisting of solid materials. In addition, waveguide type 
devices provide us the advantages in terms of miniaturization and integration of optical 
components and modules. These characteristics are very suitable for optical communication 
and sensing applications. Especially, the requirements of temperature insensitivity and wide 
tunability in optical components will become important along with the progress in future 
photonic networks. Our group has demonstrated a number of tunable optical devices based 
on slab hollow waveguides [25-27]. As shown in Fig. 3, the lack of lateral confinement in 
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slab hollow waveguide is not suitable for practical applications in integrated photonic 
circuits, especially for two port devices where spot size mismatch may be an issue. A 3D 
hollow waveguide can solve this problem and can be flexibly designed for number of 
functionalities [28]. 

 
(a) 

    
                                                       (b)                                                           (c) 

Fig. 9. (a) Schematic of tunable 3D hollow waveguide. All the layers in top and bottom  
DBR mirrors are quarter wavelength thick except the first silicon layer in bottom DBR just 
under the air core which we call phase matching layer with thickness t, shown in inset.  
(b) Computed effect of step-height on mode-field distributions at an air core thickness D = 5 
μm and step width W = 10 μm, and (c) measured near field pattern for TE-mode. 

The schematic of tunable 3D hollow waveguide is shown Fig. 9(a). The light is guided in the 
air with the help of two multilayer mirrors called distributed Bragg reflectors (DBRs). The 
vertical optical confinement is achieved by making the layers of DBR quarter wavelength 
thick for oblique incidence of light. For the lateral optical confinement, a groove is formed in 
the bottom DBR. The air core thickness will be larger in the region of this groove than in the 
lateral region. In view of eq. (16), larger air core thickness will have larger effective index. If 
the effective index of air core is n1 and that of lateral air cladding is n2 where n1 > n2 because 
of the difference in air gaps in lateral direction. The guided wave exhibits a difference in 
effective indices in the lateral direction, resulting in a lateral optical confinement by quasi 
total internal reflection. Thus, light can be laterally confined in the core region with a groove 
in one of the DBRs. In addition, the presence of groove, we call it a step, formed in one of the 
DBRs provides extra degree of freedom to control the propagation characteristics of hollow 
waveguide which can be tailored for a number of applications.  
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The lateral optical confinement and hence the lateral spot size can be varied with the step 
height h. The variation in TE-mode field distribution has been studied in Fig. 9(b) at an air 
core thickness of 5 μm with step width of 10 μm. Fig. 9(c) shows measured near field pattern 
for TE mode of the waveguide where the top DBR mirror of the 3D hollow waveguide with 
2.4 μm deep and 8 μm wide groove is fabricated by electron-beam evaporation with 11 pairs 
of Si/SiO2 on silicon substrate followed by inductive coupled plasma (ICP) -reactive ion 
etching (RIE). A strong optical confinement, in both vertical and lateral directions, can be 
achieved with the 3D hollow waveguide with a step formed in one of the two DBRs. The 
lateral optical confinement in hollow waveguides carries multifold benefit of efficient 
external coupling and wider tuning [29]. In following sections we will discuss the tailoring 
of hollow waveguide characteristics to realize important optical functionalities.     
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Fig. 10. (a) Schematic of tunable Bragg reflector based on 3D hollow waveguide and (b) cross 
section of 3D hollow waveguide. 

5. Tunable Bragg reflector based on 3D hollow waveguide 
5.1 Bragg grating loaded hollow waveguide 
The wide tuning in propagation constant, discussed in section 3, of hollow waveguide with 
variable can be utilized to make various tunable optical devices. One example of this can be 
a Bragg grating loaded hollow waveguide which shows a tuning in Bragg wavelength by 
varying the air core [25] which can be an important photonic building block for the 
realization of in-plane photonic integrated circuits. Fig. 10 shows a tunable Bragg reflector 
based on a 3D hollow waveguide. The top DBR is having a step formed in it for the lateral 
optical confinement and the bottom DBR is loaded with a circular grating.  
The top and bottom DBRs provide vertical confinement in the air gap and the step in top 
DBR provides lateral confinement. The circular Bragg grating on the bottom DBR gives high 
reflection for Bragg wavelength which is decided, for first-order grating in slab hollow 
waveguide [25], by the following equation 

                          ( )02 /Bragg kλ β= ⋅ ⋅ Λ   (17) 

where Λ is grating pitch. Putting eq. (16) into (17) gives 

 2 22 / (1 / ) (1 / )Bragg Dλ = + Λ  (18) 

This eq. shows that Bragg wavelength can be tuned with a variable air core thickness. 
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a Bragg grating loaded hollow waveguide which shows a tuning in Bragg wavelength by 
varying the air core [25] which can be an important photonic building block for the 
realization of in-plane photonic integrated circuits. Fig. 10 shows a tunable Bragg reflector 
based on a 3D hollow waveguide. The top DBR is having a step formed in it for the lateral 
optical confinement and the bottom DBR is loaded with a circular grating.  
The top and bottom DBRs provide vertical confinement in the air gap and the step in top 
DBR provides lateral confinement. The circular Bragg grating on the bottom DBR gives high 
reflection for Bragg wavelength which is decided, for first-order grating in slab hollow 
waveguide [25], by the following equation 

                          ( )02 /Bragg kλ β= ⋅ ⋅ Λ   (17) 

where Λ is grating pitch. Putting eq. (16) into (17) gives 

 2 22 / (1 / ) (1 / )Bragg Dλ = + Λ  (18) 

This eq. shows that Bragg wavelength can be tuned with a variable air core thickness. 
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5.2 Fabrication and characterization 
The two DBRs used in hollow waveguide are fabricated by electron beam (EB) evaporation. 
A 2.3 μm deep and 10 μm wide step is formed in top DBR by dry etching followed by 
selective wet etching. To confirm the optical confinement in hollow waveguide, a 
measurement set up discussed in [25] is used. The measured near field pattern for TE mode 
was shown in Fig. 9(c). To form the Bragg reflector, a circular Bragg grating is fabricated 
using EB lithography followed by dry etching. The grating depth, pitch and length are 500 
nm, 820 nm and 1 mm, respectively. The total device length is 3 mm.  
 

     
Fig. 11. Measured reflected spectra at various air core thicknesses of tunable Bragg reflector 
based on 3D hollow waveguide for (a) TE mode and (b) TM mode. 

The same measurement set up of [25] is used to demonstrate the tuning in 3D hollow 
waveguide. As is clear from eq. (18), a variation in air core thickness D leads to a change in 
Bragg wavelength. The air core has been varied using an external piezoelectric actuator. The 
measured reflected spectra of TE and TM modes, at various air core thicknesses, are 
respectively shown in Fig. 11(a) and (b). The reflected spectra are measured at air core 
thicknesses of 10, 8, 7 and 5 μm. A clear blue-shift in the reflected spectra of the Bragg 
reflector, for both TE and TM modes, has been observed by decreasing the air core thickness 
from 10 μm to 5 μm. It is evident that a change in air core thickness can change the Bragg 
wavelength and hence a tunable Bragg reflector can be realized with hollow waveguide.   

 
Fig. 12. Right y-axis: measured tuning in Bragg wavelengths with a variable air core for TE 
and TM modes. Left y-axis: measured tuning in birefringence by varying the air core thickness.   
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5.3 Tuning in Bragg wavelength and in birefringence 
The measured Bragg wavelength as a function of air core thickness is shown in Fig. 12. By 
varying the air core thickness from 10 μm to 5 μm, a Bragg wavelength tuning of 152 nm for 
TE mode and that of 164 nm in TM mode are measured. Thus a grating loaded hollow 
waveguide can be used to provide giant tuning in Bragg wavelength which can find 
applications in realizing various tunable optical functions such as tunable filter, tunable 
lasers and so on. Further large tuning range can be achieved with narrower air core. The 
displacement of air core from smaller values of air core thicknesses results in larger tuning 
because of the tighter confinement. The reported tuning range is much larger than that in 
the tunable photonic devices based on the conventional dielectric waveguides using electro-
optic and thermo-optic effects. Also, the tuning range is larger than that of slab hollow 
waveguide for the same displacement of air core because of the lateral optical confinement 
due to the presence of the step in top DBR [29]. Fig. 12 also shows how the modal 
birefringence can be tuned with variable air core thickness. The birefringence is defined by B 
= (λTE – λTM) / λTE, where λTE and λTM are the Bragg wavelengths of TE and TM modes, 
respectively. By varying the air core thickness from 5 μm to 10 μm, the birefringence 
decreases from 0.012 to 0.0012, providing a 900 % tuning and thereby making the 3D hollow 
waveguide a potential candidate to realize on-chip polarization control. The tunable 
birefringence can be useful for making tunable polarization manipulating devices.   

6. Adjustable first-order polarization mode dispersion compensation 
6.1 Giant birefringence from hollow waveguide 
In long haul optical transmission systems, the degradation of transmitted optical signal from 
material and waveguide dispersion is a crucial problem. The dispersion, including 
polarization mode dispersion (PMD), is also a potential data rate limiting factor [30]. PMD 
occurs because of many intrinsic and extrinsic parameters including fiber core asymmetries, 
pressure, tension, vibration and temperature fluctuations, which lead to different 
transmission speeds of orthogonal polarizations causing random pulse distortion and pulse 
broadening in data stream; PMD becomes severe at increased data rates over 40 Gbit/s and 
higher [31]. To avoid the degradation of signal in fiber optic links, PMD compensation is 
necessary. A large birefringence and a tunable differential group delay (DGD) are needed to 
realize an adjustable PMD compensator, which can be achieved with a chirped Bragg 
grating filter to cancel the PMD in optical fibers [32]. A long fiber Bragg grating with some 
complicated tuning scheme is usually required to achieve large birefringence and a wide 
tuning in DGD [33]. An on-chip control of DGD with the tuning scheme other than the 
thermal tuning can be useful to realize a compact, temperature insensitive and low power 
consumption PMD compensator. Based on a tapered slab HWG, a planar Bragg reflector can 
provide chirping and an adaptable dispersion compensator can be realized [27]. In this 
section, we show that a giant birefringence can be realized with a 3D HWG by optimizing 
the step-height. A tapered-3D-HWG-Bragg-reflector has been proposed in which DGD can 
be tuned by varying the taper angle. 
The schematic side-view of tunable Bragg reflector based on a 3D HWG is shown in Fig. 
13(a), in which a step, of height h and width W, has been formed in a top DBR while the 
bottom DBR is loaded with a SiO2 grating. The cross-section of the 3D hollow waveguide 
was shown in Fig. 10(b). The quarter wavelength thick top and bottom multilayer (DBR) 
mirrors provide strong optical confinement in vertical direction. Fig. 13(b) shows the effect 
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of step height on the birefringence which is defined by B = (βTE – βTM) / βTE, where β is 
propagation constant. The birefringence increases with increasing step-height because of the 
increase in lateral effective index contrast which was shown in Fig. 9(b). The calculated 
birefringence at a step-height of 2.3-μm is 0.012 with 5-μm thick air core. This giant 
birefringence, which is two orders of magnitude larger than that with other conventional 
fiber based technologies, can provide us compact devices with efficient functionality for 
PMD compensation etc. 
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Fig. 13. (a) Schematic of tapered 3D hollow waveguide Bragg reflector (b) calculated 
birefringence (of straight hollow waveguide) versus step height h at an air core thickness  
D = 5 μm and step width W = 10 μm. 

For the fabrication of tunable Bragg reflector based on 3D hollow waveguide, the top and 
bottom Si/SiO2 multilayer mirrors have been prepared by electron beam (EB) evaporation. 
The 2.3-μm deep and 10-μm wide step is formed, in the top DBR mirror, by dry etching 
followed by selective wet etching. The grating has been fabricated, on the bottom DBR by 
electron-beam lithography followed by dry etching. The grating depth, pitch and length are 
500 nm, 860 nm and 1 mm, respectively; and the total device length is 3 mm. The larger step-
height, discussed above, carries multifold benefits of increased birefringence and reduced 
spot size because of increase in lateral index contrast. Also, The grating coupling coefficient 
is largest around 2.3-μm, which can broaden the reflection-band of the Bragg reflector [28], 
an important requirement to define a constant wavelength of operation of the device for two 
orthogonal polarizations.  

6.2 Demonstration of tunable DGD 
The dispersion and hence the group delay in hollow waveguides can be enhanced by 
introducing a taper. The large birefringence causes a delay between TE and TM modes of 
the 3D HWG; and the variable taper-angle can enhance the group delays and delay 
difference between these two orthogonal polarizations. The measured reflected spectra of 
TE and TM modes at various taper angles are shown respectively in Fig. 14(a) and (b). The 
broadband reflection of both the polarizations is obtained which is because of the combined 
effect of optimized 3D hollow waveguide and tapering. An overlap between the reflection-
bands of TE and TM modes has also been observed. The taper angle has been varied from -
0.038 to 0.057. The taper-angle 0 refers to the straight 3D hollow waveguide (without 
taper). Increasing the taper-angle has the effect on reflection bandwidths of TE and TM 
modes; the bandwidth increases by increasing the taper-angle, because of the increased 
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spatial chirping in Bragg wavelength. The net insertion loss remains less than 2.5 dB for 3-
mm long device. 
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                                             (a)                                                                         (b) 

Fig. 14. Measured reflection spectra of tapered 3D hollow waveguide Bragg reflector for (a) 
TE mode and (b) TM mode. 

In hollow waveguides, because of air core guiding, the angle of incidence of fundamental 
mode is smaller than Brewster’s angle which makes the orthogonal polarizations out of 
phase causing large polarization dependence. Also, the presence of a step in one of the 
multilayer mirrors affects the orthogonal polarizations and polarization dependence can be 
further increased by varying the step-height. As shown in Fig. 13(b), by increasing the step-
height, birefringence can be increased; an ultrahigh birefringence of 0.012, much larger than 
that of the slab HWG (step-height h = 0), can be achieved in a straight 3D HWG with a 2.3-
μm high and 10-μm wide step at a 5-μm thick air core. The measured birefringence of the 3D 
hollow waveguide Bragg reflector as a function of taper-angle is shown in Fig. 15(a); where 
birefringence is defined by B = (λTE – λTM) / λTE, where λ is the center Bragg wavelength. A 
small variation in birefringence has been observed by varying the taper angle. The 
birefringence is less dependent on the taper angle; the birefringence remains around 0.01, 
which is in agreement with the Fig.13(a), and is almost two-order of magnitude larger than 
the birefringence of fiber Bragg gratings. 
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                                             (a)                                                                     (b) 
Fig. 15. (a) Measured birefringence versus taper-angle and (b) measured group delays of TE 
and TM modes, and DGD as a function of taper-angle. 
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spatial chirping in Bragg wavelength. The net insertion loss remains less than 2.5 dB for 3-
mm long device. 
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Fig. 15. (a) Measured birefringence versus taper-angle and (b) measured group delays of TE 
and TM modes, and DGD as a function of taper-angle. 
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 The measured group delays of TE and TM modes of the Bragg reflector based on tapered 
3D hollow waveguide, at various taper-angles, are shown in Fig. 15(b). By increasing the 
taper-angle, group delay, for both the polarizations, increases because of the enhancement 
of chirping in propagation constant of the guided mode. The increasing taper-angle has 
larger effect on TE polarization than that on TM polarization. Thus at larger taper-angles, 
the difference between group delays of TE and TM modes becomes larger which causes a 
tuning in DGD, where DGD is defined as the difference of group delays between TE and TM 
modes. Fig. 15(b) also shows tuning in DGD as a function of taper-angle; increasing the 
taper angle from -0.038 to 0.057, DGD increases from 1.5-psec to 14.6-psec, providing us a 
13.1-psec tuning in DGD, with a 3-mm long compact device. The large birefringence and 
tunable DGD of the proposed compact 3D HWG Bragg reflector makes it a good candidate 
for dynamic adjustable compensation of PMD in high bit rate and high speed transmission 
in optical fiber links. The giant birefringence can be used in tunable polarization 
manipulating devices based on a tunable 3D hollow waveguide. 

7. Future prospects 
7.1 Integration technology for tunable hollow waveguide devices 
Hollow waveguides offer various interesting features including temperature insensitivity 
and ultra wide tuning. The design of hollow waveguide is flexible which carries the 
possibility of implementation of other functionalities in hollow waveguides. For efficient 
coupling of a hollow waveguide with a single mode fiber, a spot size converter may be used 
[26]. Fig. 16 shows how the tunable hollow waveguide can be implanted to realize 
reconfigurable photonic integrated circuit using high index core loaded waveguides for 
WDM applications. A spot size converter can be used for coupling to ultra-widely tunable 
functional devices consisting of hollow waveguide with sub-micron air core. And then, high 
index core loaded non-taper waveguides can be used as connecting waveguides between 
tunable devices or input/output waveguides to hollow waveguide devices. This kind of 
circuit is shown in Fig. 16.  
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Fig. 16. Image of the scheme of reconfigurable photonic integrated circuit with tunable 
hollow waveguide using a high index core loaded waveguides for WDM applications.  
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The limiting factor of the tuning range has resulted from the alignment accuracy of air gap 
between two multilayer mirrors used as hollow waveguide cladding. This difficulty could 
be overcome by replacing a PZT actuator with a monolithic MEMS actuator. For this 
purpose a tunable hollow waveguide Bragg reflector with monolithically integrated MEMS 
electro-thermal actuator is shown in Fig. 17 [34]. This concept for hollow waveguide 
integration would enable to realize the tunable optical devices such as tunable lasers and 
tunable filters etc. with ultra-wide tuning and temperature insensitivity at the same time. 
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Fig. 17. Schematic structure of tunable hollow waveguide Bragg reflector with integrated 
electro-thermal actuator. (a) Bird’s-eye and (b) cross-sectional views. 

7.2 Hollow waveguide with DBR and high index contrast grating: Extra degree of 
freedom for on-chip polarization control 
As discussed in previous sections, the strong vertical optical confinement in hollow 
waveguides (HWGs) can be achieved using top and bottom DBRs as cladding, having 
quarter wavelength thick layers designed for oblique incidence of light, where light is 
guided in the air gap in between the two DBRs. The reflectivity of DBRs in the HWG is 
highly polarization dependent because of the periodicity only in one direction. The 
polarization dependence of a HWG becomes very large at a narrow air core where a HWG 
offers giant tuning of over 10% in propagation constant.  
The birefringence of the HWG largely comes from the guiding DBR having periodicity only 
in the one direction. If a lateral periodicity (perpendicular to both, the direction of 
propagation and the direction of DBR periodicity) is introduced in the HWG, the 
polarization dependence of the HWG can be reduced. High reflectivity DBRs can be 
replaced with a high contrast grating (HCG) mirror which gives broadband high reflection 
[28, 29].  The HCG mirror can be introduced, as a lateral periodicity, in hollow waveguides 
to reduce its birefringence. The combined (and opposite) effect of DBR (vertical periodicity) 
and HCG (lateral periodicity) enable us to reduce birefringence even at a narrow air core.  
In this section, a hollow waveguide with vertical and lateral periodicity is proposed which 
consists of a DBR mirror as vertical periodicity and an HCG mirror as lateral periodicity. We 
show that the combination of DBR and HCG mirrors can provide strong optical confinement 
and can reduce the birefringence of the hollow waveguide with narrow air-cores. 
The schematic of the proposed hollow waveguide is shown in Fig. 18(a). It consists of a DBR 
as a bottom mirror and a high index contrast grating (HCG) as a top mirror of a hollow 
waveguide. Light can be confined vertically in an air-core utilizing the high reflectivities of 
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DBR and HCG. The structure consists of a 5 pairs Si/SiO2 bottom DBR mirror where each 
layer in DBR is quarter wavelength thick, which is designed for oblique incidence. Because 
of the high refractive index contrast between Si and SiO2, only 5-pairs Si/SiO2 are enough to 
achieve a high reflectivity. The top HCG mirror consists of a high index contrast silicon/air 
grating. In an HCG mirror, many in-plane reflections add up and give rise to vertical high 
reflection [18]. The design parameters for the hollow waveguides are: air core thickness D, 
grating thickness tg, grating pitch Λ, grating teeth width w and grating duty cycle C. The 
calculated mode field distributions of TE mode in the hollow waveguide is shown in Fig. 
18(b). A strong vertical confinement is observed in the hollow waveguide. The propagation 
loss at Λ = 1.2 µm, C = 0.41 and tg =0.45 µm is 0.55dB/cm foe TE mode and that of TM mode 
is 2.7 dB/cm, at an air core thickness of 5µm which is acceptable for millimeter long 
waveguide devices. The set of the optimized parameters with D = 5 µm, tg =0.45 µm, Λ = 1.2 
µm, w = 0.5 µm and C = 0.41 is called “set A” for convenience. 
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Fig. 18. (a) Schematic of hollow waveguide with DBR and HCG and (b) computed TE-mode 
distribution. 
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Fig. 19. birefringence as a function of D at the grating parameters in “set A”, also shown 
birefringence of hollow waveguide with DBR on the both sides. 

Hollow waveguides show large polarization dependence because of the shallow incidence 
angle of a fundamental mode. To realize ultra wide tuning in hollow waveguides, we need 
to use a hollow waveguide with a narrower air core; but the birefringence at narrower cores 
remains large. The polarization characteristics of HCG hollow waveguides are shown in 
terms of birefringence in Fig. 19 at the grating parameters of “set A”. The birefringence is 
defined as B = (βTE – βTM) / βTE, where β is propagation constant. In Fig. 19, the effect of an 
air core on the birefringence is shown where the birefringence of conventional hollow 
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waveguides (having DBRs on top and bottom) is also shown for comparison. The result 
shows that the birefringence of the HCG hollow waveguide is smaller than that of the 
conventional hollow waveguide at narrower air cores. By increasing the air core thickness, 
the birefringence of the hollow waveguides decreases for both the cases. At an air core 
thickness of 5 µm, the birefringence of the HCG hollow waveguide is 2.8 x 10-3; which is 
almost 2.6-times smaller than the birefringence of a conventional hollow waveguide. To 
achieve ultra wide tuning, the HCG hollow waveguide with narrower air-cores can be 
realized with smaller birefringence. The reason for this small birefringence is because of the 
opposite nature of conventional DBR mirror and HCG mirror; their combined (and 
opposite) interaction with the orthogonal polarizations results in the reduced birefringence. 
In case of the DBR-DBR HWG, the large birefringence comes from the field penetration of a 
TM mode into the DBR. The propagation constant of a TM mode is larger than that of a TE 
mode. On the other hand, a HCG gives us stronger optical confinement for a TM mode in an 
air core than DBRs. Thus, the propagation constant of a TM mode in the HCG-DBR HWG is 
smaller than that in the DBR-DBR HWG while the propagation constant of a TE mode 
remains almost same for both the cases.  The difference in the field penetration results in a 
reduced birefringence. 
The birefringence and the polarization dependence loss can be reduced with the further 
optimizations of the grating and the waveguide parameters [17]. The introduction of HCG 
into hollow waveguides can extend the fabrication tolerance of the structure because of the 
large fabrication tolerance of HCG and it can provide the lateral optical confinement as well 
[17]. Also, because of the ease of fabrication of HCG, it is possible to design it for one 
particular polarization, making polarization control very flexible. With the flexibility of 
HCG-design, it is possible to build hollow waveguides with widely tunable polarization 
nature for variety of applications. With the collaboration of HCG and the inherent 
properties of hollow waveguides such as temperature insensitivity and wide tuning, it will 
be possible to design novel tunable optical functions with large design tolerances. 
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1. Introduction    
Silica remains the key optoelectronic and photonic medium, the essence of nearly all 
modern optical transport systems. Engineering of silica in its various forms ranges from 1 to 
3-dimensional waveguide and periodic structures, including recent interest in 3-D photonic 
crystals. Most of the processing methods involve complex vapour deposition and various 
co-dopants, which have an advantage of overcoming the lack of finesse involved with 
general formation of glass structure through high temperature processing and quenching. 
Nevertheless, to obtain micron or sub-micron precision over the processing of glass for 
device purposes, invariably post processing methods are commonly used, ranging from 
etching of systems with dopants, often through patterned masks, to laser processing using 
UV to mid IR lasers. Concrete examples of micron scale laser processing of glass include 
direct written waveguides, Bragg gratings in waveguides and optical fibres and photonic 
crystals. The drawback with these post-processing techniques is that they often produce 
glass that is structurally less stable than the starting phase. For many applications the 
thermal stability of laser induced glass changes determines the limits in which they can 
operate – an excellent example which will form the basis for this chapter, is the optical fibre 
Bragg grating.  
Fibre Bragg gratings are used in many industrial and technological applications. Within 
standard telecommunications applications, for example, type I fibre Bragg gratings that can 
operate to 80°C for 25 years are required – such gratings can in principle operate for lengthy 
periods up to 300°C. Gratings that can operate at temperatures well above standard 
telecommunication requirements are critical to the success of many real time sensing 
applications. In the oil and gas industries, an alternative application, although standard oil 
bores are typically quoted as having an environment no more than ~(180-250)°C [Schroeder 
et al. 1999; Kersey 2000], variations can occur and the increasing depth of the next 
generation bores suggest sensors that can operate to 400°C or more are desirable for long 
term or permanent operation. In industries involving high temperature furnaces, such as 
aluminium smelting or coal based power stations, it would be of interest to be able to 
monitor temperatures in excess of 1000°C. Similar temperature requirements span many 
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other types of industries: structural health monitoring of buildings need to be able to 
operate in temperatures above 400°C in the event of a serious fire [Cardoza et al. 2007], 
engine turbines in various vehicle formats, particularly aircraft, can reach temperatures well 
above this, whilst the integration into next generation composite structures [Epaarachchi et 
al. 2009] in many of these applications often need to be carried out in temperatures above 
(300-400)°C. Another particularly important industry is the fibre laser sector [Canning 2006 
and refs therein]. Presently, fibre Bragg gratings are spliced onto the ends of the fibre using 
specially designed matched photosensitive cores. However, some fibre mismatch, along 
with power tolerance issues within doped glass, remains. One approach to dealing with 
these and to reduce overall costs, is to write gratings directly into the active medium. 
Unfortunately, we have recently demonstrated that, in Yb3+ -doped fibre lasers at least, the 
UV induced grating index of a type I grating within the doped fibre can be readily annealed 
at moderate powers (~13W) [Åslund et al. 2005]. Even using femtosecond produced type II 
gratings, annealing occurs when the internal fields exceed kW, as within a Q-switched fibre 
laser [Åslund et al. 2008,2009b]. Until these issues are resolved, gratings will continue to be 
spliced onto the ends of the gain medium. 
Within all these applications, the same stringent fabrication capabilities imposed on 
telecommunications are also increasingly desirable as sensor system and components 
become more complex than simple low reflection filters. Numerous distributed components 
raise the challenging specter of cross-talk between devices. Complex filter properties such as 
apodisation, chirping, phase shifts and more are increasingly in demand. Therefore, ideally 
there is a need to produce high temperature gratings that retain the best features of the 
current workhorse, the type I grating. There is a new type of grating attracting worldwide 
attention that promises to deliver this: the regenerated fibre Bragg grating. It is essentially 
formed from the initial type I “seed” grating, precipitating through thermal processing with 
a structure that is set by the laser written seed. For many other applications requiring 
similar levels of holographic precision by laser processing, the need for tailored and 
controlled ultra stabilised index change remains equally vital. To demonstrate new 
developments towards these goals we, however, concentrate in this chapter on the 1-D 
periodic structure of the optical fibre Bragg grating, noting that the general processes are 
much more widely applicable.  

1.1 Historical background 
Previous studies have already established that the operable temperature of FBGs can be 
increased by several means, including tailoring the glass composition [Shen et al. 2007; 
Butov et al. 2006], pre-processing with seed irradiation [Åslund & Canning 2000; Canning et 
al. 2001], the formation of type-In (or type IIA) [Xie et al. 1993; Dong et al. 1996; Groothoff & 
Canning 2004] gratings and type-II [Archambault et al. 1993; Hill et al. 1995] gratings, 
including those inscribed using femtosecond IR lasers [Grobnic et al. 2006]. For a general 
review on photosensitivity and grating types, see [Canning 2008a]. Another variant with 
superior high temperature stability is the so-called “chemical composition grating (CCG)” 
[Fokine 2002] where a periodic index modulation can be regenerated after erasure of the UV 
induced type-I grating written in H-loaded germanosilicate fibre, which happens to contain 
fluorine, if annealed ~1000°C. The prediction was a local reduction, or increase, of fluorine in 
the UV-exposed zones at that high temperature through diffusion of hydrogen fluoride. A 
subsequent study on annealing of type-I gratings at high temperature, however, has shown 
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that the presence of fluorine is not necessary for this regeneration of index modulation 
[Trpkovski et al. 2005]. So-called chemical composition gratings (CCG) are found in Er-
doped fiber with other dopants such as Ge, Al and Sn – as the number of possible diffusing 
materials increased, a number of researchers settled on oxygen diffusion (through OH) 
leading to stoichiometric changes. Very recently, the general phenomenon of regeneration 
has been found in simple H-loaded germanosilicate fibre [Zhang & Khariziet 2007]. We soon 
recognized a more general implication of this result – rather than rely on a diffusive 
interpretation and subsequent polarisability change as the basis for writing gratings, an 
alternative approach to engineering the index change based on glass structural 
transformation arising from relaxation of high internal pressures and high temperature 
processing was proposed. Whilst much work remains to verify details of this approach, it 
implicitly did not rely on the fibre glass dopants at all (other than maximizing the seed 
grating strength) and directly led to the development of regenerated gratings in standard 
photosensitive fibres with transmission rejection >10%/cm and which can tolerate 
temperatures as high as 1295°C [Bandyopadhyay et al. 2008; Canning et al. 2008b]. The use 
of hydrogen was important, but not necessarily essential, to obtain index modulation of 
useful magnitude for very high temperature operation, since it permitted enhanced 
localisation of the pressure differences between processed and unprocessed regions. The 
model proposed in Canning et al. 2008b is independent of this and recent work 
demonstrates that regeneration can be achieved without hydrogen, although for much 
lower temperature operation [Linder et al. 2009]. In this chapter, we briefly review the 
hypothesis and demonstrate thermal processing of UV-induced templates that retain the 
nano-scale precision of the template whilst stabilising the glass change to unprecedented 
levels. Specifically, we concentrate on studying the thermal properties of regenerated 
gratings for ultra high temperature operation and show complex behaviour until properly 
stabilised. There is a linear growth in grating strength with length. Further, we regenerated 
two types of complex structures (superposed twin grating and a Moiré grating) to 
demonstrate that all the properties introduced by the seed grating are retained with nm 
resolution, suggesting that this method could form an advanced processing method for 
creating holographic structures that go beyond 1-D filters and which have ultra-high 
thermal stability.  

2. Thermal stabilisation of seed index change 
Prior to regeneration, the relaxation processes describing normal index change involved 
with type I grating writing is also characterised by a complex distribution of many 
relaxations with different timescales and different thermal stabilities. This is characteristic of 
glass preparation within an amorphous regime. In this section we show quite clearly that 
there is a distinct regeneration process threshold which suggests, upon regeneration there is 
an overwhelming preference for fewer relaxation processes. Even below this threshold, 
thermal stabilisation leads to a single relaxation. We postulate that this reduction is 
uncharacteristic of an amorphous system and that the glass may very well be transforming 
into a crystalline polymorph.  

2.1 Type I gratings 
Standard type I fibre Bragg gratings have become ubiquitous in telecommunication and 
related devices. These are thermally stabilised by annealing to operate over the 
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telecommunications standards between -25 °C and +80 °C for up to 25 years, as predicted by 
numerous accelerated aging (annealing) models. Generally speaking experimental results 
have been consistent with these predictions. For new applications, however, the thermal 
operation of the fibre Bragg gratings needs to be stabilised to much higher temperatures but 
for many applications these are temperatures which are still below that characterised by 
regeneration. For example, in the oil, gas and mining industries, including seismic 
exploration and acoustic detection underground and underwater, the grating is expected to 
operate to temperatures as high as 400 °C. The options available, within certain limitations, 
are numerous. They include type 1n (type IIa) and type Ip (type Ia) gratings that can operate 
between 500-800 °C depending on preparation [Canning 2008a and refs therein]; type II 
damage gratings [Canning 2008] produced by irradiation above the damage threshold of the 
glass using UV lasers or multiphoton excitation with longer wavelengths and more recent 
regenerated gratings that are based on glass structural change achieved using type I seed 
gratings as a template [Bandyopadhyay et al. 2008; Canning et al. 2008b]. The problem with 
these various methods is that the gratings produced often compromise the ideal properties 
offered by type I gratings. For example, type In (and type Ip) require overly long fluencies 
that often result in not only weaker gratings but a degradation in profile. Thermally more 
stable type II gratings are associated with large diffractive losses that make them poor 
choices for distributed systems and given the role of severe structural change, often on the 
nanoscale, the long term performance remains poorly understood. Regenerated gratings, on 
the other hand, operate at the highest temperatures ever achieved (up to 1295 °C) and have 
losses comparable to type I gratings. Unlike any other high temperature gratings, they can 
also preserve the complex functionality (shown later) of an advanced type I grating making 
them appear to be the ideal choice. Unfortunately, the local refractive index change is an 
order of magnitude less than the original type I seed grating making strong gratings with 
complex profiles, such as apodisation, difficult to achieve. As gratings now become more 
sophisticated within the new sensing environment, standard weak gratings used for simple 
distributed reflection systems are increasingly insufficient. For those applications operating 
well below the extremes of regeneration, is it possible to retain the advantages of type I 
gratings? Is there a genuinely distinct threshold between the two?  To address these sorts of 
questions, thermal stabilisation of ordinary type I gratings is revisited with some new ideas 
based on the description of relaxation and as well on the role of hydrogen in glass. In doing 
so, we predict and demonstrate, through isochronal annealing, thermal stabilisation of type 
I gratings to temperatures as high as 600°C simply by annealing at increasing temperatures. 
In fact, evidence that the thermal stabilisation can be tuned to suit the ideal grating strengths 
required is presented. A specific aim is for good performance at 400°C, as demanded by 
many of the industries mentioned earlier. Strikingly, in this work, type I gratings written 
with pulsed 193nm are characterised with a regeneration threshold temperature of 800°C, 
about 100°C lower than that obtained using CW 244nm gratings.  

2.2 Method of thermal stabilisation 
Four Bragg gratings (I-IV, L = 10mm) were inscribed into a H2 doped conventional 
photosensitive germanium and boron co-doped (~33 mol % Ge; ~10mol % B) step index 
fibre using the 193nm output from an ArF laser. The energy used was well below the 
damage threshold ensuring gradual positive index growth and normal type I grating 
behaviour. No rollover in growth was observed ruling out any type 1n contributions. The 
typical grating strengths were ~65 dB, (inset in Fig. 1, shows a typical grating spectra prior 
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to thermal treatment). For a uniform grating, numerical simulation indicates an index 
modulation of Δnmod ~ 1 x 10-3 so these are strong gratings.  
 

 
Fig. 1. Transmission spectra of fibre Bragg gratings I-IV with different thermal processing 
history prior to isochronal annealing. 

These gratings were then individually pre-annealed as follows:  
I. Ramped in 5 mins to 400 °C, held for 10 min, then removed from heater 
II. Ramped in 15 mins to 667 °C, held for 10 mins, then removed from heater 
III. Ramped in 15 mins to 667 °C, held for 10 mins, ramped in 10 mins to 745 °C, held for 10 

mins, then removed from heater 
IV. Ramped in 15 mins to 667 °C, held for 10 mins, ramped in 10 mins to 745 °C, held for 10 

mins, ramped in 10 mins to 825 °C, held for 10 mins, then removed from heater 
The pre-annealing sequence recipe is important to achieving this stabilisation and there is 
room for further optimisation. The final grating spectra for each grating are shown in Fig. 2. 
The large grating strength reduction observed above 800 °C suggests a threshold effect has 
been reached. As we shall see, this closely corresponds to the temperature at which 
structural change begins to take place and regeneration occurs. 
 

 
Fig. 2. Isochronal annealing of the four samples as described in the text. 
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2.3 Isochronal annealing 
The four gratings were then sequentially isochronally annealed in a high temperature oven 
in steps of 100 °C for 1hr. A Gaussian fit to the transmission spectra was used to track the 
grating strength as a function of time (shown in Fig 2). The origin of the observed noise has 
not been identified but seems to be highest for gratings stronger than 90%. The following 
observations for each sample are made: 
I. No stabilisation as a function of temperature is observed with rapid step decay between 

temperatures. Partial stabilisation at low temperatures is observed. This behaviour is 
not dissimilar to that observed for the hypersensitisation of gratings at lower 
temperatures - 400 °C is higher than the temperature required to form Ge-OH (>300 °C) 
but lower than that required to form Si-OH (>500 °C) [Sørenson et al. 2005]. Whilst 
there is some growth and decay observed at lower temperatures, clear exponential 
decay is observed at 400 °C and beyond. 

II. Stabilisation up to and including 500 °C is observed. This is consistent with Si-OH 
formation and hypersensitisation to these temperatures as previously reported 
[Sørenson et al. 2005]. At 600 °C and beyond exponential decay is observed. 

III. Stabilisation is observed up to and including 600 °C. At 700 °C and beyond exponential 
decay is observed. Pre-annealing to the higher temperature suggests significant 
improvement in stabilisation versus only a 2-3dB reduction in grating strength. 

IV. The behaviour here is only slightly improved over that of III, suggesting an optimal 
was being approached with III. It comes at the expense of a very large grating strength 
reduction (>10dB) suggesting a threshold limit has been exceeded. 

From the above results it is clear there is a large scope to adjust the pre-annealing conditions 
to optimise the thermal stability with the grating strength as required for a specific 
application. This means there is significant scope for fine tuning grating writing to enable 
strong gratings of any type to be produced at temperatures suitable for 400 °C operation, 
those typically used in the oil, gas (including gas sequestration monitoring) and seismic 
industries. This tuneability is very reminiscent of the thermal tuning we have demonstrated 
previously for the generation of OH-style gratings using thermal hypersensitisation 
[Sørenson et al. 2005]. However, it is important to note that if the amorphous nature of the 
glassy network characterises these processes, similar processes should be possible in glass 
without hydrogen and, in many cases, irrespective of the processing conditions (including 
femtosecond induced changes).  
An important observation is the reduced threshold for regeneration. In these experiments 
there is evidence of a threshold-like effect above which regeneration occurs. This seems to 
be ~800 °C for pulsed 193nm which is at least 100 °C less than that reported earlier for CW 
244nm. Further, there is a time dependence for the onset of this regeneration at 800 °C which 
we believe is probably fibre strain dependent. It also suggests there remains scope for 
reducing this threshold still further – this is consistent with the changes in local pressure 
affected by changes in applied strain along the fibre (through Poisson’s ratio). 
Another striking feature of the thermal stabilisation process is the subsequent single 
exponential decay readily fitted to the isochronal annealing of the stabilised gratings. Again, 
the similarities with previous thermal hypersensitisation work are noted [Sørenson et al. 
2005; Canning & Hu 2001]. This suggests a single relaxation process is invoked, which is not 
usual for an amorphous network which is typically is characterised by a distribution of 
spectral and temporal relaxations that can all be described by single exponentials, though 
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not all necessarily unique (the general idea of a distribution of Debye relaxations extends to 
all forms of physical relaxation of viscoelastic solids – see Gross 1968).  Generally, the 
relaxation process is summarised as: 

 0( ) exp[ ( / ) ]N t N t βτ= −   (2.3.2) 

Where N is the parameter being measured, N0 is the initial value, t is the time, and 1/τ is the 
rate of relaxation; β determines the distribution of relaxation times. In strong glass formers 
such as silica, β is found to be temperature independent and ~0.3 or so. When β = 1 there is 
no distribution but a single Debye relaxation. Figure 3 shows the annealing decay profile at 
700°C of the grating stabilised at 745°C. A single exponential fits this data. What is unusual 
is that disordered materials have β < 1; the implication is that the glass has become far more 
ordered, perhaps crystalline. If we assume phase separated glass, with the change is 
confined only to that of silica, an examination of the phase diagram for silica would suggest 
α-quartz, or an analogue, as the likely candidate for a crystalline polymorph. This is an 
extremely interesting prospect because α-quartz is a known piezoelectric material, raising 
the possibility of all-fibre piezo-based optical devices where the material is introduced 
periodically or with any profile. 
 

 
Fig. 3. Decay at 700°C of grating stabilised at 745°C. Single exponential fit also shown. 

An approximation of the expected lifetime of a material is often extrapolated from an 
Arrhenius fit of the rate constant k = 1/τ where k = Aexp(-Ea/RT). Using similar parameters 
to those applied in previous work (Inglis 1997; Baker et al. 1997), an estimate of the 3dB 
lifetime at each temperature for a grating stabilised at 745°C can be obtained, as shown in 
Figure 4. Although the lifetime falls of rapidly with temperature, these are extremely 
remarkable results – a grating operating continuously at 400°C can be expected to last for 
~10 years, whilst at 350°C >500 years and at 300°C >300,000 years. Further, there remains 
scope to continue optimising this process.   
In conclusion, for many applications, conventional fibre Bragg gratings can be thermally 
stabilised to operate at temperatures in excess of that required for telecommunications, all 
the way to 600°C. Beyond this point, regeneration occurs and in this work where pulsed 
193nm was used to write the gratings, appears to be characterised by a distinct threshold at 
800°C. In contrast, when using CW 244nm light, the threshold seems to be >900°C, 
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Fig. 4. Lifetime prediction based on 50% (3dB) decay of grating stabilised at 745°C. 

suggesting an intensity dependence, and related to this a penetration depth, if the same 
excitation pathway is assumed. The tuneability offered by thermolytically adjusting, 
through annealing, the various relaxation processes means its possible to fabricate 
application specific gratings that require moderate thermal operation to this temperature 
whilst retaining strong, and sometimes complex (e.g. apodised) reflection spectra, generally 
not possible by other means. This overcomes one of the current problems associated with 
weak gratings strengths through regeneration. The versatility of this approach is consistent 
with the description earlier of an intrinsic distribution of stability regimes and relaxation 
kinetics that exist within a complex polyamorphous system such as silica. The complex 
distribution of results accessible by adjusting various parameters from temperature to laser 
intensity along with temporal processing sheds new insight into annealing generally and 
more specifically raises interesting questions about the meaning of accelerated ageing tests. 
This work sets the scene for a more careful evaluation of the processes after which stretched 
exponential decays reflecting dispersive relaxations, appear less meaningful - above 
threshold or the onset of regeneration, potentially the onset of crystallisation or a 
polymorphic (polyamorphic) transition. 

3. Regeneration 
Glass is generally considered to be metastable material with a large distribution of 
relaxation processes spread in time. As described above, the majority of these relaxations 
can each be described with a distribution of exponential decays, or Debye relaxations, in 
dielectric media – therefore, it is not uncommon that the spread of these processes within a 
random network is described by a stretched exponential distribution governed mostly by 
one parameter, β [Angell 1995a; Inglis 1997]. It also implies that the thermal processing 
history and the quenching rate can play a critical role in determining the final index change 
of the glass. Stretched exponential fits have been successfully used, for example, to 
determine the aging process of UV-induced periodic changes in glass that make up a fibre 
Bragg grating [Baker et al. 1997; Inglis 1997].  However, the success of this approach belies 
the fact that a comprehensive understanding of glass and glassy materials, as a result of the 
huge distribution of processes in materials that are not governed by an overwhelming and 
simple periodicity, remains one of the greatest challenges in condensed matter physics. 
From a practical perspective, for example, although polymorphism of the glassy state 
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[Mishima et al. 1984, 1985] (or polyamorphism [Wolf et al. 1992, Angell 1995b]) is generally 
accepted, its role in determining glass structure is rarely invoked when analyzing both 
thermal and glass transformation for actual device engineering. In photonics, for example, 
when laser processing is involved, there remains an almost exclusive preference to interpret 
refractive index changes to defect, or atomic, diffusion as well as direct polarisability 
changes from localised defect creation or annihilation. On the other hand, as we suggested 
above the possibility of creating functional polymorphs, such as a-quartz, exists. This 
introduces the general proposition of how to induce such polymorphic transitions within 
glass and within an optical waveguide, in this case fibre. 
The original premise for our approach to developing high temperature gratings was based 
on recognizing that the conditions for potentially achieving a pressure-induced 
transformation of glass, not dissimilar to that reported for ice by Mishima et al. [1994,1995] 
is seemingly present within an ordinary optical fibre. Optical fibre drawing generally leads 
to a core glass (often with some germanate to raise the index above the core) which is under 
tension upon quenching since its thermal expansion coefficient is higher than that of the 
surrounding glass, which tends to cool first. However, if drawn under appropriate 
conditions which exploit Poisson’s ratio and the fact that vitreous silica tends to have a 
molar volume larger in the solid state than the liquid state, it is possible to achieve 
compressive stress. In most typical drawing conditions it is tensile with effective internal 
pressures that can range from a few tens of MpA to those that exceed 100MpA. These 
effective internal pressures should allow for an ability to select from within a range of 
silicate based polyamorphs of varying density and refractive index – (we are not aware of a 
detailed investigation on this topic as yet). Nonetheless, the fact is that the pre-existing 
pressures within an optical fibre at the core/cladding interface can be very large and should 
play a role in a number of phenomena, including photosensitivity and glass. It is almost 
certain that the rollover from type I gratings to type In (or type IIa) is explained by this as is 
the observation of a tunable rollover threshold based on longitudinally applied strain (for a 
review see Canning 2008a).  
The only missing ingredient from a post-induced regenerative phase transformation is 
temperature. If the phase diagram of silica is considered, for a pressure of ~100Mpa and a 
temperature of 900°C, tridymite (thought to be metastable), and β –quartz are stable. At 
temperatures above 1470°C, cristabolite is stable – below this it is unstable. Therefore, a 
simple interpretation of what might occur with thermal processing is that metastable 
tridymite is formed (perhaps cristabolite at higher temperatures) which the converts to 
α−quartz upon cooling back to room temperature, since this is the only crystal state stable at 
~100Mpa and 25°C. At lower temperatures, as suggested earlier, α−quartz or an analogue 
involving dopants is feasible and can account for the stabilisation of type I gratings to 
temperatures in excess of 700°C. For temperatures above this, the conditions must exist for 
substantially more stable polymorph, or alternatively, polyamorph. In the regimes we are 
operating at, it is likely that introduced impurities such as hydrogen, will play an additional 
role given the local strain produced when OH forms, for example. OH formation can lead to 
stress relaxation in the core and therefore a small structural density change.  
The question is how to measure such a transformation – the simplest approach we have is to 
use a periodically stressed structure which can be characterised optically. A fibre Bragg 
grating, as we have described, is such a structure. The induced periodic stress of a fibre 
Bragg grating inscribed with great precision using UV lasers has a modulation close to that 
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required for our thought experiment to be implemented – a periodic modulation ~50Mpa 
has been measured in a grating without hydrogen with a spatial resolution of 0.3mm [Raine 
et al. 1999]. Average UV-induced index changes in excess of 100Mpa have also been 
reported near the core cladding interface [Raine et al. 1999; Belhadj et al. 2008], suggesting 
that it is indeed possible to achieve a periodic structure that will seed a periodic 
regeneration of a different density glass  or crystal.  
If the possibility of continuous polymorph transformation above the regeneration threshold 
is accepted, then it is most unlikely the annealing of laser induced changes is going to lead 
to complete recovery of the glass system – that is, we expect some memory of the UV 
written “seed” grating to be retained (contrary to a single Debye relaxation below 
threshold), in particular at the core/cladding boundary. In order to maximise the possibility 
of achieving high temperature regeneration, hydrogen loading is used for three reasons: (a) 
optimise the induced stress differences between processed and unprocessed regions in the 
Bragg structure since UV-induced OH causes periodic relaxation of the stresses; and (b) 
minimise the refractive index contribution of the UV written grating to the polarisability 
changes associated with OH formation; and (c) reduce the chance of eventually relaxing to 
crystallised α quartz which has the potential of changing to other structures each time the 
grating is heated to higher temperatures (this can explain why the results of Linder et al. 
2009, and indeed most type In (type IIa), are unstable above 600°C). 
Therefore, the experiment is to write a standard grating in photosensitive fibre loaded with 
hydrogen and post-anneal this gradually to 900°C and beyond. If this model is correct, then 
it should be possible to thermally process a fibre and transform the grating from an ordinary 
type I grating, for example, to an ultra-stable regenerated grating far exceeding the 
properties of the thermally stabilised gratings described in the previous section. To 
maximise the chance of the process working, the original experiments focused on strong 
fibre Bragg gratings written with hydrogen. The results reported in [Canning et al. 2008b] 
verify that a new grating structure which was stable up to 1295°C before the fibre broke 
could be obtained. Despite the deterioration and breaking of the fibre in an open 
environment at such temperatures, the remaining regenerated grating remained intact when 
broken pieces were analysed, consistent with a stronger glass than the original glass. The 
nature of this glass is not yet resolved but preliminary scanning electron microscopy (SEM) 
analysis suggests a reduced Si concentration within the fibre. Figure 5 shows the results – no 
change in Ge concentration is revealed, pointing towards a transformation of silica and not 
germanosilicate. The results are also hinting that that change is indeed located more at the 
interface – however, more comprehensive work is necessary to understand these results 
further. Indirect support for the results appears when a detailed study of the role of 
germanium is investigated – despite varying the concentration of GeO2 from ~3mol% 
(standard telecommunications fibre) to >20mol%, for equal seed grating strengths, the 
regenerated grating of similar strength is obtained. This suggests strongly that the 
regeneration is largely independent of the germanium concentration – it is not obvious how 
this fits into a general distribution of relaxations in an amorphous network but germanium 
dioxide, whilst having many structural analogies to silicon dioxide, has significant thermal 
history differences because of weaker bonding and a much lower melting point (~1100°C).  
The likelihood of a more complex polyamorphic transition spectrum is increased when 
conditions for the threshold transformation are shown to be sensitive to a number of 
parameters, including writing intensity: using CW 244nm written gratings in standard 
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Fig. 5. X-ray backscatter analysis of germanosilicate core fibre with hydrogen loading and no 
grating, and another identical fibre containing a regenerated grating. No change in Ge 
concentration is observed whilst there is ~10% reduction in Si, consistent with a density 
drop in the silica (Preliminary data collected by Matthew Kolibac, 2009, Electron Microscope 
Unit, University of Sydney). 

photosensitive fibre requires ~900°C to be reached, whilst for gratings written with 193nm 
pulsed light it appears that temperature can be reduced to 800°C [Åslund et al. 2009a; 
Canning et al. 2009]. More interestingly, perhaps, below the regeneration “threshold”, the 
annealing phenomena we have observed is much closer to the idealised spectrum of 
polymorphic transformation: we have proposed and demonstrated “tuning” of the thermal 
stability of fibre Bragg gratings so that they can be tailored to operate at arbitrary 
temperatures, well in excess of type I gratings but below that of regenerated gratings 
[Åslund et al. 2009a; Canning et al. 2009].  
Here, we focus on regenerated gratings within hydrogen loaded standard photosensitive 
optical fibres since this gives the most pronounced stabilisation to date. Since our work, 
others [Linder et al. 2009] have shown that regeneration can be obtained at lower 
temperatures in gratings written without hydrogen – the low thermal stability of these 
gratings is consistent with type 1n gratings. If crystallisation is occurring it is likely to be via 
the mechanism we described above to α−quartz, which is stable at ~100Mpa close to the 
observed 600°C. Whatever the state of glass, it is clearly distinct from that obtained at higher 
temperatures with hydrogen – if the general model described earlier holds, it is possible that 
at higher temperatures, a secondary regeneration process is observed in fibres without 
hydrogen (since it is not essential to the basic tenet). Interestingly, it appears that the 
procedures involved with thermal stabilisation may be important to achieving the 
subsequent regeneration – straight heating up to the regeneration temperature produced 
very poor results and in many instance none at all. This may indicate that the initial 
structural change which occurs is important to the subsequent regeneration process. 
In the following sections, we describe how regenerated gratings are fabricated and 
characterise their annealing behaviour. An important practical consideration is the quality 
and resolution achievable with these gratings. We explore this by examining the 
regeneration of much more complex structures than simple uniform gratings. 
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3.1 Fabrication of seed gratings 
In order to precipitate the structural change associated with regenerated gratings, a seed 
grating is necessary. In practice, we have confirmed that the stronger the seed grating, the 
stronger the final regenerated grating. For this case, a conventional Bragg grating inscribed 
into hydrogen loaded (24hrs, 200atm, 70°C) relatively highly germanium doped step index 
fibre with no boron (rcore ~ 2μm, [GeO2 ~ 10.5mol%], Δnco/cl = 0.012), using the 244nm output 
from a frequency doubled Ar+ laser (P ~ 50W/cm2, fcumulative ~ (6-12)kJ/cm2, the same as that 
reported in Bandyopadhyay et al. 2008 and Canning et al. 2008b). Figure 6 shows the 
transmission and reflection of a very strong type I Bragg grating, readily exceeding the noise 
floor in transmission of our tunable laser and power meter setup (res: 1pm). Ignoring the 
slight quadratic chirp in the transmission profile, the simulation spectra for a uniform 
grating, based on transfer matrix solution of the coupled mode equations, was fitted to the 
bandwidth to estimate the index modulation achieved: Δnmod ~ 1.6 x 10-3, consistent with a 
grating >120dB in strength.    
 

 
Fig. 6. Transmission and reflection spectra of the “conventional” seed grating. Noticeably, 
the large side lobes of this structure obscure the stitching errors expected from the phase 
mask used. The dashed line represents the noise floor. 

3.2 Fabrication of regenerated gratings 
Using a processing procedure identical to that optimised in Bandyopadhyay et al. 2008 and 
Canning et al. 2008b, ultra strong seed gratings were thermally processed sequentially with 
a standard recipe. At 950°C the onset of regeneration is observed, and over time as the seed 
grating disappears completely, the regenerated grating appears. The final transmission and 
reflection spectra of the regenerated grating, obtained from the seed grating shown in figure 
6, are shown in figure 7. It is more than 50dB in strength and below the noise floor. 
Numerical simulation indicates an index modulation of Δnmod ~ 1.55 x 10-4, which is 
substantial. However, the average index may likely be greater than this since the Bragg 
wavelength, λB, tends to be shifted to longer wavelengths to that of the seed grating at room 
temperature, indicating that the fringe contrast is not optimal, potential scope for 
improvement.  
In order to study the growth and annealing properties, a second regenerated grating was 
made from a weaker seed grating, written with a cumulative fluence ~30% less than that of 
the first grating, so that the full transmission spectrum can be observed within the noise 
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Fig. 7. Transmission and reflection spectra of the regenerated grating. Noticeably, the 
stitching errors of the phase mask are clearly visible indicating all the relative phase 
information has been retained. The dashed line represents the noise floor. 

floor of the tunable laser and power meter setup. Figure 8 shows a close-up of the grating 
formation over time at ~950°C – in this example, the structure is less uniform with a 
quadratic chirp present. This chirp is an exaggerated copy of the seed grating quadratic 
chirp so the complex profile of the seed grating was preserved. When tension is removed 
during regeneration, λB is the same between seed and regenerated grating, also consistent 
with our previously reported observations [Bandyopadhyay et al. 2008; Canning et al. 
2008b]. 
 

 
Fig. 8. Reflection (normalised) and transmission spectra during formation and growth of 
regenerated grating. Significant, amplified quadratic chirp is observed.  

4. Annealing 
The regenerated grating, shown in figure 7, was then cycled back to room temperature, back 
up to 1100°C and back to room temperature. For the short exposure times of ~10mins at each 
temperature every 100°C, no changes are observed in the grating spectra within the noise floor. 
The second regenerated grating was used to determine the longer term performance at 
1000°C and 1100°C. The regenerated grating, ~42dB in strength, was cooled back to ~200°C 
before being taken up to 1000°C to show that no decay occurs at lower temperatures. The 
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grating was then ramped to 1100°C over ~50 minutes. It was then allowed to sit at 1100°C for 
an additional 4 hours and 10 minutes. During the ramping period the grating decays with a 
single exponential to ~19dB. This stabilised to a final rejection of ~18dB within ten minutes 
at 1100°C. The grating strength after this point remained constant over the remaining 
exposure period. Figure 9 (a) shows a full summary of seed grating decay, regeneration 
formation and then the annealing results whilst figure 9 (b) shows a contour image diagram 
of the decay process over time showing the Bragg wavelength shift with temperature, the 
exponential decay in contour form and the subsequent stable and steady performance after 
an hour. 

 
Fig. 9. (a) Summary of seed grating decay, regenerated grating formation and annealing; (b) 
detailed examination of the annealing of the grating between 1000 and 1100 °C. 

When comparing with our previous work, we have shown that by simply extending the 
length of the seed grating we can regenerate longer gratings that increased in strength 
approximately linearly after stabilisation. In the previous work, the regenerated grating was 
reported to be ~2.3dB over 0.5cm, or a coefficient of 4.6dB/cm within the same fibre used 
here and for the same seed grating writing conditions. The reported value for 5cm in this 
work after stabilisation is ~18dB, less than the 23dB expected – this is because the seed 
grating fluence of this grating was actually less than that used previously so as to be able to 
observe the peak regeneration,  ~42dB, prior to stabilisation. (The first grating broke during 
experiments so additional stabilisation could not be pursued). Within experimental error, 
there is no evidence to suggest a non-linear regenerated grating strength with length in this 
fibre. 
The observation that the regenerated grating is stabilised after an initial decay process 
suggests two contributions to the grating strength, the second contribution clearly enabling 
extremely strong thermal resistance of the grating (up to 1295°C as demonstrated in Canning 
et al. 2008b). The single exponential process supports the notion that the first decay process 
is indeed a singular one. It too is quite stable after formation at least at temperatures below 
the regeneration temperature of ~950°C. Given the localisation of the changes to the periodic 
scale of the seed grating, the likely contributions are related to stresses not only at the core-
cladding interface but indeed between processed regions. What is important to note is that 
the decrease in grating strength does not appear to be accompanied by any average index 
decrease (i.e. λB continues to be red-shifted and no blue shift is observed though its difficult 
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to separate this because of the slow thermal equilibration of the oven used). Based on this 
observation, the appearance of two contributions may be an artifact of gradual fringe 
relaxation until the one contribution is stabilised – this suggests there is a longitudinal 
component (through stress between processed and unprocessed regions). 

4.1 Dependence on germanium dioxide concentration [GeO2] 
With regards to the mechanism of formation, we have ruled out the role of fluorine in the 
cladding in this process by observing nearly identical regeneration (actually slightly 
reduced) and annealing within fibres that have no fluorine at all. The SEM observation in 
figure 5 reveals an apparent reduction in [Si] after regeneration, consistent with a decrease 
in silica density (and therefore oxygen as well). In contrast, no change in Ge concentration is 
observed. This suggests that the concentration of GeO2 is not a direct factor in regeneration. 
To explore this, gratings were written in fibres with varying concentration, from ~3 mol% 
used in standard telecommunications grade optical fibre to ~30 mol% in highly 
photosensitive fibres. In all these cases, for gratings with the same seed index modulation 
(strength), the regenerated gratings are identical in strength. What is important is the initial 
seed grating strength and not [GeO2]. This supports the null result from the SEM data.  
The regenerated grating strength obtained is shown to be determined by a number of factors 
including seed grating strength and as well the fibre V parameter determined from both 
numerical aperture (NA) and core radius. More complex results appear to be obtained when 
additional dopants are employed. Early results indicate that when a fibre has 3 times the 
concentration of GeO2 than the fibre used here, but is loaded with B2O3 to reduce the 
numerical aperture and allow a larger core radius, we find the regenerated grating strength 
is less than half. B2O3 is also a glass softener and can significantly change the internal frozen-
in stresses of the fibre during drawing. This supports the idea that stress is important in the 
regeneration process (and indeed below it). More detailed scientific studies are currently 
underway to explore the changes involves.  

5. Regeneration of complex gratings 
In order to determine whether this process can be applied beyond simple Bragg grating 
writing as a realistic approach to the production of complex gratings and patterns and 
structures that can operate at high temperature whilst retaining the complexity of a nano-
scaled device, we explored the impact of the regeneration process on two complex grating 
structures: (1) structure consisting of two superposed gratings with λ1 ~ 1548.73 nm and λ2 ~ 
1553.56 nm, i.e. with Δλ ~ 4.8nm; and (2) a dual channel grating produced by writing a 
Moiré grating. In a Moiré grating, the refractive index variation along the length of the 
grating is also different where a uniform period, ΛB, is modulated by a low spatial 
frequency sinusoidal envelope of period, Λe, that produce two sidebands (essentially a 
phase shifted structure built up from a periodic distribution of identical phase shifts). Given 
the sensitivity of the Moire grating to any perturbation in phase, the preservation of the 
transmission notch and overall profile will be indicative of nanoscale resolution in the 
regenerated structure.  
For the superposed gratings (L ~ 5 mm) were inscribed into a H2 loaded (24hrs, P = 100atm, 
T = 100°C) GeO2 doped core silica fibre ([GeO2] ~ 10%, fabricated at CGCRI) using a pulsed 
KrF exciplex laser (248 nm, pulse duration = 20 ns, f pulse ~ 70 mJ/cm2, repetition rate = 200 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

378 

Hz). The Moiré grating was written into a fibre which was similar to that used for the 
superposed grating but also had boron to increase the seed photosensitivity. Regeneration is 
carried out with an identical recipe to that described earlier but inside a short fibre micro-
heater. The hot zone of this heater is supposedly uniform over 5mm only (the exact variation 
along this length is not known but we suspect a Gaussian profile), and this dictates the 
grating length. 

5.1 Superposed gratings 
Sample #1 was prepared by superposing two seed gratings with Bragg wavelengths λ1 ~ 
1548.73 nm and λ2 ~ 1553.56 nm, i.e. with Δλ ~ 4.8nm. Each of the seed gratings was of 
moderate strength with transmission loss at λ ~ -20 dB (grating with λ1 being slightly 
stronger than that at λ2). The superposition of two gratings leads to a compound form of the 
local index modulation described as [Bao et al. 2001]:   
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ΛB1 and ΛB2 are the periods of the gratings with ΛB2 = ΛB1+ΔΛ and ΔΦ is the initial phase 
difference of the gratings. It is clear from this expression any non-uniformity introduced by 
the thermal annealing process will result in a spread of ΔΦ and broadening of the peaks. The 
structure was then thermally processed as described earlier until regeneration was 
complete. The results are summarised in figure 10. Within experimental uncertainty, the 
Bragg wavelength separation remains the same (~4.8nm) although, as expected the 
annealing has led to a decrease in average index so that the Bragg wavelengths are blue-
shifted. This reduction leads to a change in the phase distribution and the regenerated 
gratings have a more asymmetric profile, shown in the inset of figure 10 (c). This is 
consistent with a very weak Gaussian, or quadratic, chirp on the grating. The origin for this 
chirp almost certainly arises from the hot zone temperature distribution of the micro-heater 
rather than any intrinsic grating property. 

 
Fig. 10. Spectrum of dual over-written gratings. (a) Normalised reflection spectrum of the 
seed; (b) and (c) reflection and transmission spectrum of the regenerated grating 
respectively represented in absolute scale.  Inset: close-up of side lobe structure of right 
hand peaks of seed and regenerated grating for comparison. 

5.2 Moiré gratings 
In a Moiré grating, a uniform period, ΛB, is modulated by a low spatial frequency sinusoidal 
envelope of period, Λe, (figure 11) that produces two sidebands. The structure is equivalent 
to two gratings with stopgaps that overlap sufficiently to produce a resonant phase shift–
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like structure in the stop gap of the superstructure. A similar profile is obtained by placing 
phase shifts with a low frequency period along a uniform grating. 
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Fig. 11. Index modulation introduced into the seed Moiré grating.  

The position dependent index amplitude modulation profile can be described as [Ibsen et al. 
1998]: 

 0
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where N and M are integer and 2nΔn0 is the UV induced index change, F(z) is the 
apodisation profile. On simplifying, eq.(2) directly leads to the resultant spatial frequencies 
at the sum and difference frequencies where two Bragg reflections will occur and may be 
represented as: 
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The new reflection has two effective bands separated in wavelength, Δλ, as: 
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Based on the principle mentioned above a dual seed grating with a 100 GHz separation i.e. 
Δλ ~ 0.8 nm was written. Selected ΛB = 533.17 nm produces a grating with λB ~ 1554 nm. 
Modulating ΛB with Λe = 1028 μm we could generate two channels Bragg wavelengths, λ1 = 
1553.51nm and λ2 = 1554.34 nm respectively. The effective refractive index of the fibre is neff 
= 1.4573. A precisely controlled scanning beam writing setup was used to produce π-phase 
shifts at specific locations of the grating to generate the required low frequency sinusoidal 
modulation of the index profile. A summary of the induced profile is shown in figure 6. The 
seed grating reflection profile is shown in figure 12 (a) and the regenerated grating reflection 
and transmission profiles are shown in figures 12 (b) & (c). Unlike the superposed gratings, 
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where the sidebands of the grating are a result of the interference between end reflections of 
the grating and therefore susceptible to temperature gradients in the micro heater hot zone, 
the interference in the phase shift region is a result of the distributed interference between 
the grating and super period of the phase shifts. This means the structure is less sensitive to 
overall gradients on a macro scale. Importantly, the interference in the phase shift region is 
preserved after regeneration indicating that despite the very large macro heating process 
involved in creating the regenerated grating, the structure retains full memory of the seed 
grating, indicating that there is no evidence of a diffusive process that would alter the phase 
relationship anywhere over the grating length. Full preservation on a nanoscale is 
maintained through regeneration – this is a remarkable result. 
 

 
Fig. 12. Spectrum of Moiré grating. (a) Normalised reflection spectrum of the seed, (b) and 
(c) reflection and transmission spectrum of the regenerated grating respectively represented 
in absolute scale. 

6. Conclusion 
Strong regenerated gratings (~18dB, L = 5cm) that can withstand temperatures in excess of 
1200°C have been produced. These gratings have a number of potential applications from 
monitoring furnace temperatures in various fields, to high intensity optical field-resistant 
gratings for high peak power fibre lasers. Below the regeneration threshold, stabilisation of 
type I gratings offers a realistic prospect of balancing grating strength with practical 
temperature operation up to 700°C. Remarkably, single exponential relaxation, consistent 
with annealing of a regular rather than an amorphous structure, is observed during 
isochronal annealing of thermally stabilised type I gratings. 
Retaining the complex functionality available to type I gratings has also been demonstrated. 
In particular, complex regenerated gratings (L = 0.5cm) were produced. Two dual channel 
filter designs – a superposed grating and a Moiré grating – were fabricated with more than 
4% transmission. The regenerated superposed structure showed signs of a small chirp 
possibly arising from the slightly Gaussian profile of the micro heater hot zone employed. 
This suggests that regenerated gratings can be thermally post-tailored during regeneration 
from the seed grating on a macro scale. In contrast, despite the significantly reduced 
strength and the reduced average index change (measured as a shift to shorter wavelengths) 
the regenerated Moiré grating exactly preserved the interference profile within the central 
transmission notch of the grating spectrum, and therefore the embedded phase information 
of the seed grating.  
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with annealing of a regular rather than an amorphous structure, is observed during 
isochronal annealing of thermally stabilised type I gratings. 
Retaining the complex functionality available to type I gratings has also been demonstrated. 
In particular, complex regenerated gratings (L = 0.5cm) were produced. Two dual channel 
filter designs – a superposed grating and a Moiré grating – were fabricated with more than 
4% transmission. The regenerated superposed structure showed signs of a small chirp 
possibly arising from the slightly Gaussian profile of the micro heater hot zone employed. 
This suggests that regenerated gratings can be thermally post-tailored during regeneration 
from the seed grating on a macro scale. In contrast, despite the significantly reduced 
strength and the reduced average index change (measured as a shift to shorter wavelengths) 
the regenerated Moiré grating exactly preserved the interference profile within the central 
transmission notch of the grating spectrum, and therefore the embedded phase information 
of the seed grating.  
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Preliminary material analysis using SEM backscattered x-rays and comparing results 
between fibres of different compositions indicates an independence of GeO2 concentration. 
The SEM results suggest there is a reduction of Si and no reduction of Ge, consistent with a 
stress (pressure) driven silica transformation. This drop in Si is across the core though the 
changes, experimental variation not withstanding, appear higher at the core/cladding 
interface – periodic longitudinal stress profiles between processed regions within the seed 
grating maybe equally important to any interface effects. The regenerated grating strength 
appears to be mainly dependent on the initial seed grating modulation, or grating strength. 
This is also consistent with the extraordinary localisation of the thermally induced change 
with the original seed grating. 
Given that much of the general process involves glass re-quenching under a different 
thermal history, both the thermal stabilisation and the regenerative processes described here 
are unlikely to be confined to silica fibres loaded with or without hydrogen (as recent results 
indicate). Rather, both processes have huge scope to be applied to many numerous materials 
systems – for example, stresses (and therefore equivalent pressures) at interfaces can be 
controlled by many means including the use of different thin film layers [Canning 2001]. It 
opens the way of using nanoscale precision laser processing to introduce nanoscale patterns 
and structures in materials which can then be thermally processed, with unique recipes 
given each environment, for additional stability. We believe regeneration has the potential 
to greatly expand advanced holographic processing of systems and templates by extending 
the lifetime and operational thresholds of the materials to a level not previously thought 
possible. This will be particularly important within applications involving very high 
intensity optical fields such as pulsed lasers. 
Finally, the use of an optical fibre grating as the test bed for exploring thermal annealing of 
glasses generally has been proposed, offering a novel way to study the complex relaxations 
possible in glasses, including mixed systems. 
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1. Introduction    
Since carbon nanotubes (CNTs) have been applied to a passive mode-locker, or a saturable 
absorber (Set et al., 2004a; Set et al., 2004b), applications of CNTs in photonics field have 
been intensively investigated. Their quasi-one-dimensional structures produce their 
distinctive characteristics, their strong third-order nonlinearity and ultrafast recovery time, 
shorter than 1ps (Chen et al., 2002; Ichida et al., 2002). These characteristics are attractive for 
future ultrafast photonic networks and can be used in ultrafast photonic devices, such as 
ultrafast all-optical switches and all-optical logic gates. 
Since CNTs are nano-sized material, one of the largest problems to realize CNT-based 
devices is handling issue. Optical deposition method has an advantage in efficiency over the 
other handling methods, such as spraying (Set et al., 2004a; Set et al., 2004b), direct synthesis 
(Yamashita et al., 2004), and polymer embedding methods (Sakakibara et al., 2005). These 
methods mostly require complicated processes, large-scale setups, and dissipate significant 
numbers of CNTs. A simpler and more cost effective handling technique of CNTs is 
required for mass productive CNT-based optical devices. We proposed optical CNT 
deposition technique to solve the problem. The light injection into CNT-dispersed solution 
from an optical fiber end deposited CNTs onto core region of the optical fiber end. We 
realized a passively mode-locked fiber laser using the CNT-deposited fiber as a saturable 
absorber, or a passive mode-locker. 
However, the technique requires very precise control of the light injection power to deposit 
uniform and less scattering CNT layer, because highly uniform CNT solution, which has 
very small CNT entanglements, is required. Smaller CNT entanglements require higher 
injection power.  High power injection makes the CNT layer around the core, not on the 
core. The upper limit of optical intensity depends on the flow speed caused by the injected 
light. Additional technique is, accordingly, needed to optimize injection power for each 
solution. We introduced in-situ optical reflectometry to monitor the deposition process, and 
area-selectively deposited CNTs onto core regions of optical fiber ends. The area-selectivity 
was confirmed by field emission scanning electron microscope (FE-SEM). 
The technique has been applied only to deposition of CNTs onto fiber ends, though it has 
potentially versatile applications. We propose and demonstrate optically induced deposition 
of CNTs around microfibers by injecting light through the fibers. We also demonstrate a 
passively mode-locked fiber laser using a CNT-deposited microfiber fabricated by the 
technique. 
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In this chapter, we report optical deposition of CNTs onto optical fibers to realize simple 
and low cost fabrication of CNT-based fiber-structure devices. This chapter is organized as 
follows. In section 2, we explain CNT-based optical devices, including fundamental 
properties of CNTs, CNT fabirication methods, and structures of CNT-based optical devices. 
We propose the technique to deposit CNTs using light injection in section 3. In section 4, we 
show the technique with optical reflectometry to enhance the performance of the technique 
in terms of CNT-use efficiency and repeatability. We report application of the technique to 
CNT deposition around microfibers in section 5. Finally, we summarize this chapter in 
section 6. 

2. Optical device based on carbon nanotubes 
2.1 Carbon nanotubes fabrication methods 
Graphite and diamond have been well known allotropes of carbon. In 1985, the third 
allotrope of carbon, fullerene, was discovered by Kroto et al. (Kroto et al., 1985), and carbon 
based nanomaterial research field emerged. CNTs are the forth new group of carbon 
materials which have nearly identical one-dimensional cylindrical structures, and their 
structures are assumed to be rolled sp2-bonded graphene sheets. Graphene sheet is a sheet 
which carbon atoms are hexagonally bonding with each other. Since the discovery of CNTs 
by Iijima in 1991 (Iijima, 1991), theoretical studies of CNTs have been intensively examined. 
The studies brought out the distinctive physical properties of CNTs, such as their electronic 
density of states (eDOS), and metallic and semiconducting distinction that depends only on 
their structure, chirality (Saito et al., 1992). There are two types of CNTs in terms of their 
structures, single walled nanotubes (SWNTs) have only single cylinder, and multi walled 
nanotubes (MWNTs) have two or more cylinders. The CNTs which have optically 
interesting properties are the SWNTs.  
Experimental studies on CNTs became possible after the establishment of production 
methods in the late 1990s, such as laser-furnace (Guo et al., 1995), arc-discharge (Journet 
et al., 1997), and catalytic CVD methods with supported catalysts (Dai et al., 1996) and 
floated catalysts (Satishkumar et al., 1998). These methods are used in the mass synthesis of 
CNTs in which the CNTs are obtained as soot adhered on the wall of the production 
chambers. Since the as-synthesized soot contains amorphous carbons, multi-shelled 
graphites, fullerenes, and/or catalyst metal particles as impurities, a purification process  is 
generally required prior to use (Bandow et al., 1998; Bai et al., 2004; Chiang et al., 2001; 
Colomer et al., 1999; Morishita & Takarada, 1999; Park et al., 2006). The high pressure carbon 
mono-oxide (HiPco) method (Nikolaev et al., 1999) has been one of the commercialized 
fabrication methods for the mass production of CNTs. 
The development of production methods of CNTs enabled experimental studies for specific 
applications. One of the applications is saturable absorbers for ultrashort pulse generation. 

2.2 Optical characteristics of carbon nanotubes 
In the previous subsection, we reviewed fabrication methods of CNTs. In this subsection, we 
briefly explain characteristics of CNTs, especially optical characteristics.  
CNTs typically have 0.6 ~ 2 nm diameter and 1 µm length so that they have nearly identical 
1D structures. CNT structures and their physical properties are determined by their 
diameter and chiral angle (rolling direction of graphene sheet). Fig. 1 shows an unrolled 
hexagonal lattice of a CNT, a graphene sheet. The chiral vector (Ch) connects the two points 
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which become the identical point when we roll up the sheet to make it a cylinder, or a CNT. 
The vector is called the “chiral vector”. 
The chiral vector (Ch) is expressed using unit vectors a1 and a2 and two integers n and m (0 ≤ 
m ≤ n) as  

 ),(21 mnmnh ≡+= aaC   (1) 

The type of CNT is completely determined by the two integers (n,m) through the definition 
given in Eq. (1). For example, (6,2) chiral vector is shown in Fig. 1. Originating from their 1D 
structure, wave vectors of CNTs are discretely existing. This discretion form a sharp 
divergence in their electron density of state (eDOS), called “van Hove singularities,” that is 
typical characteristic of 1D materials. 
Their eDOS structures are determined by their chirality. We can classify CNTs into two 
groups, metallic and semiconducting. In general, mod(n−m, 3) = 0 CNTs are metallic and 
mod(n−m, 3) ≠ 0 CNTs are semiconducting. One of the most important characteristics of 
CNTs is that the difference between metallic and semiconducting properties is determined 
by their chirality.  
 

Two fundamental vectors

Chiral Vector (n,m)
Ex. (6,2)

a1

a2
Ch

 
Fig. 1. Schematics of 2D graphene sheet 

Semiconducting CNTs absorb the light whose energies are same as their bandgaps. The 
bandgap energies are controllable by choosing appropriate CNTs diameter, since the 
bandgap energies are almost inversely proportional to their diameters. The CNTs work as 
saturable absorbers in the absorption band. Saturable absorbers are materials or devices 
which change their absorbance depends on power of incident light. They absorb the light 
which has low intensity, whereas the absorbance decreases due to the saturation of 
absorption in the case of high intensity light. This phenomenon can be understood as eDOS 
occupation in conduction bands of saturable absorber material (Fig. 2). If the low intensity 
light incidents, electrons in valence band are excited up to conduction band, and photons 
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(Fig. 3). When a saturable absorber is inserted in a laser cavity, amplified spontaneous 
emission (ASE) noise of a gain medium is shaped to be a pulse train. In every round trip, 
light pass the saturable absorber as high intensity noise with low loss and low intensity 
noise with high loss, resulting in high intensity contrast. Finally, light start to oscillate in 
pulsed state.  
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For ultrashort pulse generation, a saturable absorber with a fast recovery time is required for 
stabilizing laser mode-locking, while a slower recovery time could facilitate laser self-
starting. Recovery time of CNTs have been measured to be shorter than 1 ps, and CNTs are 
suitable material for ultrashort pulse generation. However, the recovery time of CNTs only 
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consisted by semiconducting CNTs is not so fast (around 30 ps) (Rubtsov et al., 2004). The 
ultrafast response time of CNTs are based on bundles and/or entanglements of 
semiconducting and metallic CNTs because the electrons which are excited by photons in 
semiconducting CNTs couple to metallic CNTs, resulting in ultrafast recovery time of 
semiconducting CNTs. As-synthesized CNT samples consist of CNTs which have several 
different chiralities, including both metallic and semiconducting CNTs. Therefore, the CNT 
samples inherently have ultrafast recovery time shorter than 1 ps. 
It is difficult to selectively fabricate CNTs which have certain chirality. However, the 
mixture of several types of CNTs have two advantages. One of the advantages is ultrashort 
recovery time which we mentioned above. Another advantage is its wide absorption band. 
Different chiralities of CNTs have different absorption band, and, consequently, their 
mixture effectively has very wide absorption band. The wide saturable absorption band is 
required for passively mode-locked laser whose output pulse width is ultrashort, such as 
femtosecond regime. 

2.3 CNT based optical device structures and fabrication methods 
After CNT optical devices were first demonstrated, three types of CNTs based device 
structures have been proposed. They are depicted in Fig. 4, transmission type, reflection 
type and fiber end type. These device structures were confirmed to have good performance 
to provide CNT-based optical devices. However, the fabrication process had some problems 
in terms of efficiency. 
The three types of devices was first fabricated and demonstrated by spraying method (Set 
et al., 2004a; Set et al., 2004b). The spraying method is common method to evaluate and 
characterize CNT samples. In the method, we first prepare a CNT-dispersed solution. CNTs 
tend to be entangled with each other, and few kinds of solvents can be used to disperse 
them in high uniformity and fewer entanglements. DMF is one of the most commonly used 
solvents where CNTs can be dispersed. After the preparation, we spray substrates and fiber 
ends with the solution, and evaporate the residual DMF by heat. The largest advantage of 
this method is simplicity: we can fabricate optical devices using simple setup. However, the 
efficiency of CNT-use is poor. The sprayed solution spread around the target position where 
we want to deposit CNTs. 
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Fig. 4. Schematics of three types of carbon nanotubes optical devices 
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After the proposal, direct synthesis method (Yamashita et al., 2004) and polymer embedding 
method (Sakakibara et al., 2005) have been reported. Though embedding CNTs into 
polymer materials have been already demonstrated (Sakakibara et al., 2003), the report was 
the first application to the passive mode-locker in the fiber-end-type configuration. The 
polymer embedding method can remove the impurities before embedding CNTs into 
polymer materials. The method requires setups for polymer material processing, and the 
large number of CNTs is not settled through optical pass of devices. In the direct synthesis 
method, CNTs were directly synthesized onto optical fiber ends, and the fiber produced 
passively mode-locking of a fiber laser. However, there is no method to remove impurities 
in as-synthesized CNTs, and consequently ultra-high performance CNT fabrication setup is 
required.  
From the next section, we show our proposal of optical deposition of CNTs. Our proposal 
offers very simple CNT-based optical device fabrication method, and efficiency of CNT-use 
drastically increases.  

3. Optical deposition of carbon nanotubes 
3.1 Optical deposition of carbon nanotubes onto fiber ends 
There is a problem in handling CNTs because CNTs tend to entangle with each other and 
they are difficult to be dispersed in common solvents. In optical device applications, CNTs 
are conventionally used by spraying, directly synthesizing onto a device, or embedding into 
a polymer material. These processes are mostly complicated, large-scale setups are required 
and CNTs are not efficiently used in these methods. To minimize the dissipation number of 
CNTs, we have proposed and demonstrated optical deposition of CNTs. The method 
enables area-selective deposition of CNTs only onto a core region of an optical fiber end. 
This technique will drastically improve the efficiency of CNT usage and the fabrication costs 
of CNT-based photonic devices. 
Our experimental setup is very simple as shown in Fig. 5. It is composed of just two 
equipments, a laser diode and an erbium doped fiber amplifier (EDFA). We first prepared a 
purified CNT-dispersed DMF solution. Light produced from a laser diode which had the 
wavelength of 1560 nm and the optical power of -10 dBm was amplified upto about 20 dBm 
by a high-power EDFA. The light was incident into the solution through a cleaved fiber end. 
We observed CNT deposition conditions on the fiber end facets using a microscope for 
several different optical powers. Microscopic Raman spectroscopy was used to confirm the 
existence of CNTs at selected area. To find the dependence of the numerical aperture (NA) 
of the optical fiber, we used two types of optical fibers having different NAs, single-mode 
fibers (SMFs) and dispersion-shifted fibers (DSFs). 
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Fig. 5. Experimental setup for optically depositing carbon nanotubes onto fiber end 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

390 

After the proposal, direct synthesis method (Yamashita et al., 2004) and polymer embedding 
method (Sakakibara et al., 2005) have been reported. Though embedding CNTs into 
polymer materials have been already demonstrated (Sakakibara et al., 2003), the report was 
the first application to the passive mode-locker in the fiber-end-type configuration. The 
polymer embedding method can remove the impurities before embedding CNTs into 
polymer materials. The method requires setups for polymer material processing, and the 
large number of CNTs is not settled through optical pass of devices. In the direct synthesis 
method, CNTs were directly synthesized onto optical fiber ends, and the fiber produced 
passively mode-locking of a fiber laser. However, there is no method to remove impurities 
in as-synthesized CNTs, and consequently ultra-high performance CNT fabrication setup is 
required.  
From the next section, we show our proposal of optical deposition of CNTs. Our proposal 
offers very simple CNT-based optical device fabrication method, and efficiency of CNT-use 
drastically increases.  

3. Optical deposition of carbon nanotubes 
3.1 Optical deposition of carbon nanotubes onto fiber ends 
There is a problem in handling CNTs because CNTs tend to entangle with each other and 
they are difficult to be dispersed in common solvents. In optical device applications, CNTs 
are conventionally used by spraying, directly synthesizing onto a device, or embedding into 
a polymer material. These processes are mostly complicated, large-scale setups are required 
and CNTs are not efficiently used in these methods. To minimize the dissipation number of 
CNTs, we have proposed and demonstrated optical deposition of CNTs. The method 
enables area-selective deposition of CNTs only onto a core region of an optical fiber end. 
This technique will drastically improve the efficiency of CNT usage and the fabrication costs 
of CNT-based photonic devices. 
Our experimental setup is very simple as shown in Fig. 5. It is composed of just two 
equipments, a laser diode and an erbium doped fiber amplifier (EDFA). We first prepared a 
purified CNT-dispersed DMF solution. Light produced from a laser diode which had the 
wavelength of 1560 nm and the optical power of -10 dBm was amplified upto about 20 dBm 
by a high-power EDFA. The light was incident into the solution through a cleaved fiber end. 
We observed CNT deposition conditions on the fiber end facets using a microscope for 
several different optical powers. Microscopic Raman spectroscopy was used to confirm the 
existence of CNTs at selected area. To find the dependence of the numerical aperture (NA) 
of the optical fiber, we used two types of optical fibers having different NAs, single-mode 
fibers (SMFs) and dispersion-shifted fibers (DSFs). 
 

LD

1560nm
-10dBm

30dBm
EDFA

Cleaved
Fiber End

CNTs Bundle

Light

CNTs dispersed
DMF Solution

 
Fig. 5. Experimental setup for optically depositing carbon nanotubes onto fiber end 

Optical Deposition of Carbon Nanotubesfor Fiber-based Device Fabrication  

 

391 

 (a1) (b1) (c1)

 

Raman shift [cm-1]
0 500 1000 1500 2000

In
te

ns
ity

 [a
rb

. u
ni

t]

0
5000

10000
15000
20000
25000
30000
35000

(a2)

Raman shift [cm-1]
0 500 1000 1500 2000

In
te

ns
ity

 [a
rb

. u
ni

t]

0

20000

40000

60000

80000
(b2)

Raman shift [cm-1]
0 500 1000 1500 2000

In
te

ns
ity

 [a
rb

. u
ni

t]

0

20000

40000

60000

80000
(c2)

Cladding
Core

Cladding
Core

Cladding
Core

  
Fig. 6. Microscope images and Raman spectra of CNT-deposited SMF ends. Injected light 
power: (a) 20.0, (b) 21.5, and (c) 22.0 dBm. 

In Fig. 6, microscope images and Raman spectra of CNTs deposited fiber ends of standard 
SMFs are shown. Fig. 6 (a), (b), (c) correspond to incident optical power of 20 dBm, 21.5 dBm 
and 22.0 dBm, respectively. Solid circles in Fig. 6 (a1), (b1), (c1) indicate core areas of SMFs, 
and corresponding Raman spectra are shown with solid curves in Fig. 6 (a2), (b2), (c2). 
Broken circles are the areas where CNTs are deposited outside of the core, and 
corresponding Raman spectra are shown with broken curves. 
There are three major peaks in the Raman spectra of CNTs. The most typical peak of CNT 
appears at around 250 cm-1, and it due to the radial breathing mode (RBM), which is a 
vibration mode of CNTs in the radial direction. We confirmed the presence of CNTs from 
the peak. The optical power of 20.0 dBm was not enough to trap the CNTs, whereas Fig. 6 
(a) shows the existence of CNTs that may be accordingly attached to the cladding region of 
the fiber end. In Fig. 6 (b), CNTs were area-selectively deposited onto the fiber end only on 
the core region, and the Raman spectrum shows the existence of CNTs. By increasing the 
optical power up to 22.0 dBm, CNTs were not deposited onto the core region but deposited 
around the core. 
In the case of DSF, an optical power of 19.0 dBm was enough to deposit CNTs. Fig. 7 shows 
a microscope image of the fiber end facet and its Raman spectrum at the core center. By 
increasing the optical power up to 21.5 dBm, CNTs were deposited around the core. 
Stronger confinement of light in DSF reduced the required optical power for CNT 
deposition by 2.5 dB, and widened the margin to ±2 dB. 
The principle of this technique is not yet confirmed, but we presume that one possible 
mechanism is the optical tweezer effect, which is caused by the optical intensity diversion of 
the light in a solution. Another possible mechanism would be the flow of solution due to the 
injected light. The light might thermally induce convection and swirl nearby the core, and 
entangled CNTs were attached. 
It is possible to deposit CNTs onto a fiber ferrule end as shown in Fig. 8. We deposited 
CNTs onto an end facet of a standard SMF with a ferrule using an optical intensity of 21.5 
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dBm, which is the same experimental condition as that of the fiber shown in Fig. 6 (b). 
Raman spectra in Fig. 8 show that CNTs were area selectively deposited only onto the core 
region. This technique will reduce the alignment cost after CNT deposition. 
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Fig. 7. Microscope image and Raman spectrum of CNTs deposited onto DSF end using 19.0 
dBm injected light. 
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Fig. 8. Microscope image and Raman spectrum of CNT-deposited SMF end with ferrule 
using 21.5 dBm injection light. 

3.2 Passive mode locking of fiber laser using optically deposited CNTs 
In previous subsection, we have explained the method to deposit CNTs only onto the core 
region of optical fiber ends. We have deposited CNTs onto optical fiber end with ferrule 
intended to use as a saturable absorber. In this subsection, to ensure that the performance of 
the technique is sufficient for fabricating optical devices, we report a passively mode-locked 
fiber laser that employs the fiber, which had optically deposited CNTs on its fiber end. 
The experimental setup is shown in Fig. 9. An EDFA was used as the laser gain medium and 
an isolator was inserted to prevent back reflection in the cavity to ensure one-directional 
lasing. We controlled the polarization state using a polarization controller (PC). The total 
dispersion in the laser cavity was adjusted to be nearly zero by inserting a 20-m-long SMF. 
The output light came out from a 3 dB coupler. A CNT-deposited fiber on its end with 
ferrule was inserted as an alignment-free passive mode-locker. The insertion loss of the fiber 
was about 4.2 dB. We measured an optical spectrum using an optical spectrum analyzer and 
an autocorrelation trace using a second-harmonic generation (SHG) autocorrelator. 
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3.2 Passive mode locking of fiber laser using optically deposited CNTs 
In previous subsection, we have explained the method to deposit CNTs only onto the core 
region of optical fiber ends. We have deposited CNTs onto optical fiber end with ferrule 
intended to use as a saturable absorber. In this subsection, to ensure that the performance of 
the technique is sufficient for fabricating optical devices, we report a passively mode-locked 
fiber laser that employs the fiber, which had optically deposited CNTs on its fiber end. 
The experimental setup is shown in Fig. 9. An EDFA was used as the laser gain medium and 
an isolator was inserted to prevent back reflection in the cavity to ensure one-directional 
lasing. We controlled the polarization state using a polarization controller (PC). The total 
dispersion in the laser cavity was adjusted to be nearly zero by inserting a 20-m-long SMF. 
The output light came out from a 3 dB coupler. A CNT-deposited fiber on its end with 
ferrule was inserted as an alignment-free passive mode-locker. The insertion loss of the fiber 
was about 4.2 dB. We measured an optical spectrum using an optical spectrum analyzer and 
an autocorrelation trace using a second-harmonic generation (SHG) autocorrelator. 
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By injecting 200 mA to the pump laser of the EDFA and controlling the polarization state of 
the light inside the laser cavity, we achieved passively mode-locked oscillation. An optical 
spectrum of the laser output measured with a 0.1 nm resolution is shown in Fig. 10 (a). The 3 
dB spectral width was 3.2 nm. The SHG autocorrelation trace with a 50 fs resolution is 
shown in Fig. 10 (b) and had a full-width at half-maximum (FWHM) of 630 fs. Assuming a 
transform-limited sech2 pulse waveform, the pulse width is calculated to be as short as 400 
fs. The pulse width was almost independent of EDFA gain and was highly dependent on the 
dispersion of the laser cavity.  
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Fig. 9. Experimental setup for passively mode-locked fiber laser using a CNT-deposited 
fiber as a saturable absorber. 
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Fig. 10. Optical output characteristics of passively mode-locked fiber laser in Fig. 9 (a) 
Optical spectrum (resolution 0.1 nm). (b) SHG autocorrelation trace (resolution 50 fs). 

4. In-situ monitoring of optical deposition of carbon nanotubes onto fiber end 
The method described in the previous section requires only a lightsource to deposit CNTs 
onto a core region of an optical fiber end. Light injection from the fiber end into CNT-
dispersed solution preferentially deposits CNTs onto core regions of optical fiber ends, 
resulting in efficient CNT-use. Optical pass alignment, therefore, is not necessary for this 
technique.  
However, the technique requires very precise control of the light injection power to deposit 
uniform and less scattering CNT layer because highly uniform CNT solution, which has 
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very small CNT entanglements, is required. Smaller CNT entanglements require higher 
injection power. With the increase of the light intensity, flow induced by the light injection 
becomes too high speed to trap the CNTs onto the core. High power injection deposits CNTs 
around the core, not on the core, as we have already depicted in Fig. 6. The upper limit of 
optical intensity depends on the flow speed caused by the injected light. Additional 
technique is, accordingly, needed to optimize injection power for each solution. In this 
section, we employed optical reflectometry to simplify the optimization process and deposit 
CNTs onto very small areas. 
The experimental setup for the in-situ optical reflectometry is shown in Fig. 11. Light at a 
wavelength of 1560 nm from a laser diode was used for both the optical deposition and the 
optical reflectometry. The light was amplified by a high-power EDFA, and subsequently 
was split into two by a 10:90 coupler. The 10 % of the light was monitored for reference by a 
power meter after 20 dB attenuation. The light of 90 % was injected from a cleaved fiber end 
into a DMF solution, where purified CNTs were uniformly dispersed. The power of the 
reflected light from the fiber end was measured by another power meter through a 
circulator. The reference and the reflected light powers were measured at every 500 msec. 
The refractive indices of DMF and silica-glass are 1.42 and 1.44, respectively. Since the 
refractive index difference between DMF and silica-glass was small, the reflection was 
suppressed before CNT deposition. On the contrary, semiconducting CNTs had the 
refractive indecies of around 3.0, though the refractive indecies of CNTs depend on their 
chiralities(Margulis & Gaiduk, 2001).  
The reflectivity drastically increased after the first deposition of an entanglement. The 
deposition was achieved by the optimization of the injection power with monitoring the 
reflection. Even if we repeat the experiment by changing the injection power with the highly 
uniform CNT solution, we could not deposit the CNTs only onto the core without the 
reflectometry. It was because there was very small margin of the injection power when we 
used the highly uniform CNT solution. Moreover, the solution condition, especially the sizes 
of the CNT bundles, changed in time and this prevented us from the preferential deposition 
without the reflectoemtry. The optical reflectometry offered the detection capability of the 
starting time of CNT deposition to the system and, consequently, controllability of the 
number of CNTs by adjusting the light injection duration after the deposition started. 
Subsequent to the process, we took microscope images and field emission scanning electron 
microscope (FE-SEM) images of the fiber ends. 
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Fig. 11. Experimental setup for optically manipulated CNT deposition with optical 
reflectometry monitoring. 
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Fig. 12 shows in-situ optical reflectometry data series which describe the deposition 
processes of thin and thick layers. Once the EDFA was turned on, its output was kept 
constant around at 20 dBm. It took a short period of time (10 - 100 s) to start the deposition. 
The start times were not the same in the two cases because the solution was not completely 
uniform. The reflectivity was as small as -40 dB because of the small refractive index 
difference between DMF and the fiber. Fig. 12 clearly show the drastic increase of the 
reflectivities about 20 dB due to the first entanglement deposition. The thicknesses were 
controlled by changing the light injection period after the increase of reflectivity. To deposit 
a thin layer, the EDFA was turned off at 8 seconds after the start of deposition as shown in 
Fig. 12  (a). In the case of the thick layer deposition, the EDFA kept on for about 4 minutes 
after the deposition starting. During the deposition, the fluctuation of reflectivity gradually 
decreased (Fig. 12 (b)). It indicates that the CNT layer gradually became uniform.  
The introduction of optical reflectometry produced important functionalities to the system: 
deposition starting time detection and in-situ layer uniformity evaluation. The thickness of 
CNT layer could be roughly adjusted by controlling duration of injection even without the 
reflectometry. Since entangled CNTs which flowed to a fiber end were trapped and 
deposited, CNT deposition did not start just after the light injection. This was the reason 
why it was difficult to control the number of CNTs. First deposition of CNT entanglement 
drastically increased reflectivity at the fiber end due to the high index contrast between 
CNTs and silica-glass. It, then, became a seed of a CNT layer and the deposition continued 
because of strong Van der Waals force among CNTs. The duration of the deposition, 
therefore, controlled the layer thickness by introducing optical reflectometry. As the layer 
became more uniform, the reflection became less affected by the solution flow. The 
fluctuation of the reflectivity gradually decreased. 
Optical microscope images of the thin and thick layers are shown in Fig. 13. The figures 
describe the thickness difference between the two layers. To directly observe the existence of 
CNTs, the layer thicknesses and the sizes of the deposition regions, we took the FE-SEM 
images of the fiber ends shown in Fig. 14 and Fig. 15. The thin CNT layer was clearly 
observed only at the core region in Fig. 14, whereas the deposited layer was very thick in 
Fig. 15. The thick layer was preferentially deposited only onto ~15 μm diameter circular 
region. This result was achieved using the highly uniform solution solution and the precise 
optimization of injection power which was enabled by the in-situ optical reflectometry. 
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Fig. 12. Data series of optical reflectometry of CNT deposition (a)thin layer deposition 
process (b)thick layer deposition process. 
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(a)

 

(b)  
Fig. 13. Optical microscope images of fiber ends with CNT layers on the core region (a) thin 
CNT layer (b) thick CNT layer. 

(a) 10μm (b) 1μm
 

Fig. 14. FE-SEM images of the fiber end with the thin layer (a) whole fiber end  
(b) magnified around the core region 

(a) 10μm (b)

~15μm

1μm
 

Fig. 15. FE-SEM images of the fiber end with the thick layer (a) whole fiber end  
(b) magnified around the core region. 
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Fig. 15. FE-SEM images of the fiber end with the thick layer (a) whole fiber end  
(b) magnified around the core region. 
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5. Optical deposition of CNTs around microfiber 
In section 3 and 4, we reported the optical deposition of CNTs onto the optical fiber ends. In 
this section, we show one aspect of versatility of the deposition method, CNT deposition 
around a microfiber. Evanescent coupling between CNTs and propagation mode of a 
microfiber is one way to realize polarization insensitve CNT device as already reported 
(Kieu & Mansuripur, 2007; Song et al., 2007). 
First, we fabricated a microfiber using an experimental setup shown in Fig. 16. A bare 
standard single mode fiber (SMF) was set on two fiber holders, which were fixed on two 
translation stages. The fiber ends were connected to an erbium doped fiber amplifier 
(EDFA) and a power meter, respectively. We fabricated a microfiber by stretching the fiber 
with heat produced by a flame. During the fabrication process, we monitored the insertion 
loss of the fiber using the power meter. The fiber was tapered down so that its taper waist 
diameter became ~6 μm. 
 

Power
meter

EDFA Flame

Bare SMF

Translation stage

Fiber holder

StretchStretch

 
Fig. 16. Schematic of fabrication of microfiber 

Next, we deposited CNTs around the microfiber using a setup shown in Fig. 17. The 
fabricated microfiber was immersed into a CNT-dispersed DMF droplet on a slide glass. 
Light from a laser diode at a wavelength of 1560 nm and at -10 dBm optical power was 
amplified up to 13 dBm by an EDFA and consequently injected into the microfiber. The 
output power was monitored by a power meter to detect start of CNT deposition, and 
consequently to control the deposition time. 
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Fig. 17. Schematic of optical deposition of CNT around microfiber 

Fig. 18 (a) shows a microscope image of a CNT-deposited microfiber, whose waist diameter 
was ~6 μm. We found that the CNTs start to be deposited around the microfiber at the incident 
power of 13 dBm. To ensure the existence of CNTs, we performed microscopic Raman 
spectroscopy. The dotted circle in Fig. 18 (a) was the area where microscopic Raman 
spectroscopy was performed. The microscopic Raman spectrum in Fig. 18 (b) confirms that the 
CNTs were certainly deposited around the microfiber. The optical deposition technique was 
confirmed to be applicable not only to deposition onto fiber ends but also to deposition around 
microfibers. We could detect the start of the CNT deposition by the drop of the output power 
due to scattering and absorption induced by deposited CNTs. We stopped the light injection 
about 5 sec after the deposition started. The excess loss induced by the tapering was 0.2 dB. 
The CNT deposition increased insertion loss by 5.8 dB and the total loss was 6 dB. 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

398 

~6μmCNTs
(a)

Microfiber

  Raman shift [cm-1]

0 200 400 600 800 1000 1200 1400 1600 1800

In
te

ns
ity

 [a
.u

.]

0

10000

20000

30000

40000

50000

60000

70000

RBM SiO2

G-Band

D-Band

(b)

 
Fig. 18. (a) Microscope image of CNT-deposited microfiber (waist ~6 μm), dotted circle 
indicates area where microscopic Raman spectrum was measured, (b) Microscopic Raman 
spectrum of CNT-deposited microfiber. 

We presume the similar phenomenon occurred both in the case of optical CNT deposition 
onto fiber ends and around microfibers. In the case of the CNT deposition onto fiber ends, 
swirl and convection caused by the light injection to a CNT-dispersed solution might 
deposit CNTs. The deposition mechanism might be the combination of the convection and 
the optical tweezer effect. On the contrary, in the present experiment, the light injection 
from air into the droplet thermally caused swirl and convection at the boundary. The swirl 
and convection induced by the light injection might deposit the CNTs around the 
microfibers. This phenomenon occurs only at the light input side boundary, and enables us 
to area-selectively deposit them onto desired position. Another possible mechanism is the 
optical tweezer effect, which can traps micro- and nano-sized objects by the optical intensity 
diversion in the solution. Evanescent field had the optical intensity diversion, and mode 
field mismatch between the air section and the DMF section caused the optical intensity 
diversion by scattering. The diversion might trap the CNTs and deposited onto the 
microfiber.  
In order to confirm the saturable absorption property of the fabricated device, we applied it 
to mode-lock a fiber laser. We inserted the fiber, mentioned above, in a fiber laser cavity to 
achieve a passive mode-locking. The experimental setup is shown in Fig. 19. An EDFA 
produced gain of the laser. The polarization state inside the laser cavity was controlled by a 
polarization controller (PC). An isolator eliminated back-reflection inside the laser cavity, 
mainly occurred at the tapering region and the CNT-deposited part. The laser output came 
out from a 10% port of a 10:90 coupler. We measured optical spectrum and second harmonic 
generation (SHG) autocorrelation trace of the laser output using an optical spectrum 
analyzer and a SHG autocorrelator. We measured pulse repetition rate using a photodiode 
and an oscilloscope. 
Fig. 20 shows an optical spectrum, an autocorrelation trace and a pulse train of the fiber 
laser output. The laser had the center wavelength at 1565 nm and the 3-dB bandwidth of 3.7 
nm. The full width half maximum (FWHM) of the autocorrelation trace was 1.61 ps, which 
correspond to inferred pulse duration of 1.14 ps (assuming Gaussian pulse profile). The time 
bandwidth product (TBP) of the pulse was 0.528. Comparing to an unchirped transform-
limited value of Gaussian pulse (0.441), the result indicates the pulse had chirp. The chirp 
was due to the residual dispersion in the laser cavity. The repetition rate of the fiber laser 
was 1.54 MHz according to the time interval of the output pulse train.  
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Fig. 19. Schematic of a passively mode-locked fiber laser using a CNT-deposited microfiber. 
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Fig. 20.  Passively mode-locked fiber laser output (a) Optical spectrum of the fiber laser 
(resolution: 0.1 nm) (b) Autocorrelation trace of laser output (resolution: 50 fs,) 
corresponding pulse width: 1.14 ps (assuming Gaussian pulse) (c) Output pulse train of the 
fiber laser (repetition rate: 1.54 MHz) 

6. Conclusion 
In this chapter, we have proposed and demonstrated the optical deposition method of 
CNTs. After brief introduction of this chapter (section 1), we explained the general 
characteristics, optical properties, and optical devices based on CNTs in section 2. From 
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section 3, we reported optical deposition of CNTs. In section 3, we deposited CNTs by 
injected light from the optical fiber end into a CNT-dispersed solution. In subsection 3.1, we 
area-selectively deposited CNTs only onto the core region of optical fiber ends, such as a 
bare SMF and a bare DSF, by controlling the injection power. The area-selectivity was 
confirmed by microscopic Raman spectroscopy. A SMF with ferrule could be used as a 
deposition object, and it produced passive mode-locking of a fiber laser after the deposition 
(subsection 3.2).  
The result confirmed the technique to have good performance of CNT-based device 
fabrication. However, the result showed that we need strict power control of the injection 
light within 2 dB for SMF. To solve this problem, we employed optical reflectometry into the 
method for in-situ monitoring of the deposition in section 4. The reflectometry offered easy 
optimization method for the injection power control. We deposited CNTs onto very small 
area (~15 μm diameter circular region) using highly uniform CNT-dispersed solution. 
In section 5, we showed that the optical deposition method was also applicable to 
microfibers. We achieved CNT deposition around a microfiber, which were immersed in a 
CNT-dispersed DMF droplet, by injecting light through the microfiber. We confirmed the 
fiber could be used as a passive mode-locker in a fiber ring laser. 
We believe our proposed method, optical deposition of CNTs, will contribute to 
development of ultrafast photonic applications based on CNTs in device fabrication aspect.  
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1. Introduction 
1.1 Research background 
Interest in the Tm3+-doped fiber laser originates from its emission band in the range of 1400-
2700nm lying between the bands of Er3+ and Nd3+ ions. Since the advent of double-cladding 
configuration of fiber and the recent technological development of high-power laser diodes, 
output power (performance) of Tm3+-doped fiber lasers has scaled exponentially. Up to 
date, the maximum output achieved in Tm3+-doped fiber lasers has been comparable with 
that from Yb3+-doped fiber lasers. Laser beam in the 2~3μm wavelength range has wide 
applications. First, it is a good candidate in laser microsurgery due to high absorption of 
water in this spectral region thus can provide high-quality laser tissue cutting and welding. 
In addition, this wavelength-range laser has potential applications in environment 
monitoring, LIDAR, optical-parametric-oscillation (OPO) pump sources, and so on [1-4]. 
For obtaining laser emission in the mid-infrared wavelength region, the Tm3+-doped fiber is 
an excellent candidate due to several unique advantages it possesses. First, the Tm3+-doped 
fiber has a strong absorption spectrum that has good overlap with the emission band of 
commercially available AlGaAs laser diodes, which have been significantly developed and 
are being developed with an unprecedented speed. Second, the specific energy-level 
structure of Tm3+ ions provides the Tm3+-doped fiber laser a special advantageous energy-
transfer process-the 3H4+3H6→3F4+3F4 cross relaxation process. In this process, two excited-
state ions can be obtained with depletion of just one absorbed pump photon. With an 
appropriately high doping level, the cross relaxation process can offer a quantum efficiency 
close to two, which greatly improves the efficiency of the Tm3+-doped fiber laser. Thirdly, the 
Tm3+-doped fiber has a very broad emission band, spanning over more than 400 nm. This 
feature offers the Tm3+-doped fiber laser an especially high-degree wavelength tunability, 
which is very useful in applications such as spectroscopy, atmospheric sensing and so on.  

1.2 Host material of Tm3+-doped fiber  
For laser ions, the combination of the energy gaps between the excited level and the one just 
below it and the maximum phonon energy (MPE) plays an important role in the 
nonradiative relaxation rate, which in turn has a significant influence on the laser efficiency 
originated from the excited states. For Tm3+ ions, different host materials show a great 
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difference in the MPE value. Two most common host materials used for Tm3+ fibers are 
silica and fluoride glass. Their MPE differs about several times, being 1100 cm-1 (silicate) and 
550 cm-1 (fluorides), respectively [5]. Large MPE of the silicate glass fiber limits its infrared 
transparency range less than 2.2 μm and improves its multiphonon relaxation rates. 
Therefore, fluoride fibers are preferred as the host material for Tm3+ ions to achieve 
comparatively longer-wavelength emission. 
In Tm3+-doped fiber lasers, the 3F4→3H6 transition is usually exploited to achieve the ~2 μm 
high-power laser output. This transition can produce a very wide emission band, providing 
a broad tuning range for lasers and a wide optical bandwidth for amplifiers. However, the 
relaxation of the 3F4 level is predominantly nonradiative. The measured lifetime of the 3F4 
level for Tm3+ doped silica fiber is just 0.2 ms [6] showing a high nonradiative rate thus low 
quantum efficiency. Therefore, Tm3+-doped fiber lasers usually have high laser thresholds. 
On the contrary, Tm3+-doped fluoride fiber lasers have comparatively lower thresholds due 
to a low MPE. The high nonradiative rate, however, does not impair laser slope efficiency, 
because stimulated emission will dominate nonradiative relaxation once the laser has been 
risen above threshold. Due to high damage threshold and the very effective modified 
chemical vapor deposition (MCVD) technique for fiber fabrication, Tm3+ silica fibers are 
usually chosen to construct high-power 2-μm fiber lasers. 

1.3 Fiber design for cladding pumping 
Tm3+-doped fibers can be either core pumped or cladding pumped. In the past, the fiber 
laser was usually core pumped. The fiber core areas are generally <100 μm2, which limit the 
power scalability because this method depend on expensive high-beam-quality pump 
sources. Since the invention of double cladding fiber configuration with a larger cladding 
area >10000 μm2, together with a high numerical aperture (NA) of 0.3-0.55, output power of 
Tm3+-doped fiber lasers can be greatly improved by use of high-power diode-arrays as 
pumping sources. 
In the design of fibers for cladding pumping, the core of the fiber is usually made small (such 
as less than 5 microns) to guide a single-transverse mode (LP01). The cladding generally has a 
much larger cross section (several-hundred-micron diameter) for high-power launching, and 
the shape of the cladding can be flexible with novel consideration. The shape of the inner 
cladding of the fiber has a great impact on the absorption efficiency of launched pump light. In 
the past, the inner cladding is used to be circularly symmetric, which can be drawn with ease 
and is compatible with the pig-tail fiber of the pump LD. However, the circular symmetry will 
make large portion of the pump light to be skew light, greatly reducing the absorption 
efficiency of doping ions. In order to improve the utility efficiency of pump sources, and take 
the pump light shape into account (compatible with the inner cladding shape), various double 
cladding fiber structures are invented, as shown in Fig. 1. By using these double cladding 
fibers, the pump efficiency is significantly enhanced.  

1.4 Tm3+-doped fiber laser cavity structure 
The fiber laser resonator can be very simple when it is in free-running regime. The 
commonly adopted three kinds of fiber laser resonators, defined as Fabry-Perot resonator, 
are shown in Fig. 2. Fig 2 (a) is the simplest cavity, the pump light is launched into the fiber 
through a dichroic mirror, which is high reflective for laser light. Laser oscillation forms 
between this dichroic mirror and the distal-end fiber facet (~4% Fresnel reflection). In this 
cavity configuration, addition of output coupler or pump-light reflector will improve the 
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Fig. 1. Various shape of the double cladding fiber cross section 

 
Fig. 2. Tm3+-doped fiber laser resonators (a) Single-end forward pumping; (b) Single-end 
backward pumping; (c) Double-end pumping. 

Double-clad fiber 

Laser 

(a) 

Coupling system 

Dichroic mirror 

(b) 

(c) 

Coupling system 

Dichroic mirror 

Laser 

Double-clad fiber 

Double-clad fiber 

Laser 

Reflection mirror 

Pump light 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

406 

optical efficiency of the fiber laser. In Fig 2 (b), the pump light is launched into the fiber from 
the output end, and the dichroic mirror is set at 45 degree with respect to the fiber axis for 
extracting laser output. At the distal fiber end, a signal high reflection mirror is added to 
form the laser resonator. The cavity of Fig 2 (c) is used to further improve the pump power 
that can be launched into the fiber for the aim of power scaling. 
In order to realize wavelength tuning, and at the same time obtain narrow-width laser 
spectrum, a bulk gratings can be put in the cavity as the output coupler. However, 
wavelength-tuning with bulk grating is inconvenient, and brings laser instability. The 
commonly used wavelength-tuning fiber laser resonator is constructed by using fiber Bragg 
gratings as the feedback device and output coupler, as shown in Fig. 3. This kind of fiber 
laser resonator can provide not only wavelength tuning, but also narrow spectral width and 
high stability.  
 

 
Fig. 3. Complete-fiber resonator with fiber Bragg grating. 

1.5 Spectral characteristics of Tm3+-doped silica fiber 
Our aim is to focus on the development of high-power ~2μm fiber laser, so the description 
about the spectral characteristics is only confined to the Tm3+-doped silica fiber. The 
absorption spectrum of Tm3+-doped silica fiber is shown in Fig. 4 [7]. This spectrum has 
strong absorption near 790 nm, which has good overlap with the emission band of present 
fully developed AlGaAs diode lasers. This feature of the Tm3+-doped fiber laser makes the 
pump process comparatively easier and less expensive, offering an exciting potential for 
power scaling in the 2-μm wavelength range.  

 
Fig. 4. Absorption spectrum of Tm3+-doped silica fiber 
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The simplified energy-level diagram of Tm3+ ions is shown in Fig. 5. The pump light at ~790 
nm excites Tm3+ ions from 3H6 to 3H4, which then nonradiatively decay to the upper laser 
level of 3F4 with a fluorescence lifetime of 0.55 ms [8]. The transition from 3F4→3H6 will 
radiates photons at wavelength of ~2μm. Due to large Stark splitting of the lower laser level 
(the ground state level), the Tm3+-doped fiber laser is a quasi-four-level system.  
 

 
Fig. 5. The simplified energy-level diagram of Tm3+ ions 

The special energy-level structure of Tm3+ ions provides the Tm3+-doped silica fiber laser the 
advantageous cross relaxation process (3H4+3H6→3F4+3F4). With this process, high quantum 
efficiencies can be achieved in Tm3+-doped fiber lasers by appropriately improving the ion 
doping concentration. The cross relaxation process, as shown in Fig 6, can produce >100% 
quantum efficiencies for Tm3+-doped fiber lasers [9-10]. In experiment, slope efficiency larger 
than 60% has been achieved (quantum efficiency>150%) in Tm3+-doped fiber lasers [11-12].  
 

 
Fig. 6. Cross relaxation between Tm3+ ions. 

In Tm3+-doped silica fiber lasers, high-degree Stark splitting of the 3H6 level by local electric 
field produces a broad emission band (>400 nm), as shown in Fig. 7 [13]. This special broad 
emission band makes Tm3+-doped fibers very suitable for wavelength tuning. 
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Fig. 7. The emission spectrum of the 3F4 →3H6 transition in Tm3+-doped silica fiber 

1.6 Pump sources 
With the fully development and decreasing cost of AlGaAs diode lasers, diode lasers are the 
primary and ultra most preferred pump source in pumping ~2μm Tm3+-doped fiber lasers at 
present. The 790-nm diode lasers pump Tm3+ ions to the 3H4 level, which can lead to the 
advantageous cross relaxation process, greatly enhancing the quantum efficiency of Tm3+-
doped fiber lasers. From the absorption band of Tm3+ ions, light sources at other wavelength 
can also be used as the pump. As shown in Fig. 8, apart from 790nm, the pump sources 
include the 1.064μm and 1.319μm output from Nd:YAG lasers, 1.09 μm from Yb-doped fiber 
lasers, and 1.57μm Er3+-doped fiber lasers.  
 

 
Fig. 8. The schematic of Tm3+ silica fiber with different pump wavelength.  

The advantage of the 1.064 μm and 1.09 μm pumping is that Nd:YAG lasers and Yb-doped 
fiber lasers have been fully developed, which can be obtained with ease and low cost. This 
wavelength is used for the 3H5-band pumping. Due to strong ESA, this band pumping leads 
to slope efficiencies less than 30% [14-15].  
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When the 1.319μm Nd:YAG laser is used as the pump source for Tm3+-doped fiber lasers, 
the Tm3+ ions are pumped to the 3H5 level. The small absorption cross section of the pump 
light limits the slope efficiency of the 1.319μm-pumped Tm3+-doped fiber laser. Besides, at 
this wavelength, excited-state absorption of the pump is strong. Therefore, the slope 
efficiency of Tm3+-doped fiber lasers with this kind of pump source is less than 25% [16]. 
When the Tm3+-doped fiber laser is pumped at 1.57μm wavelength, the system is defined as 
a resonant pump structure due to the pump level (3F4) is also the upper laser level. Such a 
pump scheme has a small Stokes shift, thus can provide high operation efficiencies for Tm3+-
doped fiber lasers. With this pump technique, M. Meleshkevich reported a slope efficiency 
of 60% with respect to absorbed pump power [17]. However, this pump scheme cannot 
make use of the advantageous “cross relaxation” as the 790-nm pumping. Therefore, the 
highest efficiency is also less than that has been achieved in 790-nm-pumped Tm3+-doped 
fiber lasers.  

1.7 Recent power scaling of CW Tm3+-doped fiber laser 
The first ~2μm laser output from the 3F4→3H6 transition in Tm3+-doped silica fiber laser was 
achieved by Hanna et al in 1988 with a 797-nm dye laser as the pump source [18]. With the 
advent of AlGaAs diode lasers, diode-pumped Tm3+-doped silica [19] and fluoride [20] fiber 
lasers were both realized in 1990. 
The first high-power double-clad Tm3+-doped silica fiber laser was reported by Jackson in 
1998. The maximum output power is 5.4 W, and the slope efficiency is 31% [21].  In 2000, the 
output power was improved to 14 W with a slope efficiency of 46% [22]. In 2002, the 793-nm 
laser diode pumped Tm3+-doped fiber laser has achieved a power output of 85 W with the 
slope efficiency of 56%. At the same power level, 75 W 2μm laser output was realized in an 
Yb-Tm codoped fiber laser, where ytterbium ions are used as sensitizing ions to facilitate 
pumping with 976 nm diodes. The slope efficiency however is just 32% due to the lack of 
“cross relaxation” process compared with those directly 790-nm pumped Tm3+-doped fiber 
lasers [24]. In 2007, G. Frith reported a Tm3+-doped fiber laser with output power improved 
to 263 W and the slope efficiency of 59% [25]. In 2009, the 2 μm output power from the Tm3+-
doped fiber laser was significantly enhanced to 885 W with a slope efficiency of 49.2% [26]. 
In addition, single frequency output has also been over 600 watts [27]. Further improving 
the 2-μm laser output over 1-kilowatt level, comparable with Yb-doped fiber lasers, is just a 
matter of time. 

2. Short-length Tm3+-doped silica fiber lasers 
2.1 Introduction 
Compared with long fiber lasers, short fiber lasers have many unique advantages. First, 
short fiber lasers can provide narrow-linewidth laser emission due to large axial mode 
spacing. From the equation [28] 
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the shorter the fiber length, the larger the axial mode spacing. In a same broad gain 
spectrum, short fiber length leads to fewer axial modes obtaining enough gain to overcome 
cavity loss achieving oscillation. Therefore, the laser spectrum will be much narrower with 
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shorter fiber length. Second, in pulsed laser operation, short fiber lasers are preferable to 
produce short pulse-width emission with high peak power. The laser pulse width can be 
expressed by [29] 
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where, δ0 is the single-pass cavity loss, η(r) is the energy extraction efficiency, r is the pump 
strength, L is the cavity optical length. We can see that the laser pulse width is proportional 
to the fiber length. Therefore, short fiber laser is preferred to achieved short pulse duration, 
thus achieve high peak power. In addition, short fiber lasers are free from the undesired 
nonlinear effects such as stimulated Raman, Brillouin scattering and so on.  
Short-length Tm3+-doped fiber lasers can be used to achieve single frequency output [7, 30-
31], as well as moderate-level laser output [32] in the mid-infrared region. Such kind of 
compact mid-infrared laser device has great potentials in communication and integrated 
optical systems. Power scaling of short Tm3+-doped fiber lasers will improve the utility of 
2μm fiber lasers and speed the development of compact fiber laser systems. 
In this section, short thulium-doped fiber lasers with high-power output are introduced. 
Besides, the performance dependence of such kind of laser on temperature and cavity 
parameters are discussed.  

2.2 Experiment and CW output 
The double-cladding thulium-doped fiber has a 30 µm diameter, 0.22 N.A. core doped with 
~2wt.% Tm3+. The pure-silica cladding, coated with a low-index polymer, has a ~410 µm 
diameter and a N.A. of 0.46. The cladding absorption coefficient at the pump wavelength 
(790 nm) is ~7dB/m. These fiber specifications of large fiber cross section, large ratio of core 
diameter to cladding diameter, high N. A. and high doping concentration make it possible 
to achieve high output power from short length of fibers. The pump source for the 
experiment is a single high-power LD bar, operating TM mode centered at 790 nm, shifting 
to ~793 nm at comparatively higher operating temperature. With this pump source, the 
maximum power launched into the fiber is near 12 W. 
The laser cavity configuration is shown in Fig. 9 [33]. The laser pumping beam is reshaped 
first by a micro-prism stack, and then focused into a circular spot of ~0.5×0.5 mm diameter 
with a cylindrical lens and an aspheric lens. The focused pump beam is launched into the 
thulium-doped fiber through a dielectric mirror. The pump end of the fiber is butted 
directly to the dielectric mirror with high reflectivity (>99%) at 1850~2100 nm and high 
transmission (>97%) at 760~900 nm. The distal end of the fiber is directly butted to the 
output coupler with ~90% reflectivity at 1800~2000 nm to build a Fabry-Perot laser 
resonator. During the course of the experiments, the fiber is clipped between two copper 
sheets, which are closely fixed onto a water-cooling heat sink. The combination of a 
dielectric mirror (R>99%@1850~2100nm, T>99%@7 90 nm) and a Ge filter is used to extract 
the laser light and block the unabsorbed pump light.  
Figure 10 shows the output power of a 7-cm length fiber laser as a function of launched 
pump power without water-cooling (40°C) [33]. When the cavity is constructed with an 
output coupler of 10% transmission, the laser has a threshold pump power of 135 mW and a 
maximum output power of 1.09 W. When the pump power is over 10 W, rollover of the 
output power occurred, which probably stemmed from large amount of heat generated in 
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the fiber due to large quantum defect. The slope efficiency of the fiber laser is about 9.6% 
with respect to launched pump power, which is much higher than that of silica based DFB 
fiber lasers [7, 32], but lower than that from a thulium-doped germinate glass fiber laser [31]. 
The comparatively low slope efficiency can be accounted by poor pump absorption due to 
relatively low doping concentration and short fiber length. Another alternative explanation 
can be related to the background loss of the silica-based fiber at wavelengths longer than 1.8 
µm [34]. When the output coupler mirror is removed and only the 4% Fresnel reflection of the 
fiber end is used to complete the laser cavity, the maximum output power and slope efficiency 
decrease to 0.96 W and 8.7%, respectively. However, below 2.3 W of pump power, the fiber-
end output coupler leads to slightly higher output power. Different output coupling seems to 
have little influence on the threshold pump power, which remains around 135 mW. 
 

 
Fig. 9. Schematic diagram of the experimental setup. HT: high transmission; HR: high 
reflection; CL: cylindrical lens; AL: aspheric lens. 
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Fig. 10. Output characteristics of a 7 cm-length fiber laser with 10% output coupler and 
fiber-end-face coupler (R~4%). Inset is the laser beam spot. 
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In order to find out the influence of the spacing between the rear fiber end and the output 
coupler, a 6-cm-long fiber is used. The air spacing is denoted by Ls. This fiber laser is still 
operated with just air convectional cooling (40°C). The output characteristics are shown in 
Fig. 11 [33]. When Ls =0, a maximum output power of 496 mW and a slope efficiency of 4.6% 
can be obtained. When Ls =0.5 and 1 mm, the laser operation efficiency decreases greatly: the 
maximum output power reduces to 328 mW, and the slope efficiency decreases to 2.95%. 
This can be accounted by large reduction of the cavity Q factor by strong fiber-end 
diffraction loss. As far as Ls =0.5 mm and Ls =1 mm are compared, no significant different 
performance can be observed. 
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Fig. 11. Output characteristics of a 6 cm-length fiber laser with different air spacing between 
distal fiber end and output mirror. 

2.3 Influence of temperature 
In Tm3+-doped fiber lasers, the ground-state level is Stark splitted into many sub levels. The 
Tm3+-doped fiber laser is a quasi-four-level system, so the operation temperature has an 
important impact on the laser efficiency. For simplicity, we assume the ground state level of 
the Tm3+ ion is spited into just two sub levels N1 and N2. N1 is the level where pump 
absorption starts from, and N2 is the lower laser level. Between these two Stark levels, the 
population follows the Boltzman distribution [35]  
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where, E1 and E2 are energies of these two levels, k is the Boltzman constant and T is 
temperature. From the above expression, different temperatures will lead to different 
population distributions between N1 and N2, which in turn has an influence on the 
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diffraction loss. As far as Ls =0.5 mm and Ls =1 mm are compared, no significant different 
performance can be observed. 
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Fig. 11. Output characteristics of a 6 cm-length fiber laser with different air spacing between 
distal fiber end and output mirror. 

2.3 Influence of temperature 
In Tm3+-doped fiber lasers, the ground-state level is Stark splitted into many sub levels. The 
Tm3+-doped fiber laser is a quasi-four-level system, so the operation temperature has an 
important impact on the laser efficiency. For simplicity, we assume the ground state level of 
the Tm3+ ion is spited into just two sub levels N1 and N2. N1 is the level where pump 
absorption starts from, and N2 is the lower laser level. Between these two Stark levels, the 
population follows the Boltzman distribution [35]  
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where, E1 and E2 are energies of these two levels, k is the Boltzman constant and T is 
temperature. From the above expression, different temperatures will lead to different 
population distributions between N1 and N2, which in turn has an influence on the 
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population inversion for the laser transition. Therefore, the laser operation temperature will 
have an important impact on laser efficiency.  
A 5.5-cm long Tm3+-doped fiber laser is constructed to observe the impact of the fiber 
operation temperature on the laser efficiency. The operation temperature of the fiber is 
controlled by changing the temperature of the circulating water through the copper heat-
sink. Without water-cooling, the operation temperature of the fiber is around 40°C. With 
water-cooling, the operation temperature can be adjusted from ~0°C to 40°C. The output 
characteristic of the 5.5-cm-lenght fiber laser with different operation temperatures is 
plotted in Fig. 12 [33]. Both the maximum output power and slope efficiency exhibit a 
notable increase as the operation temperature of the fiber laser decreases from 40°C to 10°C. 
The maximum output grows from 345 mW to 531 mW, and the slope efficiency rises from 
4% to 5.8%. The threshold pump power drops to 85 mW at operation temperature of 10°C. 
At high pump levels, a rollover of the output can be observed for all operation 
temperatures, which is accounted by saturation of pump absorption and distortion of the 
fiber end by high light intensity. At the maximum output level, the laser output fluctuation 
is less than 5% (as shown in the inset of Fig. 12), showing high stability of short-length Tm3+-
doped fiber lasers.  

 
Fig. 12. Output characteristics of a 5.5 cm-length fiber laser with different operation 
temperatures; inset is the output power versus time (minute) at constant pump (11.8W) and 
operation temperature (40°C). 

2.4 The laser spectra 
Fig. 13 is the laser spectrum of the 5cm-length Tm3+-doped fiber laser measured at pump 
power of 10 W (output of ~500mW). It is clear that the short fiber laser operates in few 
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longitudinal modes. This is because that the fiber length is small, leading to a large 
longitudinal mode spacing, only few modes can obtain enough gain to initiate laser 
oscillation. The main spectral peak situates at 1970 nm, with a FWHM of ~3 nm. This 
spectral band width is much narrower than that obtained in the longer fiber laser [23], 
whose laser band width is tens of nm. Therefore, it is much easier to achieve single-
frequency laser output with short-length Tm3+-doped fibers. The existence of another small 
spectral peak indicates the mode competition in the short Tm3+-doped fiber laser.  
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Fig. 13. Laser spectrum of the 5cm-length Tm3+-doped fiber laser 

The laser spectra of this short fiber laser under different pump power levels are shown in 
Fig. 14. When the pump power is 0.8 W, the laser only shows one spectral peak. The single- 
spectral-peak operation preserves with improvement of the pump to 2 W. When the pump 
is increased to 5W, laser operation changes from single spectral peak to two spectral peaks. 
At high pump level, mode hopping occurs, e.g. the main spectral peak changes to 1997 nm 
at the pump power of 8 W. The mode hopping phenomenon is probably due to changes of 
the cavity configuration parameters induced by the variation of the circumstance (such as 
fiber temperature or deformation of the cavity mirror).  

3. High power ~2 μm Tm3+-doped silica fiber laser and its wavelength 
tunability 
The Tm3+-doped fiber laser pumped by diode lasers has a great potential to scaling its 
output comparable to or even over the Yb3+-doped fiber laser. This is because that Tm3+-
doped fiber can be pumped at around 790 nm, where efficient diode lasers are readily 
available. Another reason is that the Tm3+-doped fiber laser can benefit from the cross- 
relaxation process, obtaining two excited Tm3+ ions for one pump photon. Therefore, the 
Tm3+-doped fiber laser can provides, in theory, a maximum efficiency of 82% (a maximum 
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Fig. 14. Laser spectrum of the 5cm-length Tm3+-doped fiber laser at different pump levels  

quantum efficiency of 200%). Since 1998, the output power of double-clad Tm3+-doped fiber 
laser has scaled steadily, especially when Al was codoped into the fiber to improve the Tm3+ 
doping level [36-37]. At present, the maximum CW output from the 2μm Tm3+-doped fiber 
laser has arrived at 885W [26]. With further improvement of the pump diodes and pumping 
techniques, the 2μm output from the Tm3+-doped fiber laser will be over 1 kilowatts and rise 
to tens of kilowatts. 
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3.1 Power scalability of Tm3+-doped fiber laser 
In this section, the power scalability and the limitation of Tm3+-doped fiber lasers is 
analyzed and discussed. Detailed analysis shows that Tm3+-doped fiber lasers have higher 
power scaling capabilities than that of Yb fiber lasers, i.e. higher power can be achievable 
from Tm3+-doped fiber lasers than Yb fiber lasers. Thereafter, a 100-W CW Tm3+-doped silica 
fiber laser with 60% slope efficiency is demonstrated experimentally and a design of twisted 
slab-like Tm3+-doped fiber with the modal area of 5000μm2 is proposed for high-power 
Tm3+-doped fiber lasers. 

3.1.1 Introduction 
Compared with solid-state lasers, fiber laser has many advantages, such as good heat 
management (large surface to volume ratio), high beam quality, compactness and high 
stability [38-39]. Yb-doped fiber lasers have always been the research interest due to its 
merits such as high output and high slope efficiency. Since the invention of double-clad 
fiber, the output power of Yb fiber laser follows the Moore’s law of fiber laser-Payne’s law, 
i.e. the laser output doubles every two years. The 2μm laser wavelength from the Tm3+-
doped fiber laser is “eye-safe”, which has wide applications in medical treatment, 
optoelectric Lidar and pump sources for mid-infrared lasers. Although Tm3+-doped fiber 
lasers appear later than the Yb fiber laser [40], and the output power is lower than that of the 
latter, the output of the Tm3+-doped fiber laser also follows Payne’s law.  

3.1.2 Limitation and advantages for power scalability of Tm3+-doped fiber lasers 
1. Energy levels of the Tm3+-doped fiber laser 

In Tm3+-doped fiber lasers, the 2μm laser light comes from the transition 3F4→3H6. the 
energy level diagram of Tm3+ ions is shown in Fig. 15 [41]. Due to strong Stark splitting of 
the 3F4 level, the Tm3+-doped laser is a quasi-four-level laser system. Besides, ions have a 
much smaller absorption cross section of 1.14×10-21cm2 [40] than that of Yb3+ ions (7.7×10-

21cm2). Therefore, the Tm3+-doped fiber laser requires more bright pump diode lasers to over 
its threshold. For the 3F4 upper laser level, the emission cross section is σemi=0.6×10-21cm2 
[40]. The saturation intensity can be calculated from the expression [42]  
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hI ν
σ τ
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where τf is the lifetime of the upper laser level. 
From the calculation, we obtain the saturation intensity Isat = 0.5kW/cm2.However,the 
present output laser intensity of Tm3+-doped fiber lasers has arrived at 2GW/cm2, far over 
the saturation intensity. Therefore, high extraction efficiencies near quantum limitation can 
be achievable. In practice, the accessible laser efficiency is influenced by the physical-
chemical features (spectrum, clustering, solubility and re-absorption, et al) of Tm3+ ions 
doped in silica fibers. The doping level of Tm3+ in silica fibers is usually lies in the 5000ppm 
level, and the fiber length is less than 13 meters. These conditions play a basic limitation in 
the output and energy-storing capability for the Tm3+-doped silica fiber laser.  
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Fig. 15. Diagram of the energy levels of Tm3+ ions 
2. Optical damage 
Optical damage to fiber is always a factor should be considered when high power output is 
expected from fiber lasers, because the optical damage of fiber set a upper limit for achieved 
power. Optical damages to fiber mainly include the material damage by instant light 
intensity and the photo-darkening effect by long-time illumination. In order to obtain single-
transverse-mode operation, the normalized frequency of fiber should be 
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Where, d is the fiber diameter, and N.A. is the fiber numerical aperture. Limited by the fiber 
drawing technique and bend loss, the N.A. of fiber is generally less than 0.06. Therefore, the 
diameter of single-mode fiber cannot be too large. To obtain the same V, 2μm-fiber can have 
a diameter twice that of 1μm-fiber, thus a cross section of 4 times larger. Therefore, the 
Tm3+-doped fiber is more preferred to achieve single-mode high power laser output.  
Damage to bulk fiber 

The damage to silica fiber by high-power laser is a complicate process, including many 
factors such as local heating induced glass fracture, glass evaporation, and non-linear 
effects, et al. By using 1-μm laser in measurement, damage threshold of silica fiber was 
obtained from 16GW/cm2 to 400GW/ cm2, showing great discrepancy. When Yb3+ ions are 
doped, the damage threshold will decrease to be 0.5~0.8 times that of the pure silica fiber 
[43]. As far as the fiber facet is considered, the damage threshold will drop to 1/4 times that 
of pure silica fiber due to the impact of surface plasma, being about 40GW/cm2 [44]. For the 
passive components in fiber lasers, such as fiber gratings, coated mirrors and fiber couplers, 
the damage threshold will be further decreased. At present, the maximum light intensity 
achieved in 1μm fiber laser is 2GW/cm2, much lower than the fiber damage threshold.  
As shown in Fig. 16, the silica fiber has much stronger absorption at 2μm wavelength than at 
1μm wavelength. Therefore, the silica fiber damage threshold will be lower at 2μm 
wavelength (~40GW/cm2) than at 1μm wavelength. On the other hand, the surface plasma 
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effect will be smaller by 2μm laser, which will improve the damage threshold to some 
extent. In experiment, the 2μm laser light intensity achieved in the Tm3+ fiber has arrived at 
2GW/cm2, being the same order of magnitude with that of 1μm laser.  
As far as short-pulse (ps to ns regime) lasers are concerned, when neglecting self-focusing 
and other factors, the damage threshold of silica fiber follows the integrating law, which can 
also be applied to silica fiber laser [43].  

 2 /thresE P tπ≈ Δ , (3) 

where, P is peak power and Δt is the pulse width. The damage threshold peak power P= 
475GW/cm2 is nearly unchanged [43], indicating that heating effect is not the mail factor 
leading to fiber damage. For fs-level laser pulses, self-focusing will be the primary source of 
fiber laser, and eq. (3) cannot be used.  

 
Fig. 16. Optical loss of Yb and Tm lasers, and their respective SRS emissions in silica fiber 
Photo-darkening 

Photo-darkening is the phenomenon that, after long time of laser operation, high-energy 
photons will induce color-center and defects in silica fiber, thus lead to growth of laser 
absorption and decrease of laser efficiency. Photo-darkening mainly stems from the 
radiation of UV and visible light. After 4 hours’ radiation of 5 mW laser light at 488 nm, 
photo-darkening can be clearly observed. The photo-darkening-induced absorption primary 
occurs in the UV and visible spectral range. However, due to the fact that silica fiber itself 
has very weak absorption at the 1~2μm wavelength range, even slight photo-darkening will 
reduce the efficiency of fiber lasers [45].  
Photo-darkening is extensively observed in Tm3+-doped fiber lasers. Therefore, photo-
darkening was considered a hamper limiting long-time operation of Tm3+-doped fiber lasers 
pumped by 790 nm diode lasers. However, present experiment has shown that Tm3+-doped 
fiber laser can operate stably over 2000 hours [46], close to that of Yb fiber lasers. Employing 
pre-radiation with UV light will decrease photo-darkening effect, thus enhance the lifetime 
of Tm3+-doped fiber lasers.  
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3. Thermal issues 
Larger ratio of surface to volume of fiber provides fiber lasers a good heat management 
system [47]. The heat generated in fiber core through multiphonon relaxation can be 
effectively dissipated by radiation and convection from the outer surface of the fiber. Most 
important is that, due to the guiding effect of fiber, even large temperature gradient exists 
will not deteriorate the light beam quality severely. However, with enhancement of output 
power, thermal issues of the Tm3+-doped fiber laser become serious and should be 
considered carefully. 

Heat effects 

Just as the Yb fiber laser, the key factor deciding how high power the Tm3+-doped fiber laser 
can endure is the melting temperature of the fiber core. By adopting positive cooling, the 
heat resistance ability of the Tm3+-doped fiber laser is about 100 W/m.  
The 790nm-pump Tm3+-doped fiber laser has the “one-for-two” energy-transfer process-
cross relaxation [23], there exist three transitions leading to occurrence upper laser level ions 
from absorbing a pump photon. They are (1) n3→2⋅n1 (cross relaxation); (2) n3 →n2 → n1; and 
(3) n3 → n1. Taking into account the up-conversion and re-absorption, the quantum 
efficiency of achieving upper laser level ions is 

 3101 3101 3201[2 ] las up reabsη η η η η η η′= + + − −  (3) 

Neglecting some weak effects, the expression can be simplified to 

 31 31 31 322 (1 )( )η η η β β= + − +  (4) 

From the parameters of Tm3+-doped silica fiber, we can obtain η = 0.74, which is comparable 
with that of Nd:YAG laser. The quantum efficiency of Tm3+-doped fiber laser is also related 
to the doping concentration, operation temperature and other cavity parameters. Based on 
the heat management capability, it is concluded that the Tm3+-doped fiber laser can provide 
a output potential of about 300W/m. 

Efficiency decrease by operation temperature 

The ground state energy level of Tm3+ ions is consisted of a series of sublevels, forming a 
continuous energy band with a broad bandwidth of 5770 cm-1 [48]. This feature provides the 
Tm3+-doped fiber laser a quasi-four level laser system, possessing high temperature 
stability. At kilowatt level, the reduction of population inversion of Tm3+-doped fiber laser 
due to temperature growth is less than 1%.  
Based on a 5.5cm-length Tm3+-doped fiber laser, the influence of temperature on the laser’s 
efficiency has been observed, as shown in Fig. 12. When the temperature is increased from 
10°C to 40°C, the output and slope efficiency decrease about 30% [33]. The primary reason 
leading to the reduction of output power is the 0.3nm/°C wavelength shift of the pump 
diode laser, which making the pump light cannot overlap well with the Tm3+ absorption 
band, decreasing the pump absorption efficiency. If only the absorbed pump power is taken 
into account, the power reduction is just 5%. Another alternative explanation is that the 
fluorescence spectrum of Tm3+-doped fiber is broadened with temperature, decreasing the 
gain per unit-length of fiber. As far as long fiber lasers are concerned, the influence of these 
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two factors is weak. Our 100-W Tm3+-doped fiber laser experiment shows that, when the 
fiber length is 10 meters, the reduction of output power and slope efficiency induced by the 
temperature growth from 10°C to 40°C is less than 5%.  

4. Non-linear optical effects 
The silica glass itself is non-symmetric, so no intrinsic second-order non-linear effect exists 
[49]. However, the existence of third-order non-linear effect such as stimulated Raman 
scattering (SRS) and stimulated Brillouin scattering (SBS) has significant impact on high-
power CW lasers, especially single-frequency output is expected. Self-phase-modulation 
(SPM) and cross-phase-modulation (XPM) has negligible effects on CW-mode lasers, but has 
obvious impact on ultra-short pulsed lasers. Self-focusing can greatly decrease the damage 
threshold of fiber. The parameter of fiber material that is closely related with third-order 
non-linear effects is the second-order refractive index n2, which differs greatly when 
different doping and fiber drawing techniques are used. For silica fiber operating at 2μm, 
the second-order refractive index n2 is about 2.5×10-20 m2/W [49].  

SRS and SBS 

Both SRS and SBS are elastic scattering processes. SRS originates from the elastic scattering 
of optical phonons, and has a frequency shift of ~ 13THz, and is hardly influenced by the 
band width of input laser; SBS stems from the elastic scattering of acoustic phonons, and has 
a frequency shift of ~ 17GHz, and can be significantly influenced by the band width of input 
laser. When the band width of the input laser is larger than 0.5GHz, the SBS threshold will 
be significantly improved, and the SRS will be the dominant limitation for power scaling of 
fiber lasers.  
In fiber, the power threshold of SRS and SBS can be expressed as [49] 

 0 1 /eff R effP C A g L≈  (5) 

Where, C1 is the threshold parameter (CSRS=16 and CSBS=21), Aeff and Leff is effective mode 
area and interaction length, respectively. At the wavelength of 2μm, the effective SRS 
coefficient gR=5×10-14m/W [40], is just a half of the one at the wavelength of 1μm; while the 
SBS coefficient gR=5×10-11m/W [40], is the same as the one at the wavelength of 1μm. In 
fiber, the Stocks loss is also important to SRS. From Fig. 16, we can see that the Stocks loss 
will higher than the pump when laser wavelength is longer than 1.55μm. The optical loss at 
2μm (~10dB/km) is 10 times that at 1μm, so the SRS threshold in 2μm fiber lasers will be 20 
times that in 1μm fiber lasers. In Tm3+-doped silica fiber lasers, the SRS threshold is 
30~100MW/μm2. 

Self-focusing 

Self-focusing is the light beam focusing phenomenon induced by the intensity-related 
change of refractive index of the material. Due to long interaction length in fiber lasers, even 
a weak self-focusing effect will induce laser beam focusing, thus damage the fiber. The 
threshold for self-focusing in fiber is expressed by [50] 
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band width of input laser; SBS stems from the elastic scattering of acoustic phonons, and has 
a frequency shift of ~ 17GHz, and can be significantly influenced by the band width of input 
laser. When the band width of the input laser is larger than 0.5GHz, the SBS threshold will 
be significantly improved, and the SRS will be the dominant limitation for power scaling of 
fiber lasers.  
In fiber, the power threshold of SRS and SBS can be expressed as [49] 

 0 1 /eff R effP C A g L≈  (5) 

Where, C1 is the threshold parameter (CSRS=16 and CSBS=21), Aeff and Leff is effective mode 
area and interaction length, respectively. At the wavelength of 2μm, the effective SRS 
coefficient gR=5×10-14m/W [40], is just a half of the one at the wavelength of 1μm; while the 
SBS coefficient gR=5×10-11m/W [40], is the same as the one at the wavelength of 1μm. In 
fiber, the Stocks loss is also important to SRS. From Fig. 16, we can see that the Stocks loss 
will higher than the pump when laser wavelength is longer than 1.55μm. The optical loss at 
2μm (~10dB/km) is 10 times that at 1μm, so the SRS threshold in 2μm fiber lasers will be 20 
times that in 1μm fiber lasers. In Tm3+-doped silica fiber lasers, the SRS threshold is 
30~100MW/μm2. 

Self-focusing 

Self-focusing is the light beam focusing phenomenon induced by the intensity-related 
change of refractive index of the material. Due to long interaction length in fiber lasers, even 
a weak self-focusing effect will induce laser beam focusing, thus damage the fiber. The 
threshold for self-focusing in fiber is expressed by [50] 
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The threshold Pself is proportional to the square of laser wavelength. At 2μm, Both n0 and n2 
are slightly smaller than that at 1μm. Therefore, the self-focusing threshold at 2μm is more 
than 4 times that at 1μm. For 2μm fiber lasers, the self-focusing threshold is about 16MW, 
with no relation to fiber diameter. 
SPM and XPM 

In fiber lasers, SPM and XPM change the phase of ultra-short laser pulses, playing a severe 
role in the reshaping of pulses. The phase change can be calculated by 

 2
2 ( ) ( )IB n z I z dzπ
λ

= ∫ , (7) 

where, n2I is non-linear refractive index, I is light intensity and λ is laser wavelength.  
Generally, in order to keep a small phase distortion in the propagation of ultra-short pulses, 
the B integral should less than π. With the same n2, 2μm laser pulses have a smaller B 
integral than that of 1μm. Solving the propagation equations of laser pulse in fiber, the 
frequency change induced by SPM and XPM can be expressed by a non-linear character 
parameter 

 22
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πγ
λ
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The 2μm fiber laser has a comparatively smaller n2 and a comparatively larger Aeff than that 
of 1μm lasers. Therefore, the 2μm fiber laser has a non-linear character parameter about 
1/10 times that of 1μm fiber laser, providing a much higher peak-power enduring capability 
of ultra-short pulses.  

3.1.3 Power scaling techniques for the Tm3+-doped fiber laser 
Experimental results 

For achieving high power laser output, the double-clad Tm3+-doped silica fiber has a large 
doped core diameter of 27.5 µm with the N.A. of 0.20 and. High Tm3+ ions doping 
concentration of 2.5 wt.% is chosen to facilitate the cross relaxation process. A small portion 
of Al3+ ions were also doped into the fiber to suppress the energy transfer upconversion 
(ETU) processes. The pure silica inner cladding, coated with a low-index polymer, has a 400-
µm diameter and the N.A. of 0.46. The hexagonal cross section of the inner clad helps to 
improve pump absorption.  
Fig. 17 is the experimental setup for realizing the high-power Tm3+-doped fiber laser. Two 
high-power fiber-coupled LD arrays operating at ~793 nm was used as the pump source. 
The pump beam was launched into the fiber by aspheric-lens coupling system through 
dichroic mirrors. The right-hand side dichroic mirror is used to guide the 2 µm laser light 
out. The launched efficiency was as high as ~90%, and the largest pump power of 180 W can 
be launched into the fiber. The pump end of the fiber was butted directly to the dichroic 
mirror with high reflectivity (>99.7%) at 2.0 µm and high transmission (>97%) at 790 nm. 
Both fiber ends were cleaved perpendicularly to the axis and polished carefully. The ends of 
the fiber were clamped tightly in water-cooled copper heat-sinks, and the remaining fiber 
was immersed into water to achieve maximum efficiency.  
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Fig. 17. Experimental setup of the Tm3+-doped fiber laser. LD: laser diode; AL: aspheric lens; 
HT: high transmission; HR: high reflection; HS: heat sink. 

Fig.18 shows the 100-W level Tm3+-doped silica fiber laser achieved in our laboratory. When 
pumped by 790 nm diode laser, the laser output is 102 W with a slope efficiency of 58.6%. In 
this Tm3+-doped fiber laser, the power density is just 30kW/cm2, far lower than the 
previously mentioned power density limit. Therefore, power scaling this Tm3+-doped fiber 
laser to over 1 kW power level is only limited by obtaining high brightness pump diode 
lasers [51]. 
 

 
Fig. 18. Output characteristics of the Tm3+-doped fiber laser. 

Fig. 19 is the laser output spectrum. The laser spectrum is centered at 2070 nm, and has a full 
band width of about 25 nm. Due to a broad gain bandwidth, the fiber laser operates in the 
multi-mode regime. Therefore, there are many spectral peaks in the measured spectrum.  
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Fig. 19. Laser spectrum of the Tm3+-doped fiber laser. 
A novel power-scaling method 

There are two technical ways to improve the output power of the 2μm Tm3+-doped fiber 
laser over 1kW: one is by using large mode area (LMA) fibers or multi-mode fibers through 
special fiber-structure design; another way is adopting different laser cavity configurations 
such as multi-stage cavity (different cladding-size fibers are used in different stages), master 
oscillator power amplifier (MOPA) structure or laser beam combination.  
From the analysis in the previous section, we found that the limitation of power scaling of 
fiber lasers is the finite fiber diameter. In order to obtain LMA fiber together with high beam 
quality, photonic crystal fiber (PCF) can be used. Another alternative is designing the fiber 
with a W-shape refractive index. By using this method, we design a slab-core fiber, 
achieving a core mode area larger than 5000μm2 [52]. In such kind of fiber, laser in the width 
direction is multi-mode, so the key thing is to control the beam quality in this direction. 
Using the V-groove method can improve the beam quality in the width direction, but will 
decrease the mechanical feature of the fiber. Therefore, we proposed the rotating slab-core 
fiber configuration, as shown in Fig. 20. The slab-core rotates at a angular rate of θ, the trace 
of the slab-core edge can be described as  

 
cos( )
sin( )

x d z
y d z

θ
θ

=
=

 (9) 

Where, d is the slab-core width and z is the coordinate in the length direction.  
With different θ, the rotating strength of the slab core will be changed. The winding of the 
fiber core induce much higher loss for higher-order modes (suppressing the higher-order 
modes), thus laser oscillation occurs for lower-order modes. Fig. 20 shows the loss of 
different orders of modes as a function of the rotating rate of the slab core. It can be seen that 
higher-order modes can be effectively suppressed when the rotating rate of the fiber core is 
less than 2π/5cm-1.  
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Fig. 20. Mode loss of the rotating rectangular-core fiber versus the angular rotating rate. 
Conclusion and prospect 

The Tm3+-doped silica fiber laser as a kind of high efficient 2μm laser source, its further 
power scalability is not limited by the intrinsic physical mechanism of fiber. At present, the 
limitation for power scaling lies in obtaining high bright laser diodes and ultra-low-loss 
Tm3+-doped silica fibers. Compared with the 1μm Yb fiber lasers, Tm3+-doped fiber laser has 
a higher power scalability. Besides, the Tm3+-doped fiber laser has a longer lifetime of the 
upper laser level and a much broader emission band, providing itself a much better 
advantage in achieving pulsed laser output. The Tm3+-doped fiber laser has great potentials 
in high-power “eye-safe” laser output and high-peak-power pulsed laser. 

3.2 Wavelength tuning of high-power Tm3+-doped fiber laser 
3.2.1 Introduction 
The large degree of Stark splitting of the 3H6 ground state , as shown in Fig. 8, provides the 
3H4 →3H6 transition in the Tm3+-doped silica fiber with a very broad emission spanning 
>400 nm. This feature provides the Tm3+-doped fiber laser the great potential of being 
wavelength tuning in a large spectral range. The emission spectrum of the 3F4 → 3H6 

transition in Tm3+-doped silica fiber is shown in Fig. 7 [18]. 
Apart from being doped into silica fiber, the Tm3+ ions can also achieve very broad emission 
band when doped into other host materials. For instance, an emission band of ~300 nm can 
be obtained when Tm3+ is doped into ZBLAN fiber, as shown in Fig. 21 [53]. Therefore, 
Tm3+-doped fiber lasers have a particular advantage in wavelength tuning regime. 
According to the character of fiber laser, many methods can be used to achieve the 
wavelength tuning function. As far as the Tm3+-doped fiber laser is concerned, the 
wavelength tuning techniques include temperature-tuning, length-tuning, birefringence-
tuning and grating-tuning et al. Among these tuning techniques, the most widely used and 
most skillful is the grating wavelength tuning technique. Along with the mature of the fiber 
Bragg grating, the grating tuning technique is becoming more and more important. 
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Fig. 21. The fluorescence spectrum of 3F4 →3H6 transition in Tm3+-doped ZBLAN fiber 

Several kinds of wavelength tuning techniques in Tm3+-doped fiber lasers: 
1. Fiber-length tuning. 
Due to the quasi-four-level system feature, the Tm3+-doped fiber laser can be wavelength 
tuned by changing the fiber length. When the fiber length is elongated, re-absorption of the 
signal light will increase, leading to red-shift of laser wavelength. This tuning method is 
simple and convenient for manipulating, but the tuning range is limited. The broadest 
tuning wavelength spanning is less than 100 nm [54-55]. The most dominated shortcoming 
of this wavelength tuning technique is that laser wavelength cannot be tuned continuously. 
In the tuning process, the replacement of fiber requires re-adjusting the laser cavity, 
complicating the tuning work. This tuning method has little potential in practical 
applications.  
2. Birefringence-tuning. 
This wavelength tuning method is based on changing the birefringence characteristic of the 
signal light in the cavity. By using a birefringence filter, the Tm3+-doped fiber laser has been 
tuned over a 200 nm spectral range [56]. Although this method can provide a wide tuning 
range, the tuning laser configuration is rather complicated, and very inconvenient for 
tuning. Besides, this technique is confined by the free-spectral range of the birefringence 
filter. Therefore, this method is far from practical application. 
3. Temperature-tuning. 
Due to the circumstance-field impact, the ground-state level of Tm3+ ions is Stark splitted 
into many sub levels. As one of the Stark sub levels, the lower laser level has a population 
distribution significantly influenced by the circumstance temperature (according to the 
Boltzman distribution). This leads to the wavelength shift with temperature. Electrical oven 
has been used to heat the Tm3+-doped fiber laser for wavelength tuning [57], and a tuning 
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range of 18 nm was achieved when the fiber temperature was changed during a 109°C 
range. With a Peltier plate, a wavelength tuning range of 40 nm was realized with the tuning 
rate of ~2nm/°C in a 6-meter-length Tm3+-doped fiber [58]. This tuning technique is simple 
and convenient, but the tuning range is also narrow. The melting point of the fiber polymer 
cladding set a upper limit for the temperature, and low temperature operation cannot be 
practically used, which limits the wide application of this tuning method.  
4. Grating-tuning. 
At present, the grating tuning method is the most fully developed and widely used. This is 
primarily due to the fast development of the grating fabrication technique. By using the 
grating-tuning technique, Tm3+-doped fiber laser has achieved tuning range over 200 nm 
[59-61]. Compared with the above mentioned three methods, the grating tuning technique 
can provide a broader tuning range with a much narrower linewidth. This method is, up to 
date, the most mature wavelength tuning technique.  

3.2.2. High-power Tm3+-doped fiber laser tuned by a variable reflective mirror 
Due to the quasi-four-level system feature, the Tm3+-doped fiber laser can be wavelength 
tuned by changing the transmittance of the output coupler. With a variable reflective mirror 
(VRM) as the output coupler, high-power Tm3+-doped fiber laser can be wavelength tuned 
over a range of >200 nm [47]. The combination of high power and wavelength tuning of the 
Tm3+-doped fiber laser provides an excellent kind of laser source in the ~2 µm spectral 
range.  
In the experiment, the double-clad Tm3+-doped silica fiber has a doped core with the N.A. of 
0.20 and diameter of 27.5 µm. High Tm3+ ions doping concentration of 2.5 wt.% is essential 
to facilitate the CR energy transfer process. A small portion of Al3+ ions were also doped 
into the fiber to suppress the energy transfer upconversion (ETU) processes, which may 
cause the quenching of the 3F4 multiplet lifetime. The pure silica inner cladding, coated with 
a low-index polymer, has a 400-µm diameter and the N.A. of 0.46. The hexagonal cross 
section of the inner clad helps to improve pump absorption. The absorption coefficient at the 
pump wavelength (790 nm) is ~2.8 dB/m.  
Fig. 22 shows the experimental setup [47]. High-power LD arrays operating at 790 nm and 
TM mode was used as the pump source. The outputs from two LD arrays were polarizedly 
combined to form a single pump beam. This pump beam was reshaped by a micro-prism 
stack at first, and then focused into a circular spot using a cylindrical lens and an aspheric 
lens. Through a dichroic mirror, the pump light was launched into the fiber. The launched 
efficiency was measured through a 4-cm-long Tm3+-doped fiber. The largest pump power of 
51 W can be launched into the fiber. The pump end of the fiber was butted directly to the 
dichroic mirror with high reflectivity (>99.7%) at 2.0 µm and high transmission (>97%) at 
790 nm. Both fiber ends were cleaved perpendicularly to the axis and polished carefully. The 
output coupler was formed by a VRM or the bare fiber-end facet. The transmission of the 
VRM can be changed continuously from 5% to 80% (the reflection R is changed from ~94.8% 
to 18.4%) at 2 µm by simply horizontally displacing the VRM with a one-dimensional stage. 
The ends of the fiber were clamped tightly in water-cooled copper heat-sinks, and the 
remaining fiber was immersed into water to achieve maximum efficiency. During the 
experiment, both cavity mirrors were carefully adjusted with five-dimensional holders.  
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Fig. 22. Schematic of the experimental setup. PP: polarizing plate; MPS: micro-prism stack; 
CL: cylindrical lens; AL: aspheric lens; HT: high transmission; HR: high reflection; VRM: 
variable reflective mirror. 

The lasing characteristics obtained with relative higher output couplings in a 4-m long fiber 
laser are shown in Fig. 23 [47]. When the VRM was moved away from the fiber end and the 
bare fiber-end facet was used as the output coupler (T≈96%), the laser reached threshold at a 
launched pump power of 5.9 W, and produced a maximum output power of 32 W at 1949 
nm for 51-W launched pump power, corresponding to a slope efficiency of 69% and a 
quantum efficiency of 170%. The high efficiency was attributed to high Tm3+-doping 
concentration, suppression of ETU with Al3+ ions [38], and efficient fiber-cooling. With 
T=80% output coupling, a slightly lower output power of 29.8 W was generated at 1970 nm, 
and the slope efficiency with respect to launched pump power was ~65%. When the output 
coupling decreased to 60%, the output power dropped to 27.4 W at 1994 nm with a slope 
efficiency of ~58%. In all these cases, the output power increased linearly with the launched 
pump power, suggesting that the laser can be power scaled further by increasing the pump 
power. The power stability of the laser output, monitored by an InAs PIN photodiode and a 
100 MHz digital oscilloscope, was less than 1% (RMS) at ~30 W power levels.  
After carefully optimization the position of the coupler, the fiber laser was wavelength 
tuned by simply horizontally moving the VRM coupler. The peak wavelength of the laser 
spectrum is taken as the laser wavelength. Fig. 24 shows the dependence of the laser 
wavelength on the output coupling [47]. When the output coupling decreased from ~96% to 
5% in the 4-m long fiber laser, the laser wavelength was tuned from 1949 to 2055 nm with a 
tuning range of 106 nm. The nearly linear dependence provides a basic knowledge to choose 
the wavelength from Tm3+-doped silica fiber lasers. The phenomenon can be explained by 
the enhanced re-absorption of laser in the high-Q cavity. Since the photon lifetime in the 
cavity is increased with higher reflective mirrors, the photon travels more round-trips, and 
undergoes more re-absorption before escapes from the cavity. 
Employing different fiber lengths from 0.5 m to 10 m, as shown in Fig. 24, the laser can be 
tuned from 1866 to 2107 nm. The total tuning range is over 240 nm at above-ten-watt levels. 
A typical laser spectrum obtained with the 4-m fiber at coupling of T=15% and 16-W output 
power is shown as inset in Fig. 24. The laser spectra under different couplings and fiber 
lengths hold nearly identical features. The spectrum has a bandwidth (FWHM) of ~15 nm 
and several lasing peaks. The multi-peak spectrum indicates the laser operated in multiple 
longitudinal modes. 
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Fig. 23. Laser output power versus launched pump power with three high output couplings. 
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Fig. 24. Laser peak wavelength as a function of output coupling; inset is the laser spectrum 
obtained with the 4-m fiber at coupling of T=15%. 

The maximum output power and launched threshold pump power as functions of the 
output coupling are shown in Fig. 25 [47]. When the output coupling decreases from ~96% 
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Fig. 24. Laser peak wavelength as a function of output coupling; inset is the laser spectrum 
obtained with the 4-m fiber at coupling of T=15%. 

The maximum output power and launched threshold pump power as functions of the 
output coupling are shown in Fig. 25 [47]. When the output coupling decreases from ~96% 
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to 5%, the threshold pump power reduces almost linearly from 5.9 to 1.0 W, and the 
maximum output power drops from 32 W to 9.0 W. The sharp decreasing of the output 
power with <15% output coupling is mainly due to low output transmission and increased 
re-absorption of laser light. Between the output coupling of 20% and 96%, the laser output 
power exceeds 20 W over a tuning range of 90 nm from 1949 to 2040 nm (see Fig. 24). This 
presents the potential of Tm3+-doped silica fiber lasers to generate multi-ten-watt output 
over a hundred-nanometer tuning range. 
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Fig. 25. Maximum laser output power and threshold launched power as functions of the 
output coupling. 

3.2.3 Conclusion  
At present, high-power widely tunable Tm3+-doped silica fibers must make use of high-
power diode lasers as the pump source. Due to the comparatively low damage threshold of 
grating and difficulty in fabricating 2μm grating, wavelength tuning high-power Tm3+-
doped fiber laser with fiber Bragg grating is still unpractical. Using the variable reflective 
output coupler to tune high-power 2μm fiber lasers is a feasible alternative. The 
combination of high power, high efficiency, and wide tunability of Tm3+-doped fiber lasers 
will provide a great opportunity for applications of eye-safe lasers. 

4. Self-pulsing and passively Q-switched Tm3+-doped fiber laser 
Due to its special energy-level structure and the wave-guiding effect of fiber, Tm3+-doped 
fiber lasers can produce fluent dynamical behaviors, including self-pulsing, self-mode-
locking and et al [62-63]. On the other hand, the particular broad emission band of Tm3+ ions 
provides the potential to achieve ultra-short pulses from the Tm3+-doped fiber laser.  
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4.1 Self-induced pulsing in Tm3+-doped fiber lasers with different output couplings 
1. Introduction 
It’s well known that self-pulsing can be achieved in any lasers with an adequate saturable 
absorber [64]. Erbium-doped fiber lasers have demonstrated a large variety of dynamical 
behaviors, including self-pulsing operations [65], static and dynamic polarization effects 

[66], antiphase and chaotic dynamics [67]. The dynamic behaviors have been attributed to 
the presence of ion-pairs or clusters acting as a saturable absorber [68-69], bidirectional 
propagation in “high-loss cavity” and Brillouin scattering effects in the fiber [70]. Ion pair 
concentration can play an important role in self-pulsing dynamic behaviors [71].  
It has been shown that the Tm3+-doped fiber laser can operate successively in continuous-
wave (CW) mode, self-pulsing mode and quasi-CW mode with increase of pump power 
[62]. Self-mode-locking phenomenon has also been observed in the Tm3+-doped fiber laser, 
which was supposed to stem from saturable absorption or strong interactions between the 
large number of longitudinal modes oscillating in the cavity [63]. 
2. Experimental observation 
In order to understand the mechanism and features of self-pulsing in Tm3+-doped fiber 
lasers, different output couplers are used to construct the fiber laser cavity. Self-pulsing 
behavior was observed under various pumping rates. 
The experimental arrangement for observing self-pulsing operation is shown in Fig. 26 [72]. 
The 2 µm Tm3+-doped fiber laser is pumped by a single CW-diode laser, operating TM mode 
centered at 790 nm, shifting to~793 nm at comparatively higher operating temperature. With 
this pump source, the maximum power launched into the fiber was near 12 W. 
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The double-clad MM-TDF with ~10 m length (Nufern Co.) had a 30 µm diameter, 0.22 N.A. 
core doped with Tm3+ of ~2 wt.% concentration (the V value is about 9.42 when laser 
wavelength is of ~2 µm). The pure-silica cladding, coated with a low-index polymer, had a 
410 µm diameter and a NA of 0.46. The fiber has an octagon-shape clad, which helps to 
improve the pump absorption. The fiber ends were perpendicularly cleaved and carefully 
polished carefully to ensure flatness, so that the loss was minimized. 
The laser pumping beam was reshaped first by a micro-prism stack, and then focused into a 
circular spot of ~0.5×0.5 mm diameter with a cylindrical lens and an aspheric lens. The 
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focused pump beam was launched into the thulium-doped fiber through a dielectric mirror. 
The pump end of the fiber is butted directly to the dielectric mirror with high reflectivity 
(>99%) at 1850~2100 nm and high transmission (>97%) at 760~900 nm. The Fabry-Perot laser 
cavity was formed between the dielectric mirror and the output-end fiber facet (with Fresnel 
reflection of ~3.55% providing feedback for laser oscillation). Both ends of the fiber were 
held in metallic heat-sinks, and the remaining fiber was wrapped on a water-cooling 
metallic drum to prevent possible thermal damage to the fiber. 
The threshold pump power of the long fiber laser with the output coupler of the fiber-end 
facet is about 5.8 W. Various self-pulsing regimes obtained with increasing pump level are 
shown in Fig. 27 [72]. When the pump power is near the threshold (P=6 W), the laser 
delivers a regular train of pulses, as shown in Fig. 28(a). The pulse duration is 7.2 µs, and the 
frequency is 42 kHz. When the pump power is increased to P=7 W, the pulse width narrows 
to 6.5 µs and the pulse frequency grows to 63 kHz, as seen in Fig. 28(b). At high pump 
levels, a second set of pulses began to appear as shown (the arrow point to) in Fig 28(b) and 
(c). This is due to that the high peak power confined in the fiber core may favor the 
excitation of a Brillouin backscattered wave, especially in the “high-loss cavity” 
configuration (high output coupling) [70].  
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Fig. 27. Output intensity time trace of 10 m fiber laser with end-facet output coupler for (a) 
Pp=6 W, (b) Pp =7 W, (c) Pp =8 W. 
When the pumping level is high enough, the laser output becomes quasi-CW, as shown in Fig. 
28 [72]. This result is in agreement with that obtained in previously studies [62, 69]. In the case 
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of 10 W of pump power, the pulse repetition rate increases to 132 kHz, but the pulse width 
randomizes. At this time, the laser operates in a similar self mode-locking state [63, 71]. 
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Fig. 28. Quasi-CW operation for pumping power (a) Pp=9 W, (b) Pp =10 W. 

With the fiber-end coupler, the pulse width and frequency as functions of pump power are 
indicated in Fig. 29 [72]. The pulse width decreases, but the pulse repetition rate increases, 
near linearly with enhanced pump power. At high pump levels, e.g. over 9 W, the pulse 
width begins saturating. Therefore, it seems hard to derive short pulse duration through 
self-pulsing in Tm3+-doped fiber lasers. 
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Fig. 29. Pulse width and pulse frequency versus pump power. 

When a dielectric mirror with T=10% at 2 μm is used as the output coupler, the dynamics 
behavior is somewhat different from that obtained with the fiber-end coupler, as indicated 
in Fig. 30 [72]. For this cavity configuration, the threshold pump power is about 3 W. Near 
the threshold, a regular train of pulses is observed, as shown in Fig. 30(a). The pulse 
duration is around 18 µs, and the pulse frequency is about 21 kHz. Increasing the pump 
power to 4 W, the pulse duration decreases to 16 µs and the frequency increases to 37 kHz, 
respectively. However, when the pump power is further increased to 5 W and 6 W, only the 
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When a dielectric mirror with T=10% at 2 μm is used as the output coupler, the dynamics 
behavior is somewhat different from that obtained with the fiber-end coupler, as indicated 
in Fig. 30 [72]. For this cavity configuration, the threshold pump power is about 3 W. Near 
the threshold, a regular train of pulses is observed, as shown in Fig. 30(a). The pulse 
duration is around 18 µs, and the pulse frequency is about 21 kHz. Increasing the pump 
power to 4 W, the pulse duration decreases to 16 µs and the frequency increases to 37 kHz, 
respectively. However, when the pump power is further increased to 5 W and 6 W, only the 
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pulse frequency shows a definite changing trend, becoming higher and higher. The pulse 
width indicates an indefinite advancing trend: some become broader and some become 
narrower. The irregularity of the pulse increases significantly with pump power enhanced. 
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Fig. 30. Output intensity time trace of 10 m fiber laser with 10% output coupler for (a) Pp =3 
W, (b) Pp =4 W, (c) Pp =5 W, (d) Pp =6 W. 

When a dielectric mirror with T=5% at 2 μm is used as the output coupler, the dynamics 
behavior is completely different from the previous results, as indicated in Fig. 31 [72]. For 
this cavity configuration, the threshold pump power is also about 3 W. However, even near 
the threshold, the pulse train is very irregular, as shown in Fig. 31(a). The pulse duration is 
around 23 µs, and the pulse frequency is about 28 kHz. Increasing the pump power to 4 W, 
the laser output becomes near-CW. With 5 W of pump power, the output is completely CW. 
This clearly demonstrates that the self-pulsing behavior of heavily doped fiber lasers can be 
suppressed by using low-transmission output couplers.  
The dependence of the pulse width and frequency on the output coupler transmission (T) is 
shown in Fig. 32 [72]. The pulse width and pulse frequency were obtained near respective 
pump threshold. It is clear that the pulse width decreases near linearly with T. This is 
because that the pulse width scales similar to the photon cavity lifetime [73]. A laser cavity 
with a lower T has a longer photon cavity lifetime due to less output loss, thus has broader 
pulse duration. The pulse frequency first decreases and then increases with increasing T. 
Considering that the threshold pump power is different for different cavities, we 
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normalized pulse frequency to pump power. As shown in Fig. 32(b), the normalized pulse 
frequency increases with decreasing T. When T<10%, the pulse frequency grows sharply, 
transforming to CW operation. 
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Fig. 31. Output intensity time trace of 10 m fiber laser with 5% output coupler for (a) Pp =3 
W, (b) Pp =4 W, (c) Pp =5 W. 
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Fig. 32. Output coupler transmission dependence of (a) pulse width and frequency, and (b) 
normalized pulse frequency near pump threshold. 
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normalized pulse frequency to pump power. As shown in Fig. 32(b), the normalized pulse 
frequency increases with decreasing T. When T<10%, the pulse frequency grows sharply, 
transforming to CW operation. 
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Fig. 31. Output intensity time trace of 10 m fiber laser with 5% output coupler for (a) Pp =3 
W, (b) Pp =4 W, (c) Pp =5 W. 
 
 
 
 

0 20 40 60 80 100
0

5

10

15

20

25

30

35

40

45

0

5

10

15

20

25

30

35

40

45

(a)

P
ul

se
 fr

eq
ue

nc
y/

kH
z

 

P
ul

se
 w

id
th

/ μ
s

Output coupler transmission (T)/%

 Pulse width
 Pulse frequency

0 20 40 60 80 100
6.5

7.0

7.5

8.0

8.5

9.0

9.5

 

N
or

m
al

iz
ed

 p
ul

se
 fr

eq
ue

nc
y/

(k
H

z/
W

)

Output coupler transmission (T)/%(b)  
Fig. 32. Output coupler transmission dependence of (a) pulse width and frequency, and (b) 
normalized pulse frequency near pump threshold. 
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3. Several possible loss mechanisms for self-pulsing formation 
In heavily Tm3+-doped fibers, the distance between Tm3+ ions decreases, leading to the 
formation of ion pairs or clusters, this in turn strengthens the interaction between ions. Such 
interactions occur among the ions doped in fibers, leading to several energy-transfer 
processes, one of which is dubbed as the up-conversion process [74].  
For Tm3+-doped fiber lasers, as shown in Fig. 35, the pump light at 790 nm excites the ions 
from 3H6 state to 3H4 state, which quickly relaxes to the upper laser level 3F4. In Tm3+-doped 
fibers, the up-conversion processes include 3F4, 3F4→3H4, 3H6 and 3F4, 3H5→3H6, 3F3, as 
shown in Fig 32 (1) and (2). This effect results in one ground ion and one up-converted ion, 
which quickly relaxes to the 3F4 level. Consequently, this energy transferring process losses 
one potential stimulated photon. High Tm3+ ion doping concentration leads to high ion-pair 
and ion-cluster concentration, thus induces large quenching effect.  
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Fig. 33 (1). Up-conversion energy transfer process between the same energy levels in Tm3+-
doped fiber lasers 
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Fig. 33 (2). Up-conversion energy transfer process between different energy levels in Tm3+-
doped fiber lasers 

Another photon loss mechanism may be due to laser self-absorption (ground-state 
absorption) through the 3F4, 3H6→3H6, 3F4 energy transfer process, as shown in Fig. 34. When 
one excited ion and a ground-state ion stay near enough, the excited ion will transfer its 
energy to the latter and relaxes to ground state, while the latter ion will absorbs the energy 
and transits to higher levels. When such process occurs repeatedly between a large number 
of ions, the energy migration process happens, acting as a loss mechanism. These above 
mentioned energy-transfer processes all have the possibility to act as saturable absorbers.  
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In the Tm3+-doped fiber laser, self-pulsing is a commonly observed phenomenon, which is 
considered as an output instability. The true mechanism leading to the formation of this 
interesting phenomenon is still unclear. In the following section, the origin of self-pulsing in 
the Tm3+-doped fiber laser will be discussed. 
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Fig. 34. schematic diagram of self-absorption process in heavily Tm3+-doped fiber lasers 

4.2 Theoretical modeling and simulation of Self-pulsing in Tm3+-doped fiber laser 
4.2.1 Effects of Excited-state Absorption on Self-pulsing in Tm3+-doped Fiber Lasers 
Introduction 

Followed various experimental observations, many mechanisms have been proposed to 
explain the origin of self-pulsing in Tm3+-doped fiber lasers. Some of them are controversial, 
and consistent agreement has not been satisfied. The in-depth understanding for self-
pulsing formation in Tm3+-doped fiber lasers is required. 
In this section, mechanisms of self-pulsing in Tm3+-doped fiber lasers are theoretically 
investigated by taking into account several important energy-transfer processes. A 
simplified model is constructed to explain the self-pulsing characteristics in Tm3+-doped 
fiber lasers.  

Numerical model 

The four lowest energy manifolds of trivalent thulium ions are sketched in Fig. 35. The 
pump transition, laser transition, and different energy transfer mechanisms including cross 
relaxation, energy transfer up-conversion and spontaneous decay are indicated. The energy 
manifolds were numbered 1-4 and these denominations will be used throughout this paper. 
The rate equations for the local population densities of these levels are as follows [75-77]:  
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Fig. 34. schematic diagram of self-absorption process in heavily Tm3+-doped fiber lasers 
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where Ni are the populations of four energy manifolds 3H6, 3F4, 3F5, 3H4, and Ntot is the total 
density of Tm3+ ions. R is the pump rate, and φ is the average photon density of the laser 
field. σe is the stimulated emission cross section of signal light, σga and σsa are the absorption 
cross sections of ground state and excited state, respectively. Where g1 and g2 are the 
degeneracies of the upper and lower laser levels, τi is the level lifetimes of four manifolds, 
and rc is the signal photon decay rate. βij are branch ratios from the i to j level, m is the ratio 
of laser modes to total spontaneous emission modes. The coefficients kijkl describe the energy 
transfer processes: k4212 and k3212 are the cross relaxation constants, and k2124 and k2123 are the 
up-conversion constants. The coefficient αp is the pump absorption of the fiber, which is 
calculated by p ap totNα σ= ⋅ , where σap is the pump absorption cross section. In the 
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The corresponding parameters for Tm3+ ions doped in silica host are listed in Table 1 [12, 77-
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Fig. 35. Schematic of the four lowest energy manifolds in Tm3+ ions. 
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Parameter numerical value 

4212k  1.8×10-16 cm3s-1 

2123k  1.5×10-18 cm3s-1 

2124k  1.5×10-17 cm3s-1 

iτ  
sμτ 2.144 =  
sμτ 007.03 =  
sμτ 3402 =  

ijβ  
43 0.57β =  

42 0.051β =  
32 1β ≈  

eσ  2.5×10-21 cm2 

asσ  Variable (4×10-21 cm2) 

agσ  variable 

m 78 10−×  
cr  9.7×106 s-1 
apσ  1×10-20 cm2 

totN  1.37×1020cm-3 

Table 1. The parameters in the rate equations 
Theoretical calculation 

As can be seen from table 1, the lifetime of level N3 (0.007 μs) is much shorter than that of 
level N2 (340 μs), we can simplify the energy manifolds to three levels. In the above rate 
equations, we assume the relaxation from N3 to N2 is very fast so that N3~0. Let N23 = N2+N3 
and add Eq. (2) and (3), we get  
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dN N Nk N N k k N
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gc N N N N N N
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β β
τ τ

φ σ σ σ

= − + + + −

− − + − − −
.  (7) 

 

By replaced Eq. (2) and (3) with Eq. (7), the rate equations Eq. (1−6) are simplified to a three-
level system. All important energy transfer processes, ESA, and GSA are kept in the 
simplified rate equations. The simplified model is sufficiently to investigate the dynamic 
characteristics involved these processes. 
Suppose the laser operating in the steady-state (or CW, continuous-wave) regime, the rate of 
change of the photon density and population must be equal to zero, 

 0d
d t
φ

= , (8) 
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 0idN
dt

= .  (9) 

 

Neglecting GSA, the rate equations (1), (4) and (7) lead to  
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From Eq. (10-12) and Eq. (5), we can solve φ, N1 and N23 with the prerequisite that φ >0, Ntot 

>N1 and N23>0. 
Solving the equations, we find that there is a certain range of pump rate R (defined as ΔR), 
where the steady-state solution for the rate equations can not be found, as shown in Fig. 36 
[80]. In this range, the laser will not be operated in the continuous-wave state. With increase 
or decrease of pump power out of the range ΔR, the operation of Tm3+-doped fiber lasers 
undergoes phase transition (changes to CW operation). Such a case is in good agreement 
with the experimental observation in the self-pulsing operation in Tm3+-doped fiber lasers.  
The non-CW range ΔR is calculated as varying the ESA cross section and the cross 
relaxation parameter k4212. The variation of ΔR as a function of the ESA cross section is 
shown in Fig. 37 [80]. It is clear that the ESA cross section has an important impact on the 
self-pulsing operation of Tm3+-doped fiber lasers. The non-CW range ΔR increases with the 
larger ESA cross section, especially, increases exponentially when the ESA cross section is 
larger than 3×10-21 cm2. When the ESA cross section is less than 1×10-21 cm2, the range ΔR 
shrinks sharply, and goes to zero with a small value of ESA cross section. The CW operation 
of Tm3+-doped fiber lasers can sustain for any pump rate when the ESA cross section is 
sufficiently small. On the other hand, with a larger ESA cross section, the CW operation will 
always be broken in certain pump range. 
The influence of the cross relaxation on the self-pulsing of Tm3+-doped fiber lasers is 
evaluated. The non-CW range ΔR is calculated as a function of cross relaxation strength k4212 
as shown in Fig. 38 [80]. Large values of k4212 will obviously enlarge the range ΔR. However, 
even when the cross relaxation k4212 is decreased to zero, the breaking of CW operation still 
preserves, implying that the cross relaxation energy-transfer process is not the key process 
in the formation of self-pulsing in Tm3+-doped fiber lasers. 
In order to investigate exactly the revolution of the photon density in Tm3+-doped fiber 
lasers, numerical simulation based on complete rate equations Eq. (1-6) is carried out in the 
following section. 
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Fig. 36. Photon density as a function of pump rate R. 

 
Fig. 37. The non-CW pump range ΔR as a function of the ESA cross section. 
 

 
 

Fig. 38. The non-CW pump range ΔR as a function of the cross relaxation strength. 
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Fig. 36. Photon density as a function of pump rate R. 

 
Fig. 37. The non-CW pump range ΔR as a function of the ESA cross section. 
 

 
 

Fig. 38. The non-CW pump range ΔR as a function of the cross relaxation strength. 
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Simulation results 

In order to compare with our experiments, the fiber laser is made up of a 10-m long Tm3+-
doped silica fiber with the doping concentration of ~2 wt.%. One fiber end is attached with a 
dichroic mirror, which is high reflective (R=100%) at laser wavelength and anti-reflective at 
pump wavelength. Another fiber-end facet is used as the output coupler with signal light 
transmission of T~96%. The pump light is coupled into fiber through the dichroic mirror 
and the pump rate is set to be 8×103 cm-3s-1. 
In the simulation, the fiber is divided into 100 gain segments. The coupled rate equations are 
solved in every segment sequentially. The output of previous segment is used as the input 
of the next segment. The photon intensity in the last segment transmitted through the fiber 
end is assumed to be the laser output intensity. The returned light is used as the input for 
the next calculation cycle. 
Four energy-transfer processes: cross relaxation, energy transfer up-conversion, GSA and 
ESA are calculated separately to analyze their influence on the formation of self-pulsing.  
A. Cross relaxation 
In this sub-section, only the cross relaxation process is taken into account and the processes 
of energy-transfer up-conversion, GSA and ESA are all neglected. The impact of cross 
relaxation is evaluated by varying the value of the parameter k4212. The simulation results 
are shown in Fig. 39 [80]. Stable CW laser operation preserves over a very large region of 
k4212 from 1.8×10-20 to 1.8×10-12 cm3s-1. Further decreasing or increasing the cross relaxation 
strength does not change the nature of the stable CW laser operation. Clearly, the cross 
relaxation process is not the determinate process leading to self-pulsing formation. With the 
increase of k4212, the decay of the laser relaxation oscillation will be lengthened, and the laser 
intensity be increased. A strong cross relaxation parameter may be helpful for improving the 
slope efficiency of heavily-doped Tm3+-doped fiber lasers.  
 

 
Fig. 39. Laser photon density dynamics characteristics with different cross-relaxation 
strength k4212. 
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B. Energy-transfer up-conversion process −  k2123 and k2124 
In this sub-section, the energy-transfer up-conversion process 3F4, 3F4→3H6, 3H5 (k2123) and 
3F4, 3F4→3H6, 3H4 (k2123) are taken into account. The simulation results are shown in Fig. 40 
and 41 [80]. 
The behaviors of the parameters k2123 and k2124 are very similar. The up-conversion processes 
3F4, 3F4→3H6, 3H5 or 3F4, 3F4→3H6, 3H4 consume the population inversion. When the energy-
transfer up-conversion is too strong, i.e., k2123>1.5×10-17 or k2124>1.5×10-16 cm3s-1, the laser  
 

 
Fig. 40. Laser photon density dynamics characteristics with different energy-transfer up-
conversion strength k2123. 
 

 
Fig. 41. Laser photon density dynamics characteristics with different energy-transfer up-
conversion strength k2124. 
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Fig. 40. Laser photon density dynamics characteristics with different energy-transfer up-
conversion strength k2123. 
 

 
Fig. 41. Laser photon density dynamics characteristics with different energy-transfer up-
conversion strength k2124. 
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relaxation oscillation is suppressed when the pump rate is 8×103 cm-3s-1, as shown in Fig. 
40(a)-(c) and 41(a)-(c). The photon density is clamped in a very low level. The laser 
threshold is run up by the stronger up-conversion. 
When the parameters k2123<1.5×10-18 or k2124<1.5×10-17 cm3s-1, the laser relaxation oscillation 
occurs again. The smaller the parameters are, the longer the relaxation oscillation suspends. 
No matter which values of the parameters (from 1.5×10-6 cm3s-1 to zero) are chosen, no self-
pulsing phenomenon is observed. The up-conversion process does not directly connect to 
the self-pulsing operation in Tm3+-doped fiber lasers. 
In the practical Tm3+-doped system, the values of k2123 and k2124 are around 10-17 - 10-18 cm3s-1. 
The main influence of up-conversion is increasing the laser threshold. 
C. Ground-state absorption (GSA) 
The GSA is also called as the re-absorption in the Tm3+-doped fiber lasers because the laser 
will be re-absorbed by the ions in the ground state when it propagates along the fiber. The 
GSA looks like the saturable absorption at the first sight, and had been thought as a possible 
mechanism for the self-pulsing formation. However, because the photon absorbed by the 
GSA will be re-emitted back, the laser can not be switched off by the GSA. In such a 
situation, it is impossible to form the self-pulsing by the GSA. 
The GSA process 3H6→3F4 can be thought as a reverse process of the laser transition 
3H6→3F4. The photon resonates between the levels 3H6 and 3F4 back and forth, which 
effectively extends the lifetime of N2 (3F4). Consequently, the laser threshold is lowered with 
a relative large GSA cross section.  
In Fig. 42 [80], the revolution of photon density is plotted for various GSA cross section σga. 
Obviously, the laser can generate only when the GSA cross section σga is less than the 
emission cross section σe. As the GSA cross section σga is taken the value from 1×10-21 to 1×10-

23 cm2, stable CW operation always occurs after the relaxation oscillation. The final photon 
density decreases with the smaller GSA cross section σga.  
 

 
Fig. 42. Laser photon density dynamics characteristics with different ground-state 
absorption strength σga (cm2). 
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D. Excited-state absorption (ESA) 
As the theoretical analysis in the previous section, the ESA is the key process in the self-
pulsing operation of Tm3+-doped fiber lasers. In this sub-section, the cross relaxation k4212, 
up-conversion k2123 and k2124, and GSA cross section σga are set to be zero, and only the ESA 
process 3H5→3H4 is taken into account. The evolution of photon densities for various ESA 
cross sections σsa are shown in Fig. 43 [80]. When the ESA cross section σsa is chosen in the 
range from 4×10-21 to 4×10-19 cm2, it is clear to observe stable, regular self-pulsed trains. This 
verifies the theoretical predication that the ESA process is the key reason leading to the self-
pulsing dynamics in the Tm3+-doped fiber lasers. The pulse width is about several 
microseconds and the pulse frequency is tens of kilohertz, showing excellent agreement 
with the previous experimental results.  
When the ESA cross section σsa is much lower, the ESA is too weak to hinder accumulation 
of the population in the level 3H5 (N3), and CW operation occurs after relative long 
relaxation oscillation as shown in Fig. 43 (c) and (d). With the increase of the ESA cross 
section σsa, the decay time of the relaxation oscillation becomes longer and longer, and 
finally, the relaxation oscillation evolves to a stable self-pulsed train. On the other hand, 
when the ESA cross section is very large, a great number of population in the level 3H5 (N3) 
is depleted by the ESA. Consequently, the population inversion in the level 3F4 (N2) is not 
enough to sustain the laser oscillation.  
As shown in Fig. 43 (a) and (b), the self-pulse repetition rate and pulse width are reduced as 
increase of the ESA cross section. Although the self-pulsing is induced by the ESA, the pulse 
properties are influenced by the cross relaxation, up-conversion, and GSA.   
 

 
Fig. 43. Laser photon density dynamics characteristics with different ESA strength σsa (cm2). 
Conclusion 

Based on theoretical analysis and numerical simulation, the ESA (excited-state absorption) 
process is clarified as the key reason leading to the formation of self-pulsing in Tm3+-doped 
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fiber lasers. Increasing the ESA cross section can reduce both the self-pulse frequency and 
pulse width. With increase of the pump rate, the operation of Tm3+-doped fiber lasers will 
undergo phase transition (CW to self-pulsing, and then back to CW). The laser threshold 
and efficiency are influenced by the cross relaxation, up-conversion and the GSA.  

4.2.2. Theoretical study on self-pulsing in Tm3+-doped fiber lasers 
1. Introduction 
In the previous section, explicit theoretical analysis has proved that the ESA process is 
responsible for self-pulsing formation in fiber lasers [80]. In this section, the self-pulsing 
characteristics in Tm3+-doped fiber lasers are theoretically investigated by changing several 
key parameters-the output coupling, pump rate and active ion doping concentration. 
Besides, how to optimize these corresponding parameters for obtaining expected laser pulse 
frequency and pulse width, and potential applications of self-pulsing are discussed. 
2. Simulation results 
The simulation process and the adopted rate equations and corresponding parameters are 
described in the previous section.  
2.1. Influence of output coupling T on the self-pulsing characteristics 
In this section, the ESA cross section is kept at 4×10-21 cm2, and the impact of the output 
coupling strength on the self-pulsing characteristics is simulated. It is found that too low 
pump rate will not lead to self-pulsing with any output coupling T. The minimum pump 
rate required to initiate self-pulsing operation is defined as self-pulsing pump threshold 
RthreP. The self-pulsing threshold RthreP as a function of output coupling is shown in Fig. 44 
(a) [81]. The self-pulsing threshold increases first moderately and then quickly with the 
output coupling. This is due to that high output coupling causes high cavity loss. After 
 

 
Fig. 44. Self-pulsing threshold (a) and the ratio of second CW threshold to self-pulsing 
threshold (b) as a function of output coupling. 
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being initiated, the self-pulsing state will preserve stably for a certain pump range. Further 
improving the pump rate, self-pulsing operation will be transferred to continuous-wave 
(CW) state. Because the laser operates in CW mode both before and after the occurrence of 
self-pulsing, the pump rate that renders the laser to CW mode after the self-pulsing regime 
is defined as the second CW threshold RsecCW. The ratio of the second CW threshold (RsecCW) 
to the self-pulsing threshold (RthreP) will indicate the capability of a fixed output coupling to 
support self-pulsing operation in the fiber laser. This threshold ratio RsecCW/RthreP as a 
function of output coupling is shown in Fig. 44 (b) [81]. It is clear that the ratio 
(RsecCW/RthreP) increases near linearly with output coupling. Therefore, in order to achieve 
self-pulsing operation over a large power range, high output-coupling cavity configurations 
should be adopted. Stable operation of self-pulsing over a large power range will offer a 
new alternative to obtain pulsed laser output. Therefore, self-pulsing modulation has the 
potential to become a novel Q-switching technique. 
Fig. 45 shows the numerically calculated self-pulsing train of the Tm3+-doped fiber laser 
with output coupling of T=96% at the threshold pump rate [81]. This regular self-pulsing 
train has a pulse width and repetition rate of 7.68 μs and 16.89 kHz, respectively. Self-
pulsing begins after the pump power being switched on for 0.4 ms.  
 

0 0.5 1 1.5 2

x 10
-3

0

1

2

3

4

5

6

7

8

9
x 10

15

Time(s)

P
ho

to
n 

de
ns

ity
 (

cm
 -

3 )

T=96%    
R=2.76×103 

 
Fig. 45. Self-pulsing train at corresponding threshold pump rate with output coupling 
T=96%. 

At respective self-pulsing threshold pump rates, the laser pulse width and pulse frequency 
as a function of the output coupling are shown in Fig. 46 [81]. Increasing the output 
coupling, the laser pulse frequency and pulse width respectively increases and decreases 
near linearly. As shown in Fig. 46, higher output couplings need higher pump rates to 
initiate self-pulsing. Higher pump rate induces higher population inversion and higher gain, 
leading to higher self-pulsing repetition rate. Narrower pulse width at higher coupling is 
due to the reduction of cavity lifetime resulted from higher coupling loss. This offers a clue 
that, in order to achieve shorter pulse width and higher repetition rate simultaneously in 
self-pulsing fiber lasers, higher output couplings should be adopted.   
In order to further the understanding about the influence of output coupling on the self-
pulsing features, we carry out simulation with different output coupling strengths at a 
identical pump rate of R=4×103. With this pump rate, self-pulsing operation can be achieved  
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Fig. 45. Self-pulsing train at corresponding threshold pump rate with output coupling 
T=96%. 

At respective self-pulsing threshold pump rates, the laser pulse width and pulse frequency 
as a function of the output coupling are shown in Fig. 46 [81]. Increasing the output 
coupling, the laser pulse frequency and pulse width respectively increases and decreases 
near linearly. As shown in Fig. 46, higher output couplings need higher pump rates to 
initiate self-pulsing. Higher pump rate induces higher population inversion and higher gain, 
leading to higher self-pulsing repetition rate. Narrower pulse width at higher coupling is 
due to the reduction of cavity lifetime resulted from higher coupling loss. This offers a clue 
that, in order to achieve shorter pulse width and higher repetition rate simultaneously in 
self-pulsing fiber lasers, higher output couplings should be adopted.   
In order to further the understanding about the influence of output coupling on the self-
pulsing features, we carry out simulation with different output coupling strengths at a 
identical pump rate of R=4×103. With this pump rate, self-pulsing operation can be achieved  
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Fig. 46. Pulse width and frequency for different couplings at respective threshold pump rate. 
 

between T=96% and T=10%. When T<10%, self-pulsing cannot be sustained. Detailed values 
about the pulse width and pulse repetition rate are shown in Fig. 47 [81]. The output 
coupling of T=10% provides the maximum pulse frequency of ~75 kHz. As the output 
coupling increases from T=10% to T=96%, the pulse frequency drops down sharply first and 
then more slowly, reaching a minimum value of 30 kHz. Higher pulse frequency at lower 
output coupling is due to that lower output coupling provides less cavity loss thus a faster  
 

 
Fig. 47. Pulse width and frequency for different output couplings at pump rate R=4×103. 
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gain recovery. Therefore, in making use of self-pulsing to obtain high-frequency pulses, 
lower output couplings are preferred. As the output coupling increases from T=10% to 
T=96%, the pulse width decreases sharply first, then arrives at a minimum value, thereafter 
increases steadily and then significantly. Increasing the output coupling reduces the 
population inversion, but also the photon lifetime in the cavity, which play opposite roles on 
the pulse width. Therefore, an optimum output coupling (~40%) exists that produces the 
shortest pulse duration of ~1 μs. 
2.2. Influence of pump rate R on the self-pulsing characteristics 
In this section, fiber-end facet is considered as the output coupler (T=96%), the ESA cross 
section is kept at 4×10-21 cm2, and the pump rate is changed to investigate its impact on the 
self-pulsing characteristics. Increasing the pump rate, the laser operation undergoes several 
stages. First, the CW operation occurs at a comparatively low pump rate. Thereafter, self-
pulsing begins when the pump rate arrives at the self-pulsing threshold RthreP=2.76×103. The 
self-pulsing operation maintains for some pump power range, and then transfers to CW 
mode as the pump rate further reaches the second CW threshold RsecCW. In the self-pulsing 
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200 ns, finally shows a little rise again. At the self-pulsing threshold, the pulse width and 
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5.72×103, the pulse width and pulse frequency decreases and increases to 1.83 µs and 38.3 
kHz, respectively. The maximum pulse frequency approaches 900 kHz, and the minimum 
pulse width is about 200 ns. An interesting phenomenon is that the pulse width keeps 
nearly constant at the minimum value over a very large pump range (as the double arrow 
line denotes). From this phenomenon, several conclusions can be arrived at. First, the self- 
pulsing must originate from some intra-ionic processes. This excludes such mechanisms as 
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gain recovery. Therefore, in making use of self-pulsing to obtain high-frequency pulses, 
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Brillouin scattering and interaction between longitudinal modes from accounting for self-
pulsing formation. Secondly, stable self-pulsing operation can be realized with high output 
power, showing a great power scalability of this pulsing technique. Thirdly, there is a 
limitation in the achievable minimum pulse width. Further narrowing the pulse width may 
require combining with other modulation techniques, such as nonlinear polarization control 
et al. 
2.3. Influence of active-ion doping concentration Ntot on the self-pulsing characteristics 
In Tm3+-doped fiber lasers, appropriately high Tm3+ doping concentration can strengthen 
the cross relaxation process, which significantly enhances the quantum efficiency of the 
laser. However, too high Tm3+ doping concentration will form Tm3+ ion clusters thus 
present concentration quenching. Besides, high doping level can induce strong energy up-
conversion processes, leading to reduction of population inversion. So in fact, there is an 
appropriate Tm3+ doping concentration, which provides the fiber laser the maximum laser 
efficiency. 
In this section, simulation is carried out with constant output coupling T=96% and constant 
pump rate R=4×103. Self-pulsing operation is observed by changing the particle density Ntot 
(Tm3+ ion density). As the particle density increases from 1.37×1020 to 1.37×1021 cm-3, the 
self-pulsing threshold RthreP decreases more than ten times. The pulse width and repetition 
rate as a function of Ntot are shown in Fig. 49 [81]. As the particle density increases from 
1.37×1020 to 1.5×1021 cm-3, the pulse frequency grows from 30 kHz to ~145 kHz near linearly. 
Higher doping concentration leads to higher cross relaxation, energy up-conversion and 
signal light re-absorption. The combination of these processes can speed the recovery of 
population inversion after a pulse output, thus improve the pulse repetition rate. Increasing 
the particle density, the laser pulse width decreases sharply first, and then slowly. 
Therefore, comparatively higher doping concentration is preferred to simultaneously 
 

 
Fig. 49. Pulse width and frequency as a function of doping concentration at pump rate 
R=4×103. 
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achieve high pulse frequency and narrow pulse width in self-pulsing fiber lasers. However, 
especially high active-ion doping in fibers is impracticable. In addition, too high doping 
concentration will cause ion clustering, thus decrease laser efficiency. Therefore, there is a 
tradeoff between obtaining narrow pulse width and achieving high laser efficiency. Further 
narrowing the pulse duration requires combining self-pulsing with other modulation 
techniques. 

3. Conclusion 
Through numerical simulation, self-pulsing behavior of Tm3+-doped fiber lasers is 
theoretically analyzed, and the influence of pump rate, output coupling and ion doping 
concentration is explicitly studied. In order to achieve self-pulsing over a large pump range, 
high output couplings are preferred. At a fixed pump level, higher output coupling 
decreases pulse frequency, but narrowest pulse width can only be achieved with an 
optimum output coupling. For a given output coupling, higher pump strength increases the 
pulse frequency, but decreases and saturates the pulse width. Reduction of total cavity loss 
helps narrowing the pulse width. Increasing doping concentration significantly decreases 
the self-pulsing threshold. In self-pulsing Tm3+-doped fiber lasers, high pulse frequency and 
narrow pulse width can be simultaneously achieved with appropriately higher active-ion 
doping concentration.  
Understanding the self-pulsing characteristics and methods as how to make use of it will 
help improving the performance and utility of 2-µm Tm3+-doped fiber lasers. The excellent 
features of self-pulsing provide it the potential to become a new competitive Q-switching 
technique. Self-pulsing has great prospects in applications such as constructing self-
switching pulsed lasers, improving pulsed lasers’ output power, and simplifying the cavity 
configuration of ultra-short-pulse-width laser systems.  

4.3 Passively Q-switching Tm3+-doped fiber laser with Cr2+:ZnSe 
1. Introduction  
Thulium-doped fiber lasers have an especially broad emission band, providing great 
potential for achieving ultra-short mid-infrared pulses. For obtaining pulsed laser output, 
various modulation techniques, can be used, e.g., gain-switching, Q-switching, cavity 
dumping and mode-locking. Gain-switched Tm3+-doped silica fiber lasers have generated 
high pulse energy over 10 mJ in several hundred nanosecond pulse duration [82-83], while 
Q-switched Tm3+-doped silica double-clad fiber lasers have produced several-kW peak 
power with the pulse durations around 100 ns [84-85]. Ultra-short 2-μm pulses have been 
achieved from mode-locked thulium-doped fiber lasers with the pulse durations as less as 
several hundred femto-seconds [86]. 
Compared with the positive Q-switching techniques, Passive Q-switching is an attractive 
approach to construct simple, robust, and cost-efficient pulsed lasers.  
Many saturable materials have been utilized as the modulation elements in the 2-μm 
spectral range, including Ho3+:CaF2, Co2+:ZnSe, and Cr2+:ZnSe crystals [87]. Tm3+-doped 
silica fiber lasers near 2 μm passively Q-switched by a Cr2+:ZnSe crystal have been 
demonstrated with the pulse duration of 330 ns and peak power of 15 W [87]. Passive Q-
switching Tm3+-doped silica fiber lasers by a Ho3+-doped silica fiber has also been 
investigated with the pulse width of ~1 μs [88].    
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In this section, short-length passively Q-switched Tm3+-doped silica fibers (5-50 cm) are 
described with polycrystalline Cr2+:ZnSe microchips as the saturable materials.  

2. Experimental setup  
The polycrystalline Cr2+:ZnSe, prepared by CVD technique and doped by thermal diffusion 
method, has a relaxation time of 5 μs [89], which is significantly shorter than the lifetime of 
the upper laser level of Tm3+ ions (3F4→3H6) of ~335 μs in silica [12]. The Cr2+ doping 
concentration of the polycrystalline is ~7×1018 cm-3. Double-clad large-mode-area fibers are 
used to increase the extractable energy from short-length fibers. The core, doped with 
approximate 2.5 wt.% Tm3+ ions, is 27.5 µm in the diameter and 0.20 of numerical aperture 
(NA). The pure silica inner cladding, coated with a low-index polymer, has a 400-µm 
diameter and NA of 0.46.  
Fig. 50 shows the experimental setup [90]. A high-power laser-diode array operating at 790 
nm is used as the pump source. The pump beam is reshaped to a square beam pattern by a 
micro-prism stack, and then focused into the fiber using a cylindrical lens and an aspheric 
lens. The pump beam is launched into the fiber through a dichroic mirror with high 
reflectivity (>99.7%) at 2.0 µm and high transmission (>97%) at 790 nm. The output end of 
the fiber is butted directly to the polycrystalline Cr2+:ZnSe. Whole fiber is clamped in an air-
cooled copper heat-sink. At the same time, the polycrystalline Cr2+:ZnSe microchip is fixed 
separately on a water-cooled heat-sink to prevent it from thermal-induced fracture. 
 

 
 

 
 

 

Fig. 50. Schematic of the experimental setup; LD: laser diode, MPS: micro prism stack, CL: 
cylindrical lens, AL: aspheric lens, HT: high transmission, HR: high reflection. 

Laser output power is measured with a pyroelectric power meter after the leaky pump light 
being blocked by a Ge filter (T=0.1% at 790 nm). Laser spectra are examined by a mid-
infrared spectrograph with a resolution of 0.2 nm and a TEC-cooled InAs detector (J12 
series). An InAs PIN photodiode and a 500 MHz digital oscilloscope are used to measure the 
laser temporal characteristics.  
3. Results and discussion  
The bleaching experiment is carried out with an uncoated polycrystalline Cr2+:ZnSe 
microchip with thickness of 1 mm. A 2-µm Tm3+-doped silica fiber laser with output power 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

452 

up to 3 W is used as the test source. The 2-µm laser was focused onto the crystal with an 
objective lens of 11-mm focal length and NA of 0.25. The beam diameter at the focus is 
measured to be 30 µm by using the knife edge method. Figure 51 shows the power 
transmission for various laser intensities onto the crystal [90]. The transmission nearly 
remains a constant ~0.6 as the incident intensity is above 164 kW/cm2. The saturation 
intensity Is ~164 kW/cm2 is higher than that from Cr2+:ZnSe crystal [87]. The higher 
saturation intensity is probably attributed to uncoated surfaces and additional scattering 
loss in the polycrystal. From the saturation intensity Is and fiber diameter, the laser power to 
saturate the polycrystal is calculated to be ~1.3 W.  
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Fig. 51. Power transmission characteristics by 1 mm thick Cr2+:ZnSe polycrystalline showing 
saturation intensity Is=164 kW/cm2. 

One surface of the polycrystalline microchip is precisely polished and the other one is 
coated with partial reflectivity (R=95%) at ~2 μm wavelength and high reflectivity 
(R>99.8%) at 790 nm. To Q-switch the fiber laser, different thicknesses of polycrystalline 
Cr2+:ZnSe microchips are chosen for various fiber lengths. The selected thickness of 
polycrystalline Cr2+:ZnSe microchip for various fiber lengths is shown in Table 2 [90].  
 

Fiber length (cm) 5 10 20 50
Thickness of Cr2+:ZnSe (mm) 0.3 0.4 0.5 1 

Table 2. Parameters of the fiber length and thickness of Cr2+:ZnSe 

The characteristics of a 5-cm long Q-switched fiber laser are shown in Fig. 52 and 53 [90]. 
The fiber laser has a threshold pump power of ~3 W. Maximum average output power is 
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coated with partial reflectivity (R=95%) at ~2 μm wavelength and high reflectivity 
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Cr2+:ZnSe microchips are chosen for various fiber lengths. The selected thickness of 
polycrystalline Cr2+:ZnSe microchip for various fiber lengths is shown in Table 2 [90].  
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The characteristics of a 5-cm long Q-switched fiber laser are shown in Fig. 52 and 53 [90]. 
The fiber laser has a threshold pump power of ~3 W. Maximum average output power is 
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around 50 mW, corresponding to a slope efficiency of ~0.5% with respect to ~10 W launched 
pump power. The output power increases nearly linearly with increasing launched pump 
power. When the pump power higher than 10.5 W, the dielectric film on the Cr2+:ZnSe is 
damaged. The low output power and slope efficiency arise primarily from insufficient 
pump absorption in short fibers and reflection loss at the uncoated surface of the 
polycrystalline Cr2+:ZnSe microchips. 
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Fig. 52. Average output power, pulse repetition rate and pulse width as a function of 
launched pump power for a 5 cm-length fiber. 

When the polycrystalline Cr2+:ZnSe microchips are replaced by a partially reflecting mirror, 
the short fiber lasers are operated in the CW regime. The performance of CW operation of 
short Tm3+-doped fiber lasers has been described in the previous publication [33]. The 
maximum output power of a 5-cm long fiber laser is ~290 mW, corresponding to a slope 
efficiency of 2.9%. The Q-switched fiber lasers can extract about 17% energy of the CW 
operation.  
Pulse width of 120 ns is obtained from the 5-cm long fiber laser, which presents the shortest 
pulse duration achieved from passive Q-switched Tm3+-doped fiber lasers. It is expected 
that sub-hundred-nanosecond pulses can be accessible by shortening the fiber length to ~1 
cm. The pulse repetition rate increases linearly and reaches the maximum value of 53 kHz 
with the pump power of 10.3 W. 
Peak power shown in Fig. 53 is obtained by dividing the pulse energy by the pulse width 
[84]. As the pump power is increased, both the pulse energy and peak power decrease. The 
decrease of pulse energy and peak power can be accounted by the faster increase of 
repetition rate than that of the output power (see Fig. 52). The maximum pulse energy and 
peak power are ~14 μJ and 45 W, respectively, which decreases to ~1 μJ and ~8 W at higher 
power level.  
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Fig. 53. Energy per pulse and pulse peak power as a function of launched pump power for 
the 5 cm-length fiber. 
With 8-W launched pump power, a typical pulse train and individual pulse obtained from 
the 50-cm long fiber laser are shown in Fig. 54. As shown in Fig. 54(a), the intensity stability 
of the Q-switched pulse train (84 kHz) is over 90%, and the pulse spacing stability is near 
90%. The single laser pulse in Fig. 56(b) shows a smooth and typical pulse shape with the 
pulse duration of ~450 ns. Mode-locking phenomenon, investigated by T. A. King et al [87] 
in passive Q-switching long Tm3+-doped fibers, has not been observed in our short Tm3+-
doped fibers.  
Average output power, repetition rate and pulse width, obtained at pump level of 10.3 W, as 
a function of fiber length are shown in Fig. 55 [90]. As a result of longer cavity round-trip 
time, the pulse duration becomes broader by using the longer fiber. When the fiber is longer 
than 20 cm, the pulse duration is broadened to around 300 ns. The pulse repetition rate 
increases linearly with fiber length at first, and then shows a sharp augmentation when the 
fiber longer than 50 cm. The highest average output power and repetition rate generated 
from a 50 cm-long fiber laser, are ~200 mW and 530 kHz, respectively. 
Pulse energy and peak power obtained for various fiber lengths at pump power of 3 and 
10.3 W, are shown in Fig. 56 [90]. As the fiber length is changed from 5 to 50 cm, the pulse 
energy displays a moderate decrease with increasing fiber length. On the other hand, the 
peak power reduces by one order of magnitude. The decrease of peak power comes mainly 
from the broadening of the pulse width as shown in Fig. 55. When the fiber length changed 
from 5 to 20 cm, the pulse width increases much faster, leading to a remarkable decrease of 
the peak power. 
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from the broadening of the pulse width as shown in Fig. 55. When the fiber length changed 
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Fig. 54. The pulse train and a single pulse for a 50 cm-length fiber at 8 watts of launched 
pump power. 

0 10 20 30 40 50
0

100

200

300

400

500

600

Plaunched=10.3W

 
 

P
ou

t(m
W

)/r
ep

et
iti

on
 ra

te
(K

H
z)

/p
ul

se
 w

id
th

(n
s)

Fiber length/cm

 output power
 repetition rate
 pulse width

 
Fig. 55. Maximum average output power, repetition rate, and minimum pulse width as a 
function of fiber length at 10.3 W of launched pump power.   
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Fig. 56. Pulse energy and pulse peak power as a function of fiber length at launched pump 
power of 3 W (a) and 10.3 W (b). 

 
Fig. 57. Laser wavelength as a function of fiber length; inset is the laser spectrum obtained 
with the 5 cm-length fiber at 8 W of pump power. 
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Fig. 56. Pulse energy and pulse peak power as a function of fiber length at launched pump 
power of 3 W (a) and 10.3 W (b). 

 
Fig. 57. Laser wavelength as a function of fiber length; inset is the laser spectrum obtained 
with the 5 cm-length fiber at 8 W of pump power. 
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Laser wavelength of the fiber laser as a function of fiber length is shown in Fig. 57 [90]. 
When the fiber length alters from 5 to 50 cm, the laser wavelength shows a parabolic 
increase from 1970 to 2035 nm. The elongation of wavelength is a result of the re-absorption 
of laser light in the Tm3+-doped fibers. From the inset of Fig. 57, the fiber laser was operated 
in multiple modes with the bandwidth (FWHM) of around 2 nm for the main peak.  
4. Conclusion  
Polycrystalline Cr2+:ZnSe microchips can be used to passively Q-switch the thulium-doped 
silica fibers effectively. With this technique, pulse duration as short as 120 ns and repetition 
rate as high as 530 kHz can be achieved from several-centimeter-length Tm3+ fibers. The 
moderate pulse energy and peak power (14 μJ and 45 W) can be further improved by 
increasing the thulium doping concentration or adopting high-gain, high absorption glass 
fibers. The combination of polycrystalline microchips, short-length fibers and LDA pump 
source provides a simple and reliable laser device. Besides, the easy-growth feature of 
polycrystalline Cr2+:ZnSe adds the laser system outstanding advantages of convenience and 
economy. Due to its wide absorption spectrum from ~1.5 to 2.1 μm, polycrystalline 
Cr2+:ZnSe can also be used to passively Q-switch Er3+ lasers and Tm3+:Ho3+-doped lasers. 
Such short pulse width, 2-μm lasers have wide applications in trace gas detecting and 
communications. 

5. Tm3+-doped fiber laser pumped Cr2+:ZnSe solid-state laser 
Introduction 

The application requirement for room-temperature tunable mid-IR sources like, e.g. 
spectroscopic, medical, and remote sensing has provoked increased interest for long-
wavelength, i.e. above 2 μm, tunable directly diode-pumped solid-state lasers.  
Divalent transition-metal doped II-VI chalcogenides laser materials have such interesting 
features as: room-temperature operation between 2 and 5µm, broad tunability, negligibly 
low excited state absorption, high emission cross section, possibility of direct diode 
pumping and CW operation. Infrared transition metal ion-doped solid-state lasers, have 
become the critical components in optical frequency standards, space-based remote sensing 
systems, and have potential application in femtochemistry and attosecond science[91-94].  
For achieving laser output over 2 μm,  Cr2+:ZnSe crystal is a good candidate. The low 
maximum phonon frequency in ZnSe (~250 cm-1) leads to a low nonradiative decay rate 
and high fluorescence quantum yield (close to unity) [95]. This provides Cr:ZnSe with the 
highest gain among vibronic lasers and enables efficient room-temperature operation.  The 
remarkable characteristics of the ultrabroadband (~1000 nm) Cr2+:ZnSe crystal, such as the 
high emission cross section of the order of 10-18 cm2 [96], the negligibly low excited state 
absorption (ESA) [97], the fairly good chemical and mechanical stability and the thermal 
conductivity nearly as high as in sapphire, gives this material enormous potential as a laser 
medium for diode-pumped tunable MIR lasers. 
Remarkable progress has been achieved in Cr2+-doped zinc chalcogenides, and in particular 
of Cr:ZnSe as broadly tunable continuous wave (CW) laser operating around 2.5µm. Diode-
pumped room-temperature CW Cr2+:ZnSe laser was first demonstrated by Sorokin et al. in 
2002 [93]. Tuning below 2µm was first demonstrated by Umit and Alphan in 2006 [98]. 
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Record of the highest average pulse power of 18.5W was achieved by CTI in 2004 [99]. 
Sorokina et al have achieved a wavelength tuning range over 1100 nm and ps-level laser 
pulses in Cr2+:ZnSe lasers [100-101]. Among all solid-state laser materials, the gain spectrum 
of Cr2+:ZnSe is the broadest. This feature of the Cr2+:ZnSe laser make it possible to produce 
1~2 optical-cycle ultra-short laser pulses, which will find great potential applications in the 
femtosecond laser regime.  

5.1 Watt-level CW ceramic Cr2+:ZnSe laser pumped by Tm3+ fiber laser 
In this section, watt-level CW laser, based on 1.7-mm ceramic Cr2+:ZnSe disk in the mid-
infrared range around 2.4 µm is introduced.  
Material Characterization 

The Cr2+:ZnSe disk is doped by means of PVT. The pure ZnSe poly-crystal and Cr powder 
was mixed in a vacuum tube under temperature of 950oC. After diffusion for 200 hours, Cr2+ 
ion-doping concentration reached 1019/cm3. The disk has a diameter of 15mm and a 
thickness of 1.7mm. The diagram of energy levels of Cr2+ in Cr:ZnSe crystal is shown in Fig. 
58 [102]. The energy levels associated with laser operation are the 5T2 ground state and the 
5E exited state. Transitions to/from the other nearby excited states, the 3T1 and 3T2 states, are 
spin forbidden and are weak compared to the transition from 5T2 to 5E [103]. There is a 
possibility of excited state absorption (ESA) due to the 5E-3T1 transition, but it was shown to 
have a small cross section in Cr2+:ZnSe. The wavelength of the strongest line comes from the 
5E-3T1 transition. The II-VI materials themselves are fully transparent over the wavelength 
range of interest. Altogether this provides Cr2+:ZnSe the highest gain among vibronic lasers 
and enables efficient broadband room-temperature operation[101,104]. 
The absorption spectra of Cr:ZnSe, shown in Fig. 59 [105], is centered at 1776nm and has a 
bandwidth of 400 nm, which makes a wide pumping range. 
A double-clad Tm3+-doped silica fiber laser for excitation, an Omni-λ500 spectrometer and 
PD (InAs Photodiode) detector for wavelength measurements, the super fluorescence 
 

 
Fig. 58. Cr2+ Energy levels in Cr2+:ZnSe as described by Grebe et al. 
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Fig. 59. Cr:ZnSe disk absorption spectra 

 
Fig. 60. Super fluorescence spectra of Cr2+:ZnSe pumped by different power 

spectra of Cr:ZnSe pumped by different power is shown in Fig. 60 [105]. The peak emission 
increases from 2.360µm to 2.369µm with increase of pump power and the bandwidth of 
super fluorescence was about 20 nm which decreased by several nanometers when pump 
intensity increased. Rotating the angle of incidence (0° for pump beam launched on the 
crystal surface vertically), the intensity and peak emission wavelength of super fluorescence 
varied significantly, shown in Fig. 61. 
Experimental setups 

Cr2+:ZnSe disk has been coated with tens of microns thick PR (Partial-Reflective) film on one 
surface, with measured transmission of 5% at 2.4µm, and AR (Anti-Reflective) film at both 
1.9µm and 2.4µm on the other. The PR film has a transmittance of lower than 3% at 1.9µm. 
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Fig. 61. Super fluorescence spectra of Cr2+:ZnSe pumped in different angles 

The laser was pumped by a double-clad Tm3+-doped silica fiber laser. The pump beam was 
focused on the disk into a 0.5-mm-diameter spot. 
The laser setup (Fig. 62) consists of the coated Cr2+:ZnSe disk, whose surface coated with a 
PR film, was used as the output window, a concave HR mirror with a radius of curvature of 
500mm as the rear mirror. The Tm3+-doped silica fiber laser beam was directly delivered 
onto the disk with the angle no more than 10° to the optical axis. The fiber of the Tm3+-
doped fiber laser had a core diameter of 30µm and pure silica inner-cladding of size 250µm 
with a low refractive index (n=1.375) polymer outercladding of size 400µm, and was 
pumped at one end by beam-shaped diode-bars at 790nm delivering a maximum combined 
pump power of ~80W. The Tm3+-doped fiber laser produced a maximum output of ~8 W 
and the peak wavelength was 2050nm. The ZnSe disk was mounted on a copper holder for 
cooling. The laser operated at room temperature in continuous wave regime, producing 
maximum ~110 mW of output power at 5% output coupling. Another laser arrangement 
was set by inserting two focusing lens of 13mm and 22.6mm focal length and a reflective 
mirror to improve the beam overlap on the ZnSe disk surface, shown in Fig. 63 [105]. In the 
second arrangement of laser setup, the laser performance was effectively improved. 

Experimental results 

The resonator is shown in Fig. 62. The plat-concave cavity length is ~100mm, with no extra 
etalons. The cw laser output characters are given in Fig. 64. With 5% output coupler, the 
threshold power was ~600mW of the incident power. In this arrangement of laser, the pump 
fiber was directly headed to the surface of Cr:ZnSe disc with no focusing. So, the pump laser 
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Fig. 62. Schematic diagram of the ceramic Cr:ZnSe laser setup 

 
Fig. 63. The second arrangement of Cr:ZnSe laser setup 

 
Fig. 64. Output power versus launching power of the Cr2+:ZnSe laser in the first 
arrangement 

spot was as big as 3 mm in diameter which is as big as the laser output window. Highest 
output laser power was ~110mW with 4.4W of the launching power, corresponding to a 
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conversion efficiency of 1.9%, which is quite low and is mostly due to the loss of the pump 
power. To raise the slope efficiency, the pump laser beam should be focused to a much 
smaller spot at the entrance surface of active medium--Cr:ZnSe. And an extra rear reflective 
mirror should be placed to reduce the loss of the pump power. 

 
Fig. 65. Output power versus launching power of the Cr2+:ZnSe laser in the second 
arrangement 

 
Fig. 66. Emission spectra of the Cr2+:ZnSe laser 
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In the second arrangement of the laser, the collimated pump beam was focused on the disc 
into a 0.5-mm-diameter spot by an uncoated 22.6mm lens, and the cavity length was 
decreased to 26mm. The laser output characteristic and spectrum are shown in Fig. 65 and 
Fig. 66. As shown in Fig. 66, maximum output power of 2.91 W was achieved with a slope 
efficiency of 13% with respect to the launching pump power. The efficiency is far lower than 
the limit of ~56% of the modeling result. It is mostly caused by the coatings at the surfaces of 
ZnSe disk, which were optimized at 2.4 µm and have very narrow bandwidth. At the peak 
wavelength of our laser around 2.367 µm, the reflectivity and transmittance were lower than 
the optimal values. Another result of this narrow-band coating is the relative narrow laser 
linewidth. As shown in Fig. 66 [105], the measured laser linewidth was only 10 nm, which 
was much narrower than that reported by other authors [91, 94 and 99]. Tightly focusing 
pump beam into the ZnSe disk can improve the laser output power. However, it poses a 
hazard of damage on the surface coatings. Further work of optimizing beam delivery, 
focusing optics and recoating ZnSe surface relative to the peak wavelength of laser will 
surely decrease the threshold and increase the output power. 

5.2 Wavelength tunability of Cr2+:ZnSe laser 
The Cr2+:ZnSe laser has good wavelength tenability. In our experiment, the band width of 
the laser light from the Cr2+:ZnSe laser is about 10 nm. Therefore, we studied the tunability 
character of the Cr2+:ZnSe laser by adopting the angle-tuning technique.  
In the experiment, the incident angle of the pump beam on the ZnSe crystal will change with 
rotating this crystal. The anti-reflection film coated on the crystal acts as a partial-reflection 
mirror due to its non-hundred-percent transmittance. Therefore, the two surfaces of the 
ZnSe crystal form a quasi Fabry-Poret etalon, which has a selection effect on laser modes 
and exert the wavelength-tuning function. In the Fabry-Poret cavity, light experiences multi-
pass reflection between the two parallel surfaces M1 and M2, leading to interference. Light 
beams leaving the M2 with the same phase will interfere coherently. The wavelength 
walking through the etalon after the multi-pass reflection will possess a phase delay as 

 2 2 cosndπδ
λ

= Θ , (13) 

 

where, nd is the optical length of the crystal, / n′Θ = Θ  is the refractive angle, λ  is the light 
wavelength. The transmittance of the crystal-etalon is 
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where, r is the reflectance of the crystal surface. When the optical length difference of the 
transmitted light beams is multi times of λ , the transmittance will be maximum [106]: 
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As shown in Fig. 67 [107], when the ZnSe crystal is rotated, the incident angle of the pump 
beam will change (the incident angle is referred to the angle between the normal of the 
crystal surface and the axis of the cavity). Consequently, the resonant wavelength will 
change correspondingly, leading to output laser wavelength tuned over 100 nm range 
(2272→2383nm). Besides, under different rotating angles of the crystal, the overlap between 
the pump beam and the laser beam will be different, leading to different laser threshold for 
different wavelength output. When the incident angle is 0°, the pump beam is normal to the 
crystal surface, the pump and laser beam modes have a good overlap. At this case, the 
output power is the highest, and the laser spectrum has only one peak band. When the 
incident angle is increased to 2° (by tilting the crystal), laser wavelength red-shifts a little. As 
the incident angle is enhanced to 4°, the modes overlap become worse, so the sidebands 
appear in the spectrum. Further increasing the incident angle (10°→15°), the selectivity of 
the cavity decreases seriously, leading to occurrence of 2, 3, and 5 spectral peaks. Besides, 
the band width of the laser spectrum is broadened. Detailed experimental results are shown 
in table 3 [107]. 

 
Fig. 67. laser wavelength change with different input angles of the pump light.  
 

Rotating angle Spectral peak position FWHM 
0° 2355nm ~10nm 
2° 2356nm ~13nm 
4° 2357nm(small sidebands) ~11nm 
6° 2318nm(two peaks) ~10nm 

10° 2319nm (three peaks) ~18nm 
15° 2272,2306,2345,2360,2383nm (five peaks) ~15nm 

Table 3. Cr2+:ZnSe angle-tuning spectra 
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6. Conclusion and prospect of 2 μm Tm3+-doped fiber laser 
Based on the high-degree development of high-brightness laser diodes and optimizing of 
Tm3+ fiber fabrication technique, and further understanding about the spectral properties of 
Tm3+ ions, Output power and performance of the Tm3+-doped fiber laser can be improved to 
a higher level. Due to its so many specific advantages, the Tm3+-doped fiber laser has great 
potential in the development toward high-power output, wide wavelength tunability, 
narrow pulse duration, and high peak power. With further enhancement of the performance 
and quality of the Tm3+-doped fiber laser, this kind of ~2-μm laser device will has wide 
applications in medicine, machining, environment detecting, LIDAR, optical-parametric-
oscillation (OPO) pump sources, and so on. 
There are several directions for the development of Tm3+-doped fiber laser in the future.  
- High power regime; 
- Pulsed mid-infrared laser output, high-peak power, including femto-second laser pulse 

operation; 
- Single frequency (narrow linewidth) and single mode operation; 
- Wide tunable mid-infrared laser output (including multi-color wavelength laser output 

simultaneously). 
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1. Introduction     
The wavelength range around 2 µm which is covered by the laser systems described in this 
chapter is part of the so called “eye safe” wavelength region which begins at about 1.4 µm. 
Laser systems that operate in this region offer exceptional advantages for free space 
applications compared to conventional systems that operate at shorter wavelengths. This 
gives them a great market potential for the use in LIDAR and gas sensing systems and for 
direct optical communication applications. The favourable absorption in water makes such 
lasers also very useful for medical applications. As it can be seen in figure 1, there is a strong 
absorption peak near 2 µm which reduces the penetration depth of this wavelength in tissue 
to a few hundred µm.  
 

 
Fig. 1. Absorption and penetration depth in water and other biological tissue constituents 
for different wavelengths 
Due to the strong absorption in water, the main constituent of biological tissue, substantial 
heating of small areas is achieved. This allows for very precise cutting of biological tissue. 
Additionally the bleeding during laser cutting is suppressed by coagulation, this makes 
2 µm lasers ideal for many surgical procedures.   
Furthermore 2 µm lasers are well suited to measure the health of planet earth. They can be 
used directly for measuring the wind velocity and for the detection of both water vapour 
and carbon dioxide concentration. Wind sensing is very important for weather forecasting, 
storm tracking, and airline safety. Water vapour and carbon dioxide detection is useful for 
weather and climate prediction and for the analysis of the green house effect. 
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2. Solid state laser systems around 2 µm 
In the wavelength range around 2 µm the most interesting transitions for high power 
continuous wave (cw) and pulsed laser operation exist in the trivalent rare earth ions Tm3+ 
and Ho3+. Using these ions laser emission was achieved in many different host crystals and 
glass fibres. For cw operation the thulium lasers are most interesting; however for pulsed 
and q-switched operation holmium lasers are more attractive due to the higher gain of the 
holmium doped crystals. The first experiments with Tm3+ and Ho3+ doped crystals were 
already carried out in the 1960s (Johnson, 1963). For both ions the relevant laser transition 
for the 2 µm emission ends in the upper Stark levels of the ground state. Therefore both 
lasers can be described as quasi three level lasers with a thermally populated ground state 
(Svelto, 1998; Koechner, 2006). Thulium lasers have the great advantage that the Tm3+ ions 
can be directly excited with commercially available laser diodes around 800 nm. To achieve 
efficient laser operation at 2.1 µm holmium can only be excited directly around 1.9 µm or by 
exploiting an energy transfer process from thulium or ytterbium. 

2.1 Thulium lasers systems 
With thulium doped crystals laser emission on many different transitions was reached so 
far. The laser emission around 2.0 µm is resulting from a transition that starts in the 3F4 
manifold and ends in a thermally populated Stark level of the 3H6 ground state. The first 
Tm:YAG laser at 2 µm using this transition was realised in 1965 (Johnson et al., 1965). It was 
a flash lamp pumped laser which operated at 77 K. It took some years until the first pulsed 
laser operation at room temperature was realised in 1975 using Cr,Tm:YAG (Caird et al., 
1975). Shortly after the development of the first laser diodes in the wavelength range around 
800 nm continuous wave diode pumped laser operation at room temperature was shown 
(Huber et al., 1988; Becker et al., 1989). Until now thulium laser emission around 2 µm was 
demonstrated in many different host materials and there are some thulium based laser 
systems commercially available (LISA laser products OHG; IPG Photonics Corp.).  
The energy level scheme of Tm3+ with the relevant energy transfer processes for this laser 
transition is shown in figure 2. The scheme of Tm:YAG is shown, as YAG is the most 
commonly used host material for thulium lasers. The figure also shows the Stark splitting of 
the ground state, which is important for the thermal population of the lower laser level of 
the 2 µm laser transition. In the figure one can see that the thulium ions can be excited 
around 800 nm from the ground state to the 3H4 energy level. The upper laser level 3F4 is 
then populated by a cross relaxation process (CR) that occurs between two thulium ions. In 
this non-radiative process for one ion an electron relaxes from the 3H4 level to the 3F4 level 
and for a second ion an electron is excited from the ground state to the 3F4 level (French et 
al., 1992; Becker et al., 1989). This excitation process yields two excited ions for each 
absorbed pump photon. Therefore the quantum efficiency is nearly two when the cross 
relaxation process is highly efficient. Thus, instead of a maximum efficiency of 41 %, one can 
obtain an efficiency of 82 %, in theory. The efficiency of the cross relaxation process depends 
on the doping concentration of the thulium ions since the involved dipole-dipole interaction 
depends on the ion spacing. It is also possible to pump the 3F4 energy level directly between 
1700 nm and 1800 nm, but there are no well developed pump sources commercially 
available. A comparison between this direct excitation and the excitation exploiting the cross 
relaxation process was made by Peterson et al. (Peterson et al., 1995). 
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The efficiency of the laser process can be lowered by some energy transfer processes and by 
excited state absorption (ESA). Both possible upconversion processes that start from the 
upper laser level are phonon assisted. Barely any losses result from the upconversion 
process UC 1 which starts from the upper laser level, because this is the reverse process of 
the cross relaxation. More losses result from the upconversion process UC 2, because in this 
case the excitation of one ion is lost and another ion is excited into the 3H5 level. The 3H5 
energy level has a very short lifetime and it is mostly depopulated by a non radiative 
process (3H5  3F4) which generates heat inside the crystal. Also excited state absorption 
which can start from the upper laser level 3F4 or the upper level of the cross relaxation 
process (3H4) causes losses for the laser. The influence of these processes is usually low, due 
to the required phonon assistance. Only at high pump powers a slight blue fluorescence can 
be observed that starts from the 1G4 manifold which is situated at approximately 21000 cm-1.   
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Fig. 2. Tm:YAG energy scheme with the relevant transitions for the 2 µm laser emission and 
the Stark splitting of the ground state 

Thulium lasers have been realised in a wide variety of host crystals and fibre materials, in 
table 1 important parameters for the 2 µm laser transition are listed for a selection of crystals 
used for high power lasers. Further information about different thulium doped crystals can 
be found in the literature (Kaminskii, 1996; Sorokina & Vodopyanov, 2003). The absorption 
cross section σabs for the strongest absorption peak of the transition from the ground state to 
the 3H4 manifold is given. The typical emission wavelength for the free running laser λem and 
the emission cross section for this transition σem are shown. For a comparison of the 
suitability of the different host materials for the laser operation the thermal conductivity λth 

and the lifetime of the upper laser level τ are listed. 
The thermal conductivity of the host material is very important for the laser operation. The 
generated heat in the laser crystal has to be dissipated and removed efficiently to achieve 
high output powers. As it can be seen in table 1 the thermal conductivity of YLF is very low 
and it is rather high for Sc2O3, for YAG it is in between. The thermal conductivities are 
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measured with un-doped crystals, but normally the thermal conductivity is reduced 
significantly with higher thulium doping concentrations (Gaumé et al., 2003). The heat 
removal from the laser material can be increased by using special geometries like thin disks 
or slabs instead of the standard rod geometry. 
The lifetime of the upper laser level τ also depends on the thulium doping concentration of 
the crystal. In table 1 the lifetimes are given for very low doping concentrations, with higher 
thulium doping concentrations the lifetimes are often strongly reduced (Scholle et al., 2004). 
The main reason for this effect is the increased energy migration between the Tm3+ ions 
which supports the energy transfer to crystal impurities. The longest lifetimes of 15.6 ms of 
the upper laser level were measured for Tm:YLF crystals, which are about 1.5 times longer 
than in Tm:YAG and up to four times longer then for Tm:Lu2O3 and Tm:Sc2O3 crystals. 
Longer lifetimes allow larger energy storage in the upper laser level which is essentially 
important for q-switching operation. 
 

laser host 
material 

σabs 

(10-21 cm²)
λem 

(nm)
σem 

(10-21 cm²)
λth 

(W m-1 K-1)
τ 

(ms) reference 

YAG 7.5 2013 1.8 13 10 Heine, 1995 

YLF σ pol 3.6 
π pol 8.0 

1910
1880

2.35 
3.7 6 15.6 Payne et al., 1992 

Walsh et al., 1998 

Lu2O3 3.8 2070
1945

2.3 
8.5 13 3.8 Koopmann et al., 2009a 

Sc2O3 5.0 1994 8.4 17 4.0 Fornasiero et al., 1999 

Y2O3 5.0 2050
1932

2.1 
8.1 14  Ermeneux et al., 1999 

LuAG 5.7 2023 1.66 13 10.9 Scholle et al., 2004 
YAlO3  1936 5.0 11 4.8 Payne et al., 1992 

silica fibre 4.5 1860 3.9  6.6 Agger  & Povlsen, 2006 
germanate f. 6 1840 4.1  5.3 Turri et al.,2008 

Table 1. Properties of widely used thulium doped laser crystals for high power applications. 
Absorption cross section σabs; free running laser emission wavelength λem; emission cross 
section σem; thermal conductivity λth; lifetime of the upper laser level τ. 

As mentioned, thulium 2 µm lasers can be pumped around 800 nm, exploiting the cross 
relaxation process to populate the upper laser level. Tm:YAG has one of the highest 
absorption cross sections in this wavelength region, but the main absorption peak is located 
at 785 nm. Figure 3 shows the absorption spectra of Tm:YAG, Tm:Lu2O3 and Tm:YLF. 
Tm:YLF has a natural birefringence, therefore the spectra for π and σ polarisation are 
shown. 
A challange for most of the thulium doped crystals is that the available diodes around 
800 nm where mainly developed for Nd:YAG pumping at 808 nm. So the available diodes in 
the range from 785 – 795 nm are more expensive and possess lower brightness and output 
powers compared to those operating close to 808 nm. Therefore most of the Tm doped 
crystals can not be pumped at the strongest absorption peak, only thulium doped 
sesquioxides like Lu2O3 and some vanadates have strong absorption lines near 808 nm. Due 
to the weak absorption larger crystals or multi pump pass set-ups have to be used to achieve 
sufficient pump light absorption. 
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Fig. 3. Absorption cross sections of the 3H6  3H4 transition for Tm:YAG, Tm:Lu2O3, 
(Koopmann et al. 2009b) and Tm:YLF. 

As can be seen in table 1, the different host materials provide the possibility to access many 
wavelengths in the range between 1840 nm and 2100 nm with thulium lasers. In the table 
the emission cross sections are shown for the typical free running laser transition, but 
thulium has a very broad and strongly structured emission spectrum in most crystals. As an 
example the emission spectra for Tm:YAG, Tm:Lu2O3 and Tm:YLF are shown in figure 4. 
One can see that the emission cross sections of Tm:YAG are much lower than for Tm:YLF 
and most other crystals. Low emission cross sections lead to low gain, therefore in YAG a 
co-doping of thulium and holmium was often used in the past since holmium has six times 
larger emission cross sections in YAG.  
 

 
Fig. 4. Left side: Emission cross sections of Tm:YAG and Tm:Lu2O3 for the transitions from 
the 3F4 manifold to the ground state (Koopmann et al., 2009b). Right side: Emission cross 
sections for π and σ polarisation of Tm:YLF (Budni et al., 2000). 

The broad emission spectra of thulium doped crystals enable very large wavelength tuning 
ranges for thulium laser systems. This is very useful for a couple of laser applications. 
Additionally a broad gain spectrum allows the generation of extremely short laser pulses in 
mode-locked laser operation. Wavelength tuning is achieved by integration of wavelength 
selective elements into the laser resonator. Mostly prisms, diffraction gratings or 
birefringent filters under Brewster angle are used for wavelength tuning (Svelto, 1998). 
Tuning ranges of over 200 nm were achieved in different thulium doped crystals so far, for 
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instance the tuning curves for Tm:LuAG and Tm:Lu2O3 are shown in figure 5. Tm:LuAG can 
only be sufficiently operated from 2010 nm to 2040 nm. With Tm:Lu2O3 efficient laser 
operation is possible from 1900 nm to 2110 nm. Especially the tuning range up to 2.1 µm 
with high output powers makes Tm:Lu2O3 attractive, since this laser can be an alternative to 
Ho:YAG lasers that emit around this wavelength. 
 

 
Fig. 5. Tuning curves of Tm:LuAG  (Scholle et al., 2004) and Tm:Lu2O3 (Koopmann et al., 
2009a) 

Some of the important parameters of thulium doped crystals for laser operation around 
2 µm have been discussed, but there are still some more aspects, which are important for the 
realisation of a high power thulium laser. A very important point is the crystal quality. To 
achieve high output powers, high quality crystals with very few impurities and defects are 
necessary. Additionally the achievable crystal size is important. In big crystals the generated 
heat can be distributed over a larger area. For rod or slab lasers much larger crystals than for 
thin disc lasers are required. The best qualities and largest crystal sizes are achieved today 
with Tm:YAG and Tm:YLF, but these crystals are not the best choice regarding thermal 
conductivity or emission cross section. Therefore in the future other host crystals like Lu2O3 

or Sc2O3 can become important when larger high quality crystals become available.  
Although thulium lasers have been realised in many different host crystals, high power 
lasers with output powers of some tens of watts or even more have been demonstrated only 
with YAG and YLF as laser host materials so far. In table 2 a short overview of some 
recently published thulium crystal and fibre laser systems is shown. The first high power 
thulium lasers were realised with solid state systems, nowadays the fibre laser system 
deliver the highest output powers. 
The first cw diode pumped thulium 2 µm laser with output powers > 100 W was 
demonstrated in 1997 (Honea et al., 1997). To achieve these high output powers, Tm:YAG 
rods with undoped YAG end caps were used. The end caps were diffusion bonded to the 
doped rod to optimise the cooling of the rods and to reduce the thermal stress on the end 
surfaces. The laser rod was end-pumped by a diode bar operating at 805 nm using a fused 
silica lens duct to couple the pump light into the rod of 3 mm in diameter. With such a set-
up and a 2 % thulium doped rod in a short plane-concave laser cavity up to 115 W of output 
power at room temperature were achieved. The laser showed a high slope efficiency of 
about 52 %, however the beam quality was poor at high powers (M² = 23). Nowadays 
Tm:YAG lasers emitting at 2.0 µm are commercially available. For instance LISA laser 
products OHG offers the RevoLix 120 Watt laser system, which is a medically approved 
Tm:YAG laser system. This system is used for non-invasive surgery, where the laser light 
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needs to be delivered by a fibre. The system can deliver up to 120 W output power through 
different application fibres with very small core diameters.    
The highest output power achieved so far with Tm:YLF rods is 55 W (Schellhorn, 2008). This 
high power was achieved using two 3.5 % doped Tm:YLF rods in one folded laser cavity 
that were pumped with four laser diodes. Each rod was pumped from both ends by a diode 
emitting at 792 nm. With this set-up a slope efficiency of 49 % and a beam quality of M² < 3 
was observed. With a single rod the maximum output power was limited to 30 W. Due to 
the low thermal conductivity and the low fracture limit of Tm:YLF the rod geometry is not 
very well suited for high power Tm:YLF lasers. With a slab geometry further power scaling 
is possible, which is due to the better thermal management (So et al. 2006). The highest 
output power of a Tm:YLF slab reported so far is 148 W (Schellhorn et al., 2009). This was 
achieved with a 2 % doped Tm:YLF slab double-end-pumped by two laser diode stacks 
emitting at 790 nm. With an optical to optical conversion efficiency of 26.7 % 148 W of cw 
output power at 1912 nm were achieved at room temperature. 
 

laser host 
material 

λp 

(nm)
λem 

(nm)
cw output 
power (W)

slope eff.
(%) reference 

YAG 805 2013 115 52 Honea et al., 1997 
YAG 800 2013 120  LISA laser products OHG * 
YLF 792 1910 55 49 Schellhorn, 2008 
YLF 790 1912 148 32.6 Schellhorn et al., 2009 

Lu2O3 796 2070 1.5 61 Koopmann et al., 2009a 
germanate f. 800 1900 64 68 Wu et al., 2007 
silica fibre 793 2050 110 55 Frith et al., 2007 
silica fibre 1567 1940 415 60 Meleshkevich et al., 2007 
silica fibre 790 2040 885 49.2 Moulton et al., 2009 

Table 2. Brief overview of recently published continuous wave thulium solid state and fibre 
laser results (λp = pump wavelength; λem = emission wavelength). * RevoLix 120 Watt 
commercial system from LISA laser products OHG 

Nowadays nearly the same maximum output powers can be reached with Tm:YAG and 
Tm:YLF lasers. The slope efficiencies of the Tm:YAG systems are higher than for the 
Tm:YLF ones, but the beam quality of the Tm:YLF systems is better due to the weaker 
thermal lenses which occur in YLF. Further power scaling of the output power from both 
systems should be possible especially with the slab geometry. So far the maximum reported 
output powers were limited by the available pump powers, not by fracture of the laser 
crystals. Great potential for power scaling is also exhibited by Tm:Lu2O3. The properties of 
the crystal and the recently reported results with record high slope efficiencies indicate the 
large potential of this crystal. 
In recent years a lot of research has been performed on the improvements of fibre lasers and 
great advances were made in the power scaling. Since the late 1980s for many years single-
mode diode pumped fibre lasers that emitted a few tens of milliwatts were used because of 
their large gain and the feasibility of single-mode continuous wave lasing. The most well-
known application of these fibre lasers is in the telecom market around 1550 nm where 
erbium-doped fibre lasers and amplifiers are used. The modern high-power fibre lasers are 
built mostly with double-clad fibres that have a small inner core that is doped with the laser 
active ions and is surrounded by a much larger cladding. These fibres can be pumped by 
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high-power multimode diodes or even diode bars or stacks. The pump light is guided in the 
cladding by total internal reflection between the cladding and the coating and it is only 
absorbed when it passes through the doped core of the fibre. This fibre design concept 
allows the efficient conversion of multimode laser diode radiation into fibre laser radiation 
with very high brightness. 
Today, the highest output powers of fibre lasers (some kW) have been demonstrated with 
ytterbium doped silica fibres that operate in the wavelength region centred around 1080 nm. 
Lasers in this wavelength range are not “eye safe” which is a problem for a lot of laser 
applications. But nowadays also thulium doped fibres almost reach the kW output power 
level. A selection of the latest publications reporting on high power thulium fibre lasers 
around 2.0 µm is shown in table 2. The fibre geometry has the great advantage that the heat 
that is generated during the laser process is dissipated over a large area if a long absorption 
distance is used. The absorption length of a fibre system can be adjusted not only by the 
doping concentration and the pump wavelength, also the core to cladding ratio can be used.  
In 2007 Frith et al. reported on a highly efficient thulium fibre laser with up to 110 W of cw 
output power. They used newly designed large mode area fibres which yield a low 
numerical aperture (NA) of the doped core (NA = 0.06). This enables the usage of large core 
diameters by still retaining single transversal mode laser operation. Therefore Frith et al. 
could build up a laser using a fibre with a core diameter of 20 µm, a cladding diameter of 
400 µm, and a fibre Bragg grating as a highly reflective mirror. With this concept and 
pumping of one fibre end through the fibre Bragg grating 110 W of narrow line width (full 
width at half maximum (FWHM): 3 nm) output power were achieved with a slope efficiency 
of 55 %. In the same year Wu et al. reported on the high power operation of a thulium 
doped germanate fibre (Wu et al., 2007). They achieved 64 W of output power in a one-end 
pumped configuration with an only 20 cm long piece of fibre. With respect to the launched 
800 nm pump power an extremely high slope efficiency of 68 % was measured. In a dual-
end pumped configuration the maximum output power could be increased to 104 W, but 
the slope efficiency was reduced to 52.5 %. Also in 2007 a 415 W thulium fibre laser that was 
inband pumped at 1567 nm was presented (Meleshkevich et al., 2007). A double clad single 
mode thulium fibre was used, which was end pumped by an assembly of 18 cw erbium fibre 
lasers. By the usage of fibre Bragg gratings an all-fibre set-up was realised which yielded an 
output beam with M² < 1.1 and a slope efficiency of 60 %. Using a thulium doped fibre with 
a core diameter of 35 µm (numerical aperture 0.2) and a cladding diameter of 625 µm 
Moulton et al. achieved a cw output power of up to 885 W at room temperature (Moulton et 
al., 2009). This is the highest output power achieved with a single Tm-doped fibre so far. The 
laser showed multi mode emission with a slope efficiency of about 49.2 %. To achieve this 
high output power a 7 m long piece of fibre was used that was pumped from both ends with 
fibre coupled laser diode sources emitting at 793 nm. So actually the highest thulium fibre 
laser output powers were achieved with diode pumping around 800 nm, but also the 
approach with resonant pumping around 1570 nm has the potential to reach such high 
powers. The overall efficiency of the 800 nm pumped systems is better than for the resonant 
pumping due to the limited efficiency of the Yb,Er:fibre lasers used. An all fibre system 
should be possible with both concepts, although so far this was only presented for the 
resonant pumping at 1570 nm. Actually there are two companies that are offering thulium 
fibre lasers commercially. One offers systems that are pumped around 800 nm (Nufern) and 
the other is using the resonant pumping concept (IPG Photonics Corp.). 
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Actually the highest thulium laser output powers are achieved with fibre lasers, but also 
crystal lasers can reach more than 100 W of output power. The fibre lasers also yield a better 
beam quality than the crystal lasers, which is an enormous advantage for some applications. 
Both systems show approximately the same slope efficiencies, nevertheless for high output 
powers the optical to optical efficiency of the fibre lasers is higher. For applications with 
output powers in the range of 100 W to 200 W crystal lasers are still a good alternative to 
fibre lasers, especially since these systems are well developed and commercially available. 

2.2 Holmium laser systems 
Until recently there were no laser diodes available in the wavelength ranges which allow 
direct pumping of Ho3+ ions. Therefore the first holmium lasers were realised in co-doped 
systems. Usually thulium co-doping is used, because one can exploit the cross relaxation 
process of the thulium ions for the excitation of the upper laser level in holmium. There are 
two energy transfer processes which lead to the population of the upper laser level (5I7) of 
the holmium ions. The first transfer is the fast spatial energy migration among the Tm3+ ions 
and the second one is the energy transfer from the thulium 3F4 to the holmium 5I7 level. The 
net energy transfer can be determined as 
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where fHo is the net transfer efficiency, NTm is the concentration of Tm3+ ions, the sums over i 
and j are sums over the Ho3+ 5I7 and Tm3+ 3H4 crystal field splittings, respectively, Ei and Ej 
are the energy levels of these splittings, gi and gj are their degeneracies, k is the Boltzmann 
constant, and T is the temperature (Fan et al., 1988). In YAG as host crystal, about 50 % of 
the excitation energy is transferred to the holmium ions at room temperature when using a 
thulium co-doping. The rest of the energy is stored in the excited thulium ions (Storm, 1988). 
YAG is the most common host crystal for Ho3+ because of its high values of specific heat, 
heat conductivity and optical quality (Rothacher et al., 1998). The energy scheme of Ho:YAG 
with the relevant transitions for the 2.1 µm laser emission and the Stark splitting of the 
ground state are shown in figure 6. The 2.1 µm emission emerges from a transition which 
starts in the upper laser level 5I7 and terminates in the thermally populated sublevels of the 
5I8 ground state manifold. Both involved energy levels show a strong Stark splitting, the 
higher level consists of 14 sublevels from 5228 cm-1 to 5455 cm-1 and the ground state splits 
up into 11 sublevels from 0 cm-1 to 535 cm-1 (Kaminskii, 1996). 
The thermal population of the lower laser level at room temperature for the free running 
Ho:YAG laser is about 2 %, which is nearly the same as for the Tm:YAG laser. But the upper 
laser level of the holmium laser is also thermally populated and this population is much 
lower than for thulium lasers. At room temperature in YAG only 10 % of the holmium ions, 
which are excited to the 5I7 manifold, populate the Stark level which is the upper laser level. 
For thulium this number is about 46 %. Therefore the temperature dependence of holmium 
lasers is stronger than the one of thulium lasers. The upconversion process, in which one 
holmium ion gets excited into the 5I5 or the 5I6 manifold, is a non resonant process (see 
figure 6). It is a phonon assisted process, for which two closely spaced holmium ions that are 
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excited into the 5I7 manifold are necessary. Therefore this process becomes important when 
the population density of the 5I7 energy level is high. Thus the upconversion process is most 
important for the q-switched operation, when the energy storage in the upper laser level is 
high. 
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Fig. 6. Ho:YAG energy scheme with the relevant transitions for 2.1 µm laser operation 

The first holmium laser on the 2.1 µm transition used a thulium co-doping and YAG as a 
host material. It was a flash lamp pumped pulsed laser that was built up in 1965 (Johnson et 
al., 1965; Johnson et al., 1966). This laser needed to be cooled with liquid nitrogen. Room 
temperature, lamp pumped, pulsed operation of Ho:YAG and Ho:YLF lasers was 
demonstrated in 1970 and 1971, respectively (Remski et al., 1970; Chicklis et al., 1971). The 
investigated crystals were sensitised with Er3+ and Tm3+, leading to an optimised absorption 
of the pump light. The first room temperature cw laser operation of a holmium laser with 
thulium co-doping was demonstrated in 1985, using a krypton laser as pump source 
(Duczynski et al., 1986). Shortly after the development of diode lasers around 800 nm many 
innovative approaches of pumping thulium co-doped holmium lasers were successfully 
realised. The first cw holmium lasers utilising diode pumping were demonstrated in 1986 
for YAG as host material and for YLF in 1987 (Fan et al., 1987; Kintz et al., 1987). Intra-cavity 
pumping of Ho:YAG was demonstrated for the first time in 1992 (Stoneman et al., 1992). The 
Ho:YAG crystal was embedded in a Tm:YAG  laser cavity and acted as output coupler. 
The following section focuses on the latest results of different methods for in-band pumping 
(direct pumping into the upper laser level 5I7) of Ho:YAG crystals, which is the most 
promising approach to reach the highest output powers. In-band pumping of most holmium 
crystals is possible in the wavelength range around 1.9 µm. The latest results of continuous 
wave and q-switched holmium laser operation will be shown and reviewed. The co-doping 
of thulium and holmium in crystals and fibres has significant drawbacks. The probability of 
the upconversion process that populates the 5I5 and the 5I6 level is increased by the co-
doping and the thermal load in the crystal is higher, even when the cross relaxation process 
of the thulium ions is exploited very well. Due to the fact that the emission wavelength of 
2.1 µm addresses a wide variety of applications that require short laser pulses with high 
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excited into the 5I7 manifold are necessary. Therefore this process becomes important when 
the population density of the 5I7 energy level is high. Thus the upconversion process is most 
important for the q-switched operation, when the energy storage in the upper laser level is 
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Fig. 6. Ho:YAG energy scheme with the relevant transitions for 2.1 µm laser operation 

The first holmium laser on the 2.1 µm transition used a thulium co-doping and YAG as a 
host material. It was a flash lamp pumped pulsed laser that was built up in 1965 (Johnson et 
al., 1965; Johnson et al., 1966). This laser needed to be cooled with liquid nitrogen. Room 
temperature, lamp pumped, pulsed operation of Ho:YAG and Ho:YLF lasers was 
demonstrated in 1970 and 1971, respectively (Remski et al., 1970; Chicklis et al., 1971). The 
investigated crystals were sensitised with Er3+ and Tm3+, leading to an optimised absorption 
of the pump light. The first room temperature cw laser operation of a holmium laser with 
thulium co-doping was demonstrated in 1985, using a krypton laser as pump source 
(Duczynski et al., 1986). Shortly after the development of diode lasers around 800 nm many 
innovative approaches of pumping thulium co-doped holmium lasers were successfully 
realised. The first cw holmium lasers utilising diode pumping were demonstrated in 1986 
for YAG as host material and for YLF in 1987 (Fan et al., 1987; Kintz et al., 1987). Intra-cavity 
pumping of Ho:YAG was demonstrated for the first time in 1992 (Stoneman et al., 1992). The 
Ho:YAG crystal was embedded in a Tm:YAG  laser cavity and acted as output coupler. 
The following section focuses on the latest results of different methods for in-band pumping 
(direct pumping into the upper laser level 5I7) of Ho:YAG crystals, which is the most 
promising approach to reach the highest output powers. In-band pumping of most holmium 
crystals is possible in the wavelength range around 1.9 µm. The latest results of continuous 
wave and q-switched holmium laser operation will be shown and reviewed. The co-doping 
of thulium and holmium in crystals and fibres has significant drawbacks. The probability of 
the upconversion process that populates the 5I5 and the 5I6 level is increased by the co-
doping and the thermal load in the crystal is higher, even when the cross relaxation process 
of the thulium ions is exploited very well. Due to the fact that the emission wavelength of 
2.1 µm addresses a wide variety of applications that require short laser pulses with high 
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pulse energies or high continuous wave powers, many high power holmium laser systems 
were realised in recent years. Most of these laser systems use thulium crystal or fibre lasers 
for pumping the holmium ions. An overview of some of the latest published results is 
shown in table 3. 
 

laser 
material 

pump 
source 

λp 

 

(µm)

cw 
power

(W) 

pulse 
energy

(mJ) 

λem 

 

(nm)

slope.
eff. 
(%) 

reference 

Ho:YAG Tm:YLF 1.95 1.6  2090 21 Schellhorn et al., 2003 
Ho:YAG Tm:YLF 1.9  50 2090  Budni et al., 2003 
Ho:YAG Tm fibre 1.905 6.4  2097 80 Shen et al., 2004 
Ho:YLF Tm fibre 1.94 43 40 2050 42 Dergachev et al., 2005 
Ho:YAG Tm fibre 1.908 10 15 2100 52 Moskalev et al., 2006 
Ho:YAG Tm:YLF 1.908 9.4  2090 40 Schellhorn, 2006 
Ho:YAG Tm:YLF 1.91 14  2100 16 So et al., 2006b 
Ho:YAG diode 1.91 40 3.5 2120 57 Scholle & Fuhrberg 2008 
Ho:YLF Tm fibre 1.94 12.4 10.9 2065 47 Bollig et al., 2009 
Ho:YAG Tm fibre 1.908 18.7  2090 80 Mu et al., 2009 

Table 3. Overview of some recently published cw and pulsed holmium laser results in the 
literature (λp = pump wavelength; λem = emission wavelength) 

Thulium fibre lasers are an excellent pump source for holmium lasers. They offer a nearly 
diffraction limited beam quality and a very narrow emission bandwidth. The wavelength of 
the fibre lasers can be tuned to the maximum absorption of the holmium ions by using fibre 
Bragg gratings. Due to these benefits the highest slope efficiencies for in-band pumped 
holmium lasers were achieved with thulium fibre lasers as pump sources.  Up to 80 % of 
slope efficiency for cw laser operation were demonstrated by Mu et al. and Shen et al. with 
Ho:YAG lasers. In 2004 Shen et. al. reported on a room temperature Ho:YAG laser pumped 
by a cladding-pumped Tm:silica-fibre laser (Shen et al., 2004). The emission wavelength of 
the Tm:silica-fibre laser was tuned with an external grating to the absorption maximum of 
Ho:YAG.  With the available 9.6 W of pump power, 6.4 W of unpolarized output power of 
the Ho:YAG system were reached in a short plane-concave resonator. The optical to optical 
conversion efficiency of the system was 67 %. Mu et. al. used an adhesive free bonded 
YAG/Ho:YAG/YAG laser composite crystal in a water cooled heat sink (Mu et al., 2009). 
The front facet of the composite crystal acted as a plane highly reflective mirror for the 
holmium laser and the back side had a high reflectivity coating for the pump wavelength to 
achieve a multi pass of the pump light. Thus the resonator was built with the front facet of 
the crystal and a concave output coupler. The pump source, an unpolarized thulium doped 
fibre laser (FWHM 0.7 nm), was tuned to the strongest absorption line of Ho:YAG at 
1907.65 nm. The maximum output power of this system was 18.7 W at 24.3 W of pump 
power, which results in an optical to optical conversion efficiency of 77.6 %, which is the 
highest efficiency reported so far. 
In 2006, Moskalev et. al. demonstrated a q-switched Ho:YAG laser pumped by a 
commercially available thulium fibre laser (Moskalev et al., 2006). They used a 50 mm long 
Ho:YAG rod with a doping concentration of 0.5 % that was conductively cooled. With a 
plane concave folded cavity a maximum output power of 10 W in cw operation were 
demonstrated with a corresponding slope efficiency of 52 %. With an acousto-optic 
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modulator inside the resonator, q-switched laser operation with a maximum output power 
of 15 mJ at 100 Hz repetition rate was shown. 
The highest cw output powers and pulse energies of a holmium laser achieved with thulium 
fibre laser pumping were reached with YLF as host material for the holmium ions. 
Dergachev et al. reached 43 W of cw output power and 40 mJ of q-switched pulse energy 
with a Ho:YLF laser that was pumped at 1940 nm with a commercially available 100 W 
thulium fibre laser (Dergachev et al., 2005). These high powers were achieved using two 
holmium crystals in one cavity. The crystals were pumped by one fibre laser using a 
polarisation beam splitter to spread the pump power. The 40 mJ of pulse energy were 
reached for repetition rates below 400 Hz, at 1 kHz 28 mJ of pulse energy were reached. 
Using a single Ho:YLF crystal Bollig et al. reached a slope efficiency of 47 %  and 10.9 mJ of 
pulse energy at 1 kHz repetition rate (Bollig et al., 2009). With an additional Ho:YLF 
amplifier that was pumped by the pump light transmitted from the first holmium crystal, 
up to 23.7 mJ of pulse energy at 1 kHz repetition rate were reached. This amplifier system 
had a slope efficiency of 47 % and yielded a beam quality of M² < 1.1. 
Another attractive pump source for holmium lasers are Tm:YLF lasers. Tm:YLF lasers are 
highly efficient and offer high pump powers with good beam quality. These laser systems 
can also be tuned to the maximum absorption peaks of holmium in the wavelength range 
between 1.9 µm and 2.0 µm. In 2003, Budni et al. demonstrated a high pulse energy q-
switched Ho:YAG laser with 50 mJ of output energy and an M² of about 1.2, that was 
pumped by a Tm:YLF laser (Budni et al., 2003). They used a folded plane concave cavity, 
where the pump light was coupled into the holmium crystal trough a thin-film polariser that 
also acted as a folding mirror. Using output couplings of up to 70 % damage free q-switched 
operation with pulse lengths of 14 ns and peak powers of up to 3.6 MW were achieved. A 
Ho:YAG thin-disk laser with an output power of up to 9.4 W was realised by M. Schellhorn 
using two polarisation coupled Tm:YLF lasers as pump sources (Schellhorn, 2006). With a 
0.4 mm thick, 2 % doped Ho:YAG crystal an optical to optical efficiency of 36 % was reached 
using 24 passes of the pump light through the Ho:YAG crystal. 
Using Tm:YLF lasers as pump sources also intra-cavity pump schemes are possible, where 
the holmium crystal is placed inside the thulium laser resonator. In this case the holmium 
laser acts as an output coupler for the thulium laser. A schematic set-up for an intra-cavity 
side pumped holmium laser is shown in figure 7.  
 

 
Fig. 7. Schematic diagram of a Ho:YAG intra-cavity pumped laser (So et al., 2006) 
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Fig. 7. Schematic diagram of a Ho:YAG intra-cavity pumped laser (So et al., 2006) 
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Using intra-cavity pumping a low holmium doping concentration can be used, since the 
pump light intensity is very high inside the laser resonator. In 2003 a compact Ho:YAG laser 
intra-cavity pumped by a diode-pumped Tm:YLF laser was realised (Schellhorn et al., 2003). 
At room temperature a maximum average holmium laser output of 1.6 W with a slope 
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output power at 2.1 µm with a slope efficiency of 16 % were achieved with this set-up, 
which is shown in figure 7. 
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diodes around 800 nm the maximum overall system efficiency with these pump systems for 
the realised holmium lasers is about 15 %. Direct in-band pumping with laser diodes around 
1.9 µm is therefore an attractive alternative to develop simple and compact holmium laser 
systems with high overall efficiencies. 
The first directly diode in-band pumped holmium laser was realised in 1995 (Nabors et al., 
1995). With six 1.9 µm laser diodes using angle multiplexing and polarisation beam 
combining nearly 0.7 W of output power were reached. With respect to the absorbed pump 
power a slope efficiency of 35 % was achieved. This demonstrated that efficient in-band 
pumping of Ho:YAG lasers by laser diodes at 1.9 µm is generally possible, although the 
emission bandwidth and the beam quality of laser diodes is inferior to thulium laser 
systems. Nabors et al. used a mix of GaInAsSb and InGaAsP diode lasers, each with about 
0.7 W of output power, which were available in 1995. In recent years diode lasers based on 
GaSb material systems (AlGaIn)(AsSb) were significantly improved. They cover the 
wavelength range from 1.85 µm to 2.35 µm. In section 3 these diodes will be described in 
detail. The improvements of these high power diodes make them very interesting for the 
excitation of holmium lasers. The newly developed GaSb-based diode bars and stacks 
provide enough pump power to realise high power holmium laser systems. 
Using a GaSb-based laser diode stack which consists of ten bars with an output power up to 
158 W Scholle et al. presented the first high power Ho:YAG laser that was in-band pumped 
by such diodes in 2008 (Scholle et al., 2008). A continuous wave output power of 40 W with 
a slope efficiency of 57 % was demonstrated. Also q-switched operation with an acousto 
optic modulator (AOM) inside the laser cavity was investigated. A maximum q-switched 
output power of 3.5 mJ - limited by damage of the optical components - at a repetition rate 
of 1 kHz with 33 % output coupling was reached. The pulse durations were around 150 ns. 
Using a diode stack as pump source yields some challenges for the laser set-up. In figure 8 
one can see that the absorption peaks for the excitation from the ground state to the upper 
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laser level in Ho:YAG (left side) and Ho:YLF (right side) are narrow. The maximum 
absorption in Ho:YAG can be found around 1910 nm (σabs = 9 x 10-21 cm²) and the 
corresponding FWHM is only 7 nm. For Ho:YLF the maximum absorption depends on the 
polarisation, for π polarisation the maximum is at 1940 nm (σabs = 10 x 10-21 cm²) and for σ 
polarisation it is at 1945 nm and significantly lower (σabs = 6 x 10-21 cm²). 
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Fig. 8. Absorption cross sections of the 5I8  5I7 transition for Ho:YAG and Ho:YLF (Walsh et 
al., 1998)  

As shown in figure 14 the FWHM of the emission spectrum of a multi-bar stack is about 
25 nm for high output powers, so the effective absorption coefficient in Ho:YAG for the 
diode stack is approximately 0.35 x 10-20 cm², when the centre wavelength of the emission is 
at 1910 nm. Taking this into account the absorption length of a 0.5 % doped Ho:YAG crystal 
is about 40 mm and for a 1 % doped crystal it is 20 mm, respectively. Another problem for 
pumping with diode stacks is the absorption minimum around 1895 nm, since the emission 
of the stack shifts over this absorption minimum when the power of the stack is 
continuously increased (see figure 13). When using a double pass pump scheme a significant 
part of the pump light can be coupled back into the diode stack, when the diode emits at this 
absorption minimum. This can lead to the destruction of the diode. The poor beam quality 
of the diode stack makes it necessary to use special optics for the collimation of the light and 
also for focussing into the laser rod. In our experiments the pump light of the used GaSb 
stack was only fast axis collimated. The slow axis divergence was compensated by a 
cylindrical lens inside the anti-reflective coated multi lenses focussing optic. With this optic 
pumping of laser rods with a diameter of 3 mm is possible. Inside the Ho:YAG rod the 
pump light is guide by total reflection on the polished surface of the rod. 
Figure 9 shows the set-up used for the holmium laser experiments. The Ho:YAG rod and the 
multi-bar laser diode stack were water cooled to 15 °C with a common cooling circuit. All 
Ho:YAG rods used were anti reflective (AR) coated for the pump and the laser wavelength 
on both sides. The plane-plane resonator used for the q-switching experiments had a length 
of about 150 mm, for the cw experiments a shorter resonator with 80 mm in length was 
used. The first resonator mirror has high reflective (HR) coating for 2.1 µm and an AR 
coating for the pump light at 1.9 µm. After the Ho:YAG rod a pump light reflector was 
integrated to achieve a double pass of the pump light. For q-switching an acousto optic 
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Ho:YAG rods used were anti reflective (AR) coated for the pump and the laser wavelength 
on both sides. The plane-plane resonator used for the q-switching experiments had a length 
of about 150 mm, for the cw experiments a shorter resonator with 80 mm in length was 
used. The first resonator mirror has high reflective (HR) coating for 2.1 µm and an AR 
coating for the pump light at 1.9 µm. After the Ho:YAG rod a pump light reflector was 
integrated to achieve a double pass of the pump light. For q-switching an acousto optic 

2 μm Laser Sources and Their Possible Applications  

 

485 

modulator cut under Brewster angel was integrated in the resonator. Output couplers with 
transmissions from 3.8 % to 30 % were tested so far for cw and q-switched laser operation. 
Until now laser rods with doping concentrations of 0.5 % and 1 % were investigated. Figure 
10 shows the laser output curves of a 62 mm long 0.5 % doped Ho:YAG rod for different 
output couplings on the left side. The highest output powers of up to 40 W were reached 
using 7 % output coupling. All curves show a drop of the holmium output power at an 
incident pump power of about 80 W because of the mentioned minimum in the absorption 
of Ho:YAG around 1895 nm (see fig. 8). The laser threshold is around 40 W and the 
maximum output power was achieved with 135 W of incident pump power on the crystal. 
This yields an optical to optical efficiency of about 33 %. The slope efficiency is about 40 % 
with respect to the incident pump power on the Ho:YAG crystal and 57 % with respect to 
the absorbed pump power. The 1 % doped crystal showed a slightly inferior performance. 
On the right side of figure 10 the best input output curve of a 1 % doped crystal is shown in 
comparison to the results of the 0.5 % doped crystal. The threshold of the 1 % doped crystal 
is higher (60 W) and the slope efficiency with respect to the absorbed pump power is nearly 
the same as for the lower doped crystal. 
 

 
Fig. 9. Experimental set-up for the holmium laser experiments with q-switching 
In recent experiments with the q-switched laser operation pulse energies up to 5 mJ were 
achieved with a pulse length of 180 ns. With an output coupling of 30 % the q-switched laser 
operated just above the laser threshold. The 5 mJ were observed for repetition rates of up to 
250 Hz; at 1 kHz repetition rate only 3 mJ of pulse energy were observed. 
 

 
0 20 40 60 80 100 120 140

0

5

10

15

20

25

30

35

40

45

 7 % o.c.
 18 % o.c.
 30 % o.c.

ou
tp

ut
 p

ow
er

 [W
]

incident pump power [W]  
0 20 40 60 80 100 120 140

0

5

10

15

20

25

30

35

40

45

 1 % Ho:YAG
 0.5 % Ho:YAG

ou
tp

ut
 p

ow
er

 [W
]

incident pump power [W]  
Fig. 10. Left side: Characteristic curves of a 0.5 % doped Ho:YAG rod with a length of 62mm 
for different output couplings (o.c.). Rigth side: Comparison of the output power for the 
0.5 % and the 1 % doped crystal using 7 % o.c.. 

output coupler 

 
 

focusing 
optic 

HR 2.1 µm 
AR 1.91 µm 

laser diode 
stack 

AR 1.91 µm 

Ho:YAG rod 

 

pump light 
reflection 

 

 
 

AOM Brewster cut 
 

λ = 1.91 µm 
Pmax = 150 W 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

486 

The presented results show the great potential of the in-band pumping of holmium crystals. 
Maximum cw output powers of up to 43 W and maximum pulse energies of up to 50 mJ 
were shown. The achieved slope efficiency 80 % with the fibre laser pumping shows that 
there are no significant upconversion losses for in-band pumping. The achieved results with 
the diode pumping demonstrated the feasibility of this sources for the pumping of Ho:YAG, 
but pumping Ho:YLF should also be possible with these diodes. In general the 
performances achieved with Ho:YLF and Ho:YAG are comparable. Further power scaling of 
the output powers should be possible with both systems when pump sources with higher 
powers become more easily available. A second option to achieve higher output powers is 
the realisation of multi stage amplifier systems.  

3. GaSb-based diode laser systems around 2 µm  
3.1 Laser diodes and diode stacks 
In the last years great progress was made in the development of laser diodes emitting in the 
wavelength range around 2 µm. The efficiency and the output power could be significantly 
increased. Additionally the beam quality was improved (lower fast axis beam divergence) 
and the lifetime at room temperature operation was extended. Therefore these diodes can 
now address an increasing number of applications and they will become more and more 
commercially available. Depending on the emitted wavelengths and output powers one can 
use these compact and low-cost coherent sources for instance in gas sensing, free-space 
telecommunication, and medical applications or as pump sources for solid state laser 
systems. In principle GaSb-based laser diodes can be realised with emission wavelengths 
between 1.85 µm and 2.35 µm for room temperature operation (Rattunde et al., 2000). 
In 1963 I. Melngailis demonstrated the first mid-infrared semiconductor laser based on the 
InAs material system (Melngailis, 1963). The laser operated at low temperatures and emitted 
light at 3.1 µm. The first room temperature mid-infrared laser was developed by Caneau et 
al. in 1985 (Caneau et al., 1985). This (GaInAsSb)(AlGaAsSb) double-heterostructure laser 
operated at 2.2 µm. Ten years later Baranov et al. reported on high temperature operation of 
the same semiconductor structures emitting at 2.1 µm (Baranov et al., 1994). All these 
systems delivered very low output powers, a breakthrough with respect to the upscaling of 
the laser output power for 2 µm diodes was achieved in 1992 (Choi et al., 1992). For the first 
time quantum-well-structured GaSb-based laser diodes were presented. This new design 
approach led to laser output powers up to 190 mW and it showed improved power 
exploitation in comparison with the mentioned double-heterostructures. From this 
invention it took about 10 years to achieve further power scaling of laser diodes that operate 
in the 2 µm wavelength range. The next invention to achieve higher output powers was a p-
side down mounted broad-area GaSb-based laser diode (Rattunde et. al., 2002). The direct 
gap band-edge profile of a laser structure with an emission wavelength around 2 µm that 
was realised by Rattunde et al. is shown in figure 11. In such a diode, three compressively 
strained 10 nm thick Ga0.78In0.22Sb quantum wells which are separated by 20 nm wide lattice 
matched Al0.29Ga0.71As0.02Sb0.98 barriers compose the active region. The active region itself is 
located between two 400 nm thick Al0.29Ga0.71As0.02Sb0.98 confinement layers which were 
sandwiched between 2.0 mm wide lattice matched Al0.84Ga0.16As0.06Sb0.94 n- and p-doped 
cladding layers. 
Due to the broad area the differential and thermal resistance of this laser was reduced. This 
provided a maximum output power of up to 1.7 W at room temperature. The great potential 
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of this semiconductor material system was recognised instantly and Shterengas et al. soon 
fabricated the first linear array with this type of diodes (Shterengas et. al., 2004). Linear laser 
arrays on a 1-cm-wide bar with 19 100 µm wide emitters and 1-mm-long cavities were built 
and characterised. With this first high-power diode laser linear array 10 W of output power 
at 2.3 µm were achieved for continuous wave laser operation at room temperature. The 
spectral width of the linear array output was about 20 nm and the achieved peak wall-plug 
efficiency was already near 9 %. But these first high power diodes and bars had one big 
disadvantage, which was the large fast axis beam divergence. This large divergence of 67° 
FWHM results from the broad-area design of the diode laser and it considerably limits the 
applications for this type of diodes. With this large divergence fibre coupling is extremely 
difficult and also the practical use as a pumping source for solid state lasers requires a 
FWHM ≤ 45° in order to collimate the emitted beam of the laser diodes with state-of-the-art 
collection optics. 
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Fig. 11. Direct gap band-edge profile of a broad area GaSb-based laser diode with an 
emission wavelength of 2 µm (Rattunde et. al., 2006a) 
In 2006 Rattunde et al. achieved a significant reduction of the beam divergence of the GaSb-
based diodes by applying an improved waveguide design. A comparison between the fast 
axis far field beam profiles of the new narrow waveguide design diodes and the 
conventional designed diodes is shown in figure 12. With the new design the fast axis 
divergence was reduced to 44° FWHM, furthermore an excellent slow axis beam quality was 
achieved (Rattunde et al., 2006b). The newly designed laser diodes exhibited a maximum cw 
output power of 1.96 W at a wavelength of 2.0 µm. 
In 2006 Kelemen et al. developed and characterised high-power 1.91 µm (AlGaIn)(GaSb) 
quantum-well diode laser single emitters and linear arrays with the new narrow waveguide 
design (Kelemen et al., 2006). A single emitter showed a maximum output power of nearly 
2 W with a slope efficiency of 0.32 W/A at room temperature. The 1-cm-long tested linear 
array consisted of 19 emitters. The maximum cw output power of this bar was limited to 
16.9 W by the thermal rollover. The slope efficiency of the bar was about 0.31 W/A and the 
maximum wall plug efficiency was 26 %. The wavelength shift of the bar was measured to 
be 1.4 nm/K and 1.2 nm/W, so the thermal shift and the shift on power dissipation are 
slightly higher than for a single emitter (1.2 nm/K and 8.6 nm/W). 
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Fig. 12. Measured fast axis far-field beam profiles of a broad area diode (doted line) and a 
diode with reduced beam divergence (continuous line) (Rattunde et al., 2006b) 

In 2007 LISA laser products OHG bought a high power multi-bar stack that was build with 
ten linear arrays of the type that was characterised and described by Kelemen et al. before. 
This first GaSb-based diode stack is directly water cooled and integrated into a sealed 
housing. The single emitters used have a stripe-width of 150 µm and a pitch of 500 µm. The 
rear facets are coated with a highly reflective double-stack of Si and SiO2 films (> 95 % 
reflectivity) and the front facets are coated by a single layer of SiN (3 % reflectivity). The 
emitters were collimated only in the fast axis with micro optics which are integrated in the 
sealed housing. The used waveguide concept which leads to a low fast axis beam divergence 
of 44° FWHM allows a collimation with common pumping diode optics. In order to focus 
the emitted beam of the laser diode stack into a laser crystal the remaining slow axis 
divergence has to be compensated with a cylindrical lens. 
Important aspects for the holmium pumping are the current-power characteristic, output 
spectra and the spectral shift of the laser diode stack. Figure 13 shows the current-power 
characteristic at a cooling temperature of 15 °C for continuous wave operation on the left 
side and the shift of the central wavelength with respect to the output power of the diode 
stack on the right side.  
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Fig. 13. Left diagram: Characteristic curve of the GaSb multi-bar stack at 15 °C. Right 
diagram: Shift of the central wavelength with respect to the output power. 
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The threshold current of the laser diode stack is 8 A and the maximum continuous wave 
output power is 158 W leading to a slope efficiency of 2.95 W/A. The right side of figure 13 
shows that the central wavelengths of the laser diode stack shifts over 40 nm from laser 
threshold to the maximum output power (0.26 nm/W). This large wavelength shift is a 
significant disadvantage for the pumping of holmium lasers, since the absorption of 
holmium ions in most host crystals changes dramatically over this wavelength range. One 
can see in figure 8 that the main absorption peak of Ho:YAG at 1910 nm has a line width of 
only 7 nm and also Ho:YLF has a line width of only about 15 nm at the absorption 
maximum around 1940 nm. 
An additional problem of the laser diode stack is the very broad emission spectrum. In 
figure 14 the emission spectra of the laser diode stack at different pump powers (left side) 
and an output spectrum of a single emitter (right side) are shown. Each spectrum is 
normalised. On the left side one can see that the emission of the diode stack shifts to longer 
wavelengths with higher pumping currents and in addition, the structure of the spectrum 
becomes more inhomogeneous. This effect causes the broadening of the emission spectrum 
with higher pumping currents from 8 nm to 20 nm. 
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Fig. 14. Left side: Normalised output spectra of the diode stack for different output powers. 
Right side: Output spectrum of a single emitter at low output power. 

Due to the big improvements of the GaSb-based diodes in the recent years these laser 
sources have now become interesting for many purposes. Current research and 
development therefore focuses on the optimisation of these lasers towards specific 
applications. Single emitters can be used as cheap sources for sensing or spectroscopy. 
Using external resonators single-mode cw operation can be realised with the diodes, which 
makes it possible to use them as seed sources for high power lasers (Jacobs et al., 2004). As 
shown in section 2, laser bars or stacks can be used for solid state laser pumping. But these 
lasers become also interesting for other industrial or medical applications, especially when 
the efficiency and the beam quality can be further increased. Nowadays GaSb-based diodes 
are becoming commercially available, for instance by m2k Laser.  

3.2 Optically pumped GaSb-based semiconductor disk lasers 
The poor spatial quality of the output of conventional GaSb-based 2 µm laser diodes limits 
their applications. Using a different design for the semiconductor and optical pumping, a 
very high brightness can be achieved. Optically pumped semiconductor disc lasers (OPSDL) 
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also known as vertical-external-cavity surface emitting lasers (VECSEL) are optically 
pumped similar to solid state thin disc lasers (Kuznetsov et al., 1997). The OPSDL chip, 
formed by a sequence of epitaxially grown semiconductor layers, simultaneously acts as the 
cavity mirror and the gain region. A pump laser is focused onto the surface of the chip with 
a spot-size typically several tens or hundreds of microns in diameter. To complete the laser 
resonator an arrangement of external mirrors and other components is used. A typical 
OPSDL set-up with a two mirror cavity is shown on the left side of figure 15. To achieve 
optimal cooling of the OPSDL chip a heat-spreader is often mounted on the surface (Schulz 
et al., 2008). A typical OPSDL structure with heat-spreader and the heat flow is shown on 
the right side of figure 15. The OPDSDL design offers several advantages: The emission 
wavelength can be varied by the design of the OPSDL structure in the same way as for 
conventional semiconductor lasers. Mode matching of pump and laser beam by variation of 
the external resonator design often provides diffraction limited output beams. The external 
resonator also allows flexible control of the laser properties by the insertion of intra-cavity 
elements like frequency stabilization, passive mode-locking, or frequency doubling. 
 

 
Fig. 15. Schematic set-up of an OPSDL with a folded external cavity (left side) and the heat 
flow in an OPSDL with a heat-spreader (right side) (Schulz et al. 2008). 

GaSb-based OPSDLs can be realised within the wavelength range from 2.0 µm to 2.5 µm. In 
the 2 µm wavelength range either SiC or diamond are used as heat-spreader. Due to the 
lower thermal conductivity of SiC the output powers of lasers with SiC heat-spreaders are 
lower than for diamond ones.  On the left side of figure 16 typical input-output curves of an 
GaSb-based OPSDL with a SiC heat-spreader emitting at 2020 nm are shown for different 
cooling temperatures. As a pump source a commercial fibre coupled laser diode emitting at 
976 nm and a resonator similar to the one shown in figure 15 with about 4 % output 
coupling was used. The maximum output power of this laser was 2.5 W at 9 °C and 2.0 W at 
18 °C. The strong temperature dependence is a result of the high heat load in the chip 
caused by the large quantum defect between the pump and the laser wavelength. The 
highest output powers of up to 5 W were achieved with GaSb-based OPSDLs operating at 
2.0 µm using a diamond heat-spreader (Hopkins et al., (2008). At longer wavelengths the 
maximum output powers are lower so far. 
By integrating a quartz birefringent filter into the collimated arm of the folded resonator, 
wavelength tuning and single mode laser operation can be achieved. With an 8 mm thick 
quartz birefringent filter a maximum single mode output of 0.8 W at 2005 nm with an 
OPSDL chip with a SiC heatspreader were achieved. On the right side of figure 16 the 
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maximum single mode output powers achieved with this chip for different wavelengths are 
shown. The large wavelength tuning was achieved using the birefringent filter and the 
variation of the pump power for wavelength tuning. The wavelengths tuning was not 
continuously due to the etalon effect of the uncoated SiC heatspreader used in this 
experiment. The highest tuning range achieved with a birefringent filter and single mode 
laser operation of a GaSb-based OPSDL was 70 nm around 2.3 µm (Hopkins et al., 2007). An 
OPSDL with a diamond heat spreader was used which reached a maximum single mode 
output power of 860 mW when cooled to -15 °C. Stable single-mode laser operation of an 
OPSDL could also be demonstrated by using a volume Bragg grating (VBG) as output 
coupler (Scholle et al., 2009). Up to 0.8 W were achieved at 2013 nm by using the VBG with 
about 98 % reflectivity as output coupler. 
 

 
Fig. 16. Input-output curve of a GaSb-based OPSDL with a SiC heatspreader (left side) and 
maximum single mode output of this OPSDL achieved with a birefringent filter for different 
wavelengths (right side). 

OPSDL combine some of the biggest advantages of semiconductor and solid state lasers. 
They can be designed for different wavelengths like semiconductor lasers and they can 
provide high beam qualities like solid state lasers. This makes OPSDLs attractive for a wide 
spectrum of applications. Until now the maximum output powers of GaSb-based OPSDLs 
are quite low, but they can be increased in the future. The possibility of wavelength selection 
and single mode operation makes OPSDLs an ideal seed source for secondary amplifier or 
laser stages. The major disadvantage for OPSDLs is the lack of energy storage due to the 
short carrier lifetimes. 

4. Most attractive laser applications in the 2 µm wavelength range 
4.1 Laser sensing and spectroscopy 
The 2 µm wavelength range is called “eye safe”, since laser radiation of this wavelength is 
absorbed in the vitreous body of the eye and does not reach the retina. Therefore the 
threshold for untreatable eye damage is much higher than for shorter wavelengths. Laser 
systems that operate in the “eye safe” wavelength range have great market potential 
especially in free space applications where eye safety is very important. So these laser 
systems are ideal for the usage in LIDAR (LIght Detection And Ranging) systems. LIDAR 
systems operate very similar to radar systems except that aerosol particles suspended in the 
air provide the return signal.  

0 5 10 15 20 25 30
0,0

0,5

1,0

1,5

2,0

2,5

3,0

O
PS

D
L 

ou
tp

ut
 p

ow
er

 [W
]

pump power on OPSDL [W]

 chip temp. 9 °C
 chip temp. 15 °C
 chip temp. 18 °C

1950 1960 1970 1980 1990 2000 2010 2020
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

ou
tp

ut
 p

ow
er

 [W
]

wavelength [nm]



 Frontiers in Guided Wave Optics and Optoelectronics 

 

492 

In the wavelength range at 2 μm there are absorption lines of a number of atmospheric 
gasses (e.g. H2O, CO2, N2O) which can be detected and analysed in this spectral region. 
There are different detection techniques for chemical sensing based on short, medium and 
long detection paths. Short range detection means in the immediate location of the laser 
system and the detector, often with both in the same compact housing. Medium range refers 
to a short open path between the source and the detector (some metres). This includes 
systems with an integrated measurement system that use a multi-pass Heriotstyle cell or 
chamber containing the gas of interest. Long range here refers to any detection made over 
an appreciable distance (100 m to several km). These systems use the backscattered light for 
the measurement. To gain position and direction information, pulsed sources of appreciable 
energy are required for long range detection. In the 2 µm wavelength range there are many 
atmospheric transmission windows where very long detection ranges can be realised.  
One of the key technologies opened up by tunable laser sources in the 2 μm region is the 
sensitive detection of some lighter atmospheric gasses and molecules. For this type of 
detection there are a number of lower power cw techniques appropriate. Most of these rely 
on differential optical absorption spectroscopy DOAS (Platt & Stutz, 2008). The systems 
detect a specific gas by exploiting the specific absorption of the gas at some wavelength. The 
backscattered light at this wavelength is compared with the level of returned light at 
another to confirm the presence of the gas of interest while eliminating other potential 
contaminants. In most cases, it is reasonable to compare the absorption of the species of 
interest with a known absorption line of another species like water vapour for example. 
There are many methods of detection with varying complexity and suitability for different 
applications; many of these employ a tunable source to allow the probe wavelength to scan 
through the wavelengths of interest. Remote chemical sensing with compact and robust 
laser sources in the 2 µm wavelength range has good potential in the chemical and 
petroleum industries in terms of safety, quality control, and regulatory enforcement as well 
as in medical and environmental applications. Recently the sensing of a number of chemical 
markers in breath analysis (such as ammonia - NH3) has been shown to provide early 
diagnosis of chronic medical conditions. 
The wind velocity can be measured using a Doppler-LIDAR system which operates with 
heterodyne detection. Aerosol particles travel essentially as fast as the surrounding air. 
When they scatter the incident laser radiation, they impart a slight Doppler shift to the 
returning radiation. Using heterodyne detection, the Doppler shift can be measured and 
thus the wind velocity at the place of the scattering can be determined. To achieve high 
detection ranges and high resolutions most of the Doppler-LIDAR systems are realised in a 
master oscillator – power amplifier (MOPA) configuration. A low-power narrow line width 
master laser with a fixed or tunable wavelength is used to seed a high power laser that 
adopts the characteristics of the master laser. A high short-term stability of the laser 
frequency is necessary to reach a high resolution for the wind velocity measurement. At a 
wavelength of 2.0 µm a resolution of 1 m/s of the wind velocity can be reached only when 
the frequency stability of the laser is better than 1 MHz. 
Ground-based 2 μm Doppler-LIDAR systems can be used at airports to detect wake vortex 
formation during take-off and landing of aircraft to improve the safety. In the European 
project I-WAKE (Instrumentation system for on-board wake vortex and other hazards 
detection, warning and avoidance) a thulium solid state laser based 2 µm MOPA system 
was developed for an eye safe air-borne Doppler-LIDAR. The goal of the system was to 
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detect wake-vortex formation during approach and landing and to detect wind shear and 
clear-air turbulences during the flight to increase the capacities of the airports and the flight 
safety (I-WAKE, 2001). 

4.2 Medical applications 
There are several aspects which make the 2 µm wavelength range a promising candidate for 
highly precise surgical applications for both soft and hard tissue. The most important 
property is the high absorption in water combined with minimal penetration depth within 
human tissue. The superficial mid-infrared tissue ablation effects lead to submicron ablation 
rates which result in minimal damage around the exposed area. The second important 
aspect is the coagulation effect caused by the 2 µm laser radiation, which suppresses the 
bleeding during operations. In the most cases, solid state lasers are used for well established 
medical procedures such as precise tissue ablation, ophthalmic surgery or dentistry. Figure 
18 shows the main medical applications and their anatomic regions within the whole human 
body. For the applications printed in red pulsed laser systems are used, for the others cw 
laser radiation is more practical.  
 

 
Fig. 18. Overview with key-hole pictures of different possible surgery operations which can 
be carried out with laser systems operating in the 2 µm wavelength range. For the 
applications marked in red pulsed laser systems are used. 

Depending on the diagnostic findings and the sort of therapy, most of the medical 
procedures are carried out either with a Ho:YAG laser or Tm:YAG laser systems because of 
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the penetration depth and the already mentioned absorption of this specific laser radiation 
in water. The Ho:YAG laser operates at 2.1 µm and the Tm:YAG laser operates at 2 µm. 
Although their wavelengths are close-by their penetration depths distinguish clearly. In soft 
tissue the Ho:YAG laser has a penetration depth of 300 µm and the Tm:YAG laser penetrates 
only 100 µm. There are four fundamental photoablation mechanisms which cause these 
differences depending on the wavelength: photochemical processes, photothermal 
processes, photomechanical processes and photoelectrical processes. The first type describes 
laser stimulation effects on biochemical and molecular interactions. The second mechanism 
is the actual photoablation. The tissue is removed by vaporization and superheating of 
tissue fluids. The photomechanical process breaks apart the tissue structures and leads to 
tissue removal by laser-induced shock-wave generation. The fourth mechanism, the 
photoelectrical process, achieves tissue removal by electrically charged ions and particles. 
The first laser lithotripsy was reported in 1981 (Orii et al., 1981). A cw Nd:YAG laser 
emitting at 1.064 µm was used to successfully clear pigmented common bile duct (CBD) 
stones from humans. A big drawback of this wavelength is the strong generation of wall 
heat which leads to damage of the bile ducts. Therefore many investigations were carried 
out characterising other laser wavelengths. The pulsed dye laser operating at 504 nm gained 
in importance and led to many successful interventions, but nevertheless did not become 
widely accepted because of its limited range of applications and high costs. Today, 
interventions made by Ho:YAG laser systems show complete stone fragmentation in over 
90 % of all lithotripsies and the stones of all compositions can be reduced better than with 
other laser wavelengths (Teichman et al. 2001). In the case of the Ho:YAG laser the power 
required for lithotripsy is the same for all stones. In contrast, the required laser power of the 
dye laser had to be changed substantially among different stone compositions. The reason is 
that the fragmentation by Ho:YAG lithotripsy is caused primarily by photothermal 
mechanism which transfers the laser energy directly to the stone. Therefore potentially 
hazardous cavitation bubbles or shock waves are not caused by the Ho:YAG laser. 
Teichman et al. also investigated the potential of the lithotripsy of gallstones by a Ho:YAG 
laser system. The laser energy was guided endoscopically by a fibre to the targeted stones. 
They conclude that Ho:YAG laser lithotripsy is effective and safe when used to fragment 
gallstones.     
In a study Bach discusses about the feasibility and efficacy of a Tm:YAG laser system 
(RevoLix, LISA laser products OHG, Germany) for prostatectomy (Bach et al. 2009). Three 
surgeons used the 70-W 2-µm cw Tm:YAG laser system which was coupled with a 550 µm 
core fibre for the intervention of 208 patients. The study showed that the Tm:YAG laser 
assisted prostatectomy is feasible and effective, even in patients with potentially impaired 
detrusor function. 

4.3 Material processing 
The 2 µm wavelength range is also very attractive for material processing especially for 
plastics. The most interesting aspect is the processing of plastic materials that are 
transparent in the visible wavelength range. Figure 19 shows a schematic diagram of the 
welding process for two transparent plastics and two pictures of plastic welds prepared 
with a thulium 2 µm laser. Most of the relevant plastic materials show sufficient absorption 
around 2.0 µm to allow direct processing with lasers operating at this wavelength. Using the 
absorbed energy of a 2.0 µm laser cutting, welding, and marking are easily possible. Using 
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“standard” 1 µm lasers this is only possible with additives inside the plastic that increase the 
absorption of the laser light, because the plastics are still highly transparent in this 
wavelength range. These additives make the fabrication process more complicated and the 
addition is sometimes prohibited for example when the plastics are used in medical 
applications. Laser systems for such applications have to deliver high cw output powers 
with a good beam quality and they have to be highly reliable for industrial operation. 
Possible applications in this field also include the processing and fabrication of transparent 
bio-fluidic chips (precise welding or generating of micro-channels) for biological or medical 
mass-screening experiments. 
 

 
Fig. 19. Left side: Schematic diagram for welding two highly transparent plastics with a butt 
joint. Right side: Welding examples prepared with a 2 µm Tm:YAG laser by Prolas GmbH, 
Aachen (butt joint 4 mm PMMA and T-bonding 3 mm PMMA) 

4.4 Further possibilities 
Besides the described applications 2 µm laser systems are also interesting for free space 
optical (FSO) communication, military and security applications and for pumping of laser 
sources for the mid infra-red region. FSO communication solutions are used for low-cost 
metro networks. Suitably robust and cheap laser systems working at emission wavelengths 
in the first water absorption window at 2 µm are attractive for these systems. Due to the eye 
safe wavelength higher powers can be used as at 1 µm and long ranges can be achieved for 
operation at an atmospheric transmission window. Combined with the availability of small 
area fast detectors, this offers real prospects for such systems. 
There are a number of security and military applications for 2 µm laser systems with 
different requirements on the brightness, compactness or cost-effectiveness of the systems. 
While many heavier elements and more complex explosive compounds (TNT, TATP) and 
chemo-biological agents (Sarin, Soman) may be directly detected at longer wavelength 
ranges (7 to 9 and 9 to 12 μm respectively) it is worth noting that the presence of explosives 
may be betrayed by increased levels of lighter constituent compounds or ‘markers’ either 
through out gassing or decomposition or residue from manufacture (such as ammonia or 
acetone), which can be detected at a wavelength of 2 µm (Day et al., 2007). For instance, 
current airport swab spot checks look for residue markers – this could be done remotely and 
passively with a photonic chemical sensor providing mass throughput screening. Detecting 
chemical and biological warfare agents and related solvents is obviously of increasing 
importance for ensuring public and armed-forces safety. 
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Another potential application in the security context is the deployment of secure short-range 
communication networks on a battlefield. This can be well achieved at eye-safe wavelengths 
within an atmospheric transmission window. Here it is advantageous to provide low-
power, tunable, and pulsed operation from the source to ensure covert, spread-spectrum 
communications with little backscattered or dispersed light out of the line-of-sight path, 
therefore ensuring secrecy and security. 
2 µm laser systems are also ideal pump sources for laser systems that emit at longer 
wavelengths in the mid-infrared. Especially the pumping of Cr2+ lasers and optical 
parametric oscillators (OPOs) is of interest. Cr2+ lasers can be pumped and operated 
continuously and they are broadly tunable. They can cover the whole wavelength range 
from 2000 nm to 3100 nm (Sorokina & Vodopyanov, 2003). Efficient pumping of Cr2+ lasers 
has already been demonstrated with diode lasers and thulium lasers. OPOs allow broad 
continuous wavelength tuning, high peak powers, and high conversion efficiencies. They 
use a nonlinear optical frequency down-conversion mechanism in which one pump photon 
decays into two photons with lower energy (longer wavelength). The sum of the energies of 
the two new photons is equal to the energy of the pump photon. The two new photons do 
not have the same energy; typically the photon with the higher energies is called “signal” 
and the other one “idler”.  For high power applications in the mid-infrared, usually OPOs 
based on ZGP are used. ZGP OPOs can ideally be pumped with holmium lasers around 
2.1 µm (Budni et al. 1998; Vodopyanov, 2003).  

5. Conclusion 
In this chapter the recent progress in the development of crystal lasers, fibre lasers and 
semiconductor lasers operating in the wavelength range close to 2 µm are discussed. For the 
crystal and fibre lasers the focus is put on the improvements, developments, and recently 
achieved high power laser results of thulium and holmium doped systems. Thulium laser 
systems emitting around 2.0 µm can be pumped very efficient nearby 800 nm, when the 
cross relaxation process, which populates the upper laser level, is exploited very well. 
Output powers close to 1 kW and slope efficiencies of up to 68 % have recently been 
reported. Concerning the holmium laser systems the most recently achieved results for 
inband pumping at 1.9 µm with different sources are reviewed and discussed. Using inband 
pumping q-switched pulses of up to 55 mJ of pulse energy and of 43 W of cw output power 
have been demonstrated. 
Additionally the latest improvements of GaSb-based laser diodes and stacks are outlined. 
These diodes can cover the whole wavelength range from 1.85 µm to 2.35 µm and they get 
more and more commercially available. The potential of efficient holmium pumping with a 
diode stack is shown. 
In the last section the potential applications for the different 2 µm laser sources are 
presented. Applications in spectroscopy, sensing, surgery, and material processing are 
discussed in detail.  
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Another potential application in the security context is the deployment of secure short-range 
communication networks on a battlefield. This can be well achieved at eye-safe wavelengths 
within an atmospheric transmission window. Here it is advantageous to provide low-
power, tunable, and pulsed operation from the source to ensure covert, spread-spectrum 
communications with little backscattered or dispersed light out of the line-of-sight path, 
therefore ensuring secrecy and security. 
2 µm laser systems are also ideal pump sources for laser systems that emit at longer 
wavelengths in the mid-infrared. Especially the pumping of Cr2+ lasers and optical 
parametric oscillators (OPOs) is of interest. Cr2+ lasers can be pumped and operated 
continuously and they are broadly tunable. They can cover the whole wavelength range 
from 2000 nm to 3100 nm (Sorokina & Vodopyanov, 2003). Efficient pumping of Cr2+ lasers 
has already been demonstrated with diode lasers and thulium lasers. OPOs allow broad 
continuous wavelength tuning, high peak powers, and high conversion efficiencies. They 
use a nonlinear optical frequency down-conversion mechanism in which one pump photon 
decays into two photons with lower energy (longer wavelength). The sum of the energies of 
the two new photons is equal to the energy of the pump photon. The two new photons do 
not have the same energy; typically the photon with the higher energies is called “signal” 
and the other one “idler”.  For high power applications in the mid-infrared, usually OPOs 
based on ZGP are used. ZGP OPOs can ideally be pumped with holmium lasers around 
2.1 µm (Budni et al. 1998; Vodopyanov, 2003).  

5. Conclusion 
In this chapter the recent progress in the development of crystal lasers, fibre lasers and 
semiconductor lasers operating in the wavelength range close to 2 µm are discussed. For the 
crystal and fibre lasers the focus is put on the improvements, developments, and recently 
achieved high power laser results of thulium and holmium doped systems. Thulium laser 
systems emitting around 2.0 µm can be pumped very efficient nearby 800 nm, when the 
cross relaxation process, which populates the upper laser level, is exploited very well. 
Output powers close to 1 kW and slope efficiencies of up to 68 % have recently been 
reported. Concerning the holmium laser systems the most recently achieved results for 
inband pumping at 1.9 µm with different sources are reviewed and discussed. Using inband 
pumping q-switched pulses of up to 55 mJ of pulse energy and of 43 W of cw output power 
have been demonstrated. 
Additionally the latest improvements of GaSb-based laser diodes and stacks are outlined. 
These diodes can cover the whole wavelength range from 1.85 µm to 2.35 µm and they get 
more and more commercially available. The potential of efficient holmium pumping with a 
diode stack is shown. 
In the last section the potential applications for the different 2 µm laser sources are 
presented. Applications in spectroscopy, sensing, surgery, and material processing are 
discussed in detail.  
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1. Introduction 
The design and realisation of lasers involves two main steps: the development of the gain 
medium and the development of the optical resonator. Naturally, both have a major impact 
on the device performance. The light that passes through the active medium and lies within 
a certain frequency range is amplified. The resonator confines the light and defines the way 
it travels through the gain medium. 
The focus of the present work is the design and realisation of micro resonators based on 
photonic crystals (PhCs). The key feature of PhCs is the possibility to design the dispersion 
relation for electromagnetic waves by patterning on a wavelength scale Joannopoulus et al. 
(2008). The optical properties of the resonator can be manipulated without almost any 
restrictions. Essential device parameters such as emission frequency, lasing far-field or 
cavity quality-factor (Q-factor) are balanced simultaneously. The PhCs are incorporated 
directly into the active region of a terahertz (THz) quantum-cascade laser (QCL) Köhler et 
al. (2002). The use of THz-QCLs allows for an easy experimental realisation of the desired 
resonator geometry. The large emission wavelength on the order of 100 μm allows for a 
simple processing using optical lithography and sets high tolerances for the fabrication. 
We present two different schemes for PhC laser resonators in theory and experiment. The first 
one uses a bulk active region which is surrounded by a PhC-mirror. The light is confined by 
the mirror and amplified in the central gain region. The spatial separation of the two main 
laser components allows for a simpler fabrication. However, it comes at the expense of larger 
devices. The second resonator type uses the PhC directly as the gain medium. It is fabricated 
from the active region of a THz-QCL, making the bulk gain region redundant. The device 
performance is greatly enhanced in terms of emission frequency control.  

2. Active region of the THz quantum-cascade lasers 
The basic building block of every QCL is a superlattice, materials with different bandgaps 
are grown on top of each other. If the thickness of the individual layers is in the range of a 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

502 

few nm’s, a further quantisation of the electron states can be achieved. The theoretical 
fundamentals are from the 1970’s mainly by R. Tsu and L. Esaki Tsu & Esaki (1973); Tsu et 
al. (1974). The idea to use intersubband transitions as an active laser medium has been 
proposed in 1971 by R. F. Kazarinov and R. A. Suris Kazarinov & Suris (1971). The essential 
point is the possibility to design the electron wave functions by carefully selecting the 
thickness of the individual layers. We are able to control all the parameters in the active 
region, such as the dipole matrix element, the upper state life time or the transition energy 
independently of the used material system. All these parameters become independent of the 
used material system. To increase the gain further, identical cascades are grown on top of 
each other. Electrons from the ground state in one cascade are injected into the upper laser 
state of the next cascade, allowing for electron recycling. All these advantages and the 
opportunities in design have made QCLs the preferred monolithic source in the MIR and 
THz spectral region, covering wavelengths from 3 to 300 μm. 
The physical nature of the QCLs has another direct consequence, which is essential for  
this work. QCLs are unipolar devices, only one carrier type is involved in the current 
transport and the light generation. This makes QCLs insensitive to surface effects allowing 
for the realization of almost any resonator geometry. In contrast, the light generation in 
classical bandgap lasers is based on an electron-hole recombination across the bandgap. 
Therefore, an increase in device surface leads to a strong increase in surface leakage currents 
which in the end limits the device performance. 
The active region we are using is based on a gallium-arsenide (GaAs) / aluminium-gallium-
arsenide (AlGaAs) heterostructure. The barriers have an Al-content of 15 % leading to a 
typical height of 110 meV. A calculated bandstructure at lasing field is shown in Fig. 1(a), 
one cascade consists of only four wells. The optical transition in this design is vertical, 
leading to stronger coupling of the upper and lower laser state and reduced sensitivity to 
interface roughness. The 2.7 nm thin barrier, in between the double well, has the strongest 
influence on the transition energy. An increased thickness leads to a red-shift in the 
emission frequency as the anti-crossing between the upper and lower laser states is reduced. 
 

 
                                              (a)                                                                          (b) 

Fig. 1. (a) Calculated bandstructure at the lasing field of 9.8 kV/cm. The lasing states are 
marked with bold lines (purple=2, blue=3, orange=4). One cascade is marked with the grey 
box. (b) Field dependence of the dipole matrix elements. Only the transitions 3→2 and 4→2 
have a relevant coupling strength, the other transitions are optically not active. 
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The lower laser state is depopulated via a resonant LO phonon emission allowing us to 
achieve scattering times of around 0.5 ps Williams et al. (2002). Thereby, a stable population 
inversion can be achieved. The large separation of 36 meV between the lower laser state and 
the ground state reduces the thermal back filling strongly. Nevertheless, the operating 
temperature of THz-QCLs is still limited to cryogenic levels. The highest operating 
temperature reported currently is 186 K Kumar et al. (2009). 
One should keep in mind that the optical parameters of the active region depend on the 
applied field. The coupling strength between the upper and the lower laser state varies with 
the field. For values below 9.5 kV/cm the transition 4 → 2 is the dominant one, for higher 
fields 3→2, as illustrated in Fig. 1(b). The emission energy shows a blue-shift with increasing 
field for all the transitions due to the Stark effect. A larger applied field leads to a stronger 
separation of the electron states. 

3. Plasmonic waveguides 
The waveguide is responsible for the confinement of the optical mode, it guarantees the 
overlap with the gain region. For traditional bandgap lasers, waveguides based on total 
internal reflection are used. The gain region has a higher refractive index than the 
surrounding medium. However, this concept only works for waveguide thicknesses larger 
than the optical wavelength involved. For THz-QCLs this is almost impossible to achieve. 
The wavelengths are in the range of 60 to 300 μm in general. With the available growth 
techniques such as molecular beam epitaxy or metal-organic chemical vapour deposition, it 
is not practical to grow a heterostructure with the desired thickness and still to maintain the 
precision required. Typically, we are limited to 10 or 15 μm thick heterostructures. Such 
waveguides cannot rely on total internal reflection. The solution is the use of plasmonic 
waveguides. 
To be more precise, the waveguides for THz-QCLs rely on surface plasmons. As any other 
surface wave, surface plasmons are bound to an interface and decay exponentially into both 
media. For propagation, it is necessary that the refractive index has different sign on both 
sides of the interface. A conventional semiconductor which is undoped or low doped has a 
positive refractive index. Metals or highly doped semiconductors, which act quasi-metallic, 
have a negative refractive index in the THz spectral region. Therefore, if the active region is 
sandwiched between two, thin metallic or quasi-metallic layers, an efficient waveguide is 
formed. This concept is well known from the microwave technology, where micro strip 
waveguides are used successfully Käs & Pauli (1991). 
In this work we use the so-called double-metal (DM) waveguide Kohen et al. (2005). The 
entire structure consists of two gold layers and the active region in between. For an electrical 
contact between the metal and the semiconductor we use 100 nm thin highly doped n+-
contact layers. As the THz-mode hardly penetrates the metal, a confinement of almost 100 % 
is realised. Simulations for a 15 μm thin and 100 μm wide DM waveguide are shown in Fig. 
2. As the waveguide is much thinner the wavelength, only the first order mode in vertical 
direction can propagate. This mode shows an almost constant mode profile along the 
vertical axes. It has to be stressed that also the lateral confinement is excellent. The mode 
hardly leaks out of the waveguide into the surrounding air. Another advantage is the high 
reflectivity of 90 % for untreated facets due to the impedance mismatch between the 
waveguide and the free space Maineult et al. (2008). 
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Fig. 2. Two-dimensional simulation of a DM waveguide using Comsol Multiphysics 
(www.comsol.com). The mode profile is almost constant in the vertical direction. Despite 
the finite width of the ridge, there is no significant leakage in the lateral direction. 

4. Photonic crystal theory 
Section 2 described the design of the active region itself. The heterostructure designed can 
be interpreted as artificial crystal for electrons manipulating the electron wave functions. 
PhCs on the other hand can be seen as artificial crystals for light. The full dispersion relation 
for electromagnetic waves becomes designable. The combination of QCLs and PhCs allows 
us to design all aspects of the laser in terms of gain medium and optical resonator. 

4.1 Mathematical description of photonic crystals 
We will describe the optical properties for a classical system, the quantisation of the 
electromagnetic field can be neglected in this case. We use the Maxwell’s Equations Jackson 
(1999) with some significant simplifications. 
• There are no free charges or currents present in the system. 
• We restrict ourselves to purely dielectric media: dispersion is neglected, non-linearity is 

neglected, the refractive index is independent of time and the relative permeability is 
set to 1. Therefore, we are able to write the relative permittivity  solely as a function 
of position. 

• The involved fields vary harmonically in time, which allows us to replace any 
derivative in respect to time ∂/∂t by —iω. 

All this simplifications allows us to decouple the Maxwell’s Equation resulting in two 
independent equations for the electric field  and for the magnetic field  

 
(1) 

 
 

(2) 

For mathematical convenience normally the equation for the magnetic field is solved and 
then used to calculate the electric field. We want to obtain the solution for the PhC, which is 
a periodic system. According to Bloch’s Theorem, the solution has to have the same 
periodicity as the crystal, giving us the basic solution to our problem: 
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(3) 

where  is the Bloch wave vector and  the so-called Bloch function. We know that 
almost any periodic function can be written as a sum of harmonic functions. This defines the 
basic form for our unknown Bloch function: 

 
(4) 

where  is the sum over all reciprocal lattice vectors and  are the Fourier coefficients. 
After lengthy calculations, we have simplified a set of partial differential calculations into a 
set of linear equations. Now the Fourier coefficients become accessible: 

 
(5) 

The Fourier transform of the inverse dielectric function  can be calculated very efficiently 
with the Fast-Fourier Transformation giving us an easy-to-use tool for the design of PhCs. 

4.2 Limitations of the mathematical description 
As already mentioned, due to all these simplifications the results are valid only for ‘perfect’ 
systems. The PhC is infinitely large and consists of perfectly linear and loss-less materials. 
However, these limitations are not very critical for our devices. Due to the excellent 
coupling between the mode and PhC, even a small resonator behaves similar to the ideal 
PhC. The frequency dependent gain can be implemented by perturbation theory using a 
complex permittivity in the form ε = ε ’+ iδ. For realistic THz-QCL it is not even necessary as 
the error due to the gain is negligible Nojima (1998b). 

4.3 Design of photonic crystals 
The PhC used for the resonator experiments has always the same basic structure, a 
schematic is shown in Fig. 3(a). It consists of isolated, free-standing pillars which are 
surrounded by air. Such structures typically show full bandgaps for TM-polarised light 
Johnson et al. (1999), which is the polarisation of light emitted by a QCL. The PhC is 
embedded in a DM waveguide for the real devices. For the simulations we use 2D 
simulations of infinitely high rods which significantly reduces the computational effort. As 
the waveguide allows only one vertical mode with an almost constant mode profile to 
propagate, there is virtually no dependence in the vertical direction. Experiments by 
Schartner et al. (2006) show that 2D-PhCs in plasmonic waveguides can be simulated using 
only 2D simulations and achieving very accurate results. 
We use a ratio r/a of 0.3 for the calculations, where r is the radius of the pillars and a the 
period of the PhC. The refractive index for the pillars is set to 3.65, an experimental value for 
GaAs at 3 THz Yasuda & Hosako (2008). For now, the system is set ideal, i.e. the system is 
loss-less and infinitely large. The calculated bandstructure in Fig. 3(b) shows the expected 
full bandgaps for TM-modes. The first one spans from 0.21 to 0.3 [fa/c], the second one from 
0.39 to 0.51 [fa/c], where f is the frequency and c the speed of light. Frequencies which lie 
inside the bandgap cannot propagate through the PhC. The only possible solution for the 
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Maxwell’s Equations are waves with a complex -vector, in other words exponentially 
decaying waves. 
 

 
                                 (a)                                                                                    (b) 

Fig. 3. (a) Schematic of the PhC used. The isolated high-index pillars are arranged in a 
hexagonal lattice and surrounded by air. (b) The band structure for the ideal PhC. The first 
eight bands are presented, the full bandgaps for TM-polarised light are clearly visible. 

5. Photonic crystal mirror devices 
The first set of devices consists of two parts, a bulk gain region is surrounded by a PhC 
mirror. A schematic of the resonator is illustrated in Fig. 4. The PhC works as a frequency 
selective mirror allowing for tuning the emission frequency from the gain maximum into the 
bandgap of the PhC. The parameters of the PhC are identical to the previous section. The 
period is varied from 22 to 35 μm while r/a is 0.3. The entire device is embedded into a DM 
waveguide ensuring a strong interaction between the mode inside the gain region and 
inside the PhC. The thickness of the waveguide is equal for the different periods, it is 
defined by the thickness of the active region of 15 μm. 

5.1 Simulation results for photonic crystal mirrors 
For the simulation of the real device, the plane-wave expansion method (PWE) method is 
not well suited. The bulk gain region can be seen as a defect which breaks the periodicity of 
the PhC. So-called ‘super-cells’ allow for an incorporation of the defect while maintaining 
periodic boundaries by an artificial increase of the computational cell. However, the 
artificial increase leads to band folding, the number of possible bands is increased making 
the identification of individual bands difficult Feng & Arakawa (1997); Kuzmiak & 
Maradudin (1998); Zhi et al. (2003). 
To avoid these problems FDTD-calculations using the open-source package MIT 
Electromagnetic Equation Propagation (MEEP) are performed for our resonators Farjadpour et 
al. (2006). We restrict ourselves again to 2D-simulations of a hexagonal core which is 
surrounded by two rows of pillars. The core is large enough to support modes on its own. 
Therefore, we have also simulated reference cavities consisting of only the core, the pillars 
have been removed. Now the modes visible can be assigned either to the hexagonal cavity 
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Fig. 4. Schematic of the PhC-mirror device Benz et al. (2007). The bulk gain region is 
surrounded by a PhC which acts as a frequency selective mirror. The device is embedded in 
a DM-waveguide to ensure a strong modal coupling between the gain region and the PhC. 
 

 
Fig. 5. Simulated and measured spectra for the PhC-mirror devices Benz, Deutsch, Fasching, 
Unterrainer, Andrews, Klang, Schrenk & Strasser (2009). The dotted lines represent 
simulations for the bare cavity and the full device respectively. The solid lines show 
measured spectra for different periods of the PhC. 

or to the PhC. The calculated spectra in Fig. 5 show clearly that additional modes appear 
due to the PhC. For higher frequencies, the number of possible modes increases strongly, as 
the wavelength becomes smaller while the resonator size remains unchanged. Due to the 
strong optical coupling with the PhC, it is enough to use only two rows of pillars to achieve 
the frequency control. 

5.2 Experimental results for photonic crystal mirrors 
We have used the same active region to process devices with different periods, the 
corresponding spectra are shown in Fig. 5. The predicted modes are clearly visible in the 
measurements, corresponding to frequencies of 0.224, 0.256, 0.309 and 0.378 [fa/c]. One 
should keep in mind that the exact position of the frequencies also depends on the size of 
the core as the geometric path is changed for the modes. Nevertheless, the mode position 
overlaps nicely with the calculated bandgaps. This behaviour is expected, as the PhC-
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mirrors shows the lowest losses for frequencies within the bandgap. The devices do not 
show single-mode emission, in general, as broad stop bands are used. Due to the 
inhomogeneously broadened gain with a typical full-width at half-maximum (FWHM) gain 
bandwidth of 130 GHz, multi-mode emission becomes easily possible Kröll et al. (2007). 
The device with a period of 31.05 μm has to be treated separately from the other devices. 
The laser emits between the first two bandgaps at 0.31 [fa/c]. This corresponds to a mode at 
the K-point. Such modes at high symmetry point appear at flat-band regions in the PhC-
bandstructure due to very low group velocity. The long interaction time with the PhC 
results in strong feedback. These regions are especially interesting for resonators without 
any bulk gain region. As they do not require any states inside the bandgap and still allow 
for an excellent frequency selection. 

6. Active photonic crystal laser 
The last resonator type that we are going to investigate is based purely on isolated pillars. 
The specifications for the PhC are identical to the previous sections, the same PhC geometry, 
ratio r/a, refractive index and waveguide. It is important to stress that now the bulk gain 
region has been removed, as shown in Fig. 6. The sub-wavelength, isolated pillars have to 
provide the optical feedback and the required gain. The pillars are fabricated directly from 
the active region of a THz-QCL and again embedded in a DM waveguide. Thereby, we are 
able to achieve a very simple and efficient pumping scheme. Only the pillars underneath the 
top contact are pumped and the electric field distribution is perfectly homogeneous. 
 

 
Fig. 6. Schematic of the active PhC laser Benz, Deutsch, Fasching, Andrews, Unterrainer, 
Klang, Schrenk & Strasser (2009). The pillars are fabricated directly from the active region of 
a THz-QCL, there is no need for an additional bulk gain region. This type of cavity relies on 
PhC band edges rather than on defect states. 

6.1 Simulation results for active photonic crystals 
As there is no defect incorporated, the real device is very close to the ideal PhC. The only 
limitation is the finite size which will be treated later. Starting from the PWE calculations we 
see immediately that lasing inside the bandgap is not possible as there are no allowed states. 
Lasing will occur at the flat band region at the K-point. However, to establish lasing at all it 
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Klang, Schrenk & Strasser (2009). The pillars are fabricated directly from the active region of 
a THz-QCL, there is no need for an additional bulk gain region. This type of cavity relies on 
PhC band edges rather than on defect states. 

6.1 Simulation results for active photonic crystals 
As there is no defect incorporated, the real device is very close to the ideal PhC. The only 
limitation is the finite size which will be treated later. Starting from the PWE calculations we 
see immediately that lasing inside the bandgap is not possible as there are no allowed states. 
Lasing will occur at the flat band region at the K-point. However, to establish lasing at all it 
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is important to know the mode distribution inside the resonator. It is easy to calculate the 
electric field for the ideal PhC. The corresponding energy distribution shows that 95 % of the 
modal energy overlaps with the active pillars. This is necessary as only the pillars are 
pumped, the surrounding air is, in the best case, transparent. The high modal overlap in 
combination with the strongly reduced group velocity is predicted to give strong gain 
enhancement in this type of structure Nojima (2001; 1998a); Sakoda (1999). 
According to simulations, finite size arrays of isolated pillars support lasing modes on their 
own without the need for any further mirrors Nojima (1999). For our FDTD-calculations we 
arranged 37 pillars in a hexagonal shape. Even this small number of pillars already supports 
a few lasing modes, the calculated spectrum is shown in Fig. 7(a). The mode at 0.19 [fa/c] 
corresponds to the M-point and has a Q-factor of 60, the one at 0.21 [fa/c] to the K-point and 
has a Q-factor of 1000. For frequencies above 0.3 [fa/c] additional modes corresponding to 
higher lying bands show up. In between, the PhC bandgap is nicely visible. These 
calculations predict that these devices should operate in stable single-mode emission at the 
K-point. One should keep in mind that the simulations overestimate the Q-factor of the real 
device. The main limitation is the loss in the gold and the thin n+-layers. These effects are 
naturally ignored in the 2D-simulations. The reduction of the Q-factor due to interface 
roughness, which normally limits the Q-factor for PhC in the visible Asano et al. (2006); 
Srinivasan & Painter (2002; 2003), is not a  problem as the processing imperfections are 
much smaller than the wavelength. 

6.2 Experimental results for active photonic crystals 
As expected, the devices show a stable single-mode emission defined by the PhC. Fig. 7(a) 
shows the emission of devices with a 26.6 and 31.1 μm period respectively. Both devices are 
lasing around 0.23 [fa/c] which corresponds to the K-point or the mode with the 
significantly higher Qfactor. We attribute the discrepancy between experiment and 
simulation to imperfections in the processing, uncertainties in the refractive index of the 
active region and the effects of the DM waveguide. 
Apart from the possibility to predict the emission frequency, one should keep in mind that 
this concept shows a huge tuning range for lasing. The devices with a 26.62 μm period are 
lasing at 2.56 THz, which corresponds almost to the gain maximum of 2.6 to 2.7 THz Benz, 
Deutsch, Fasching, Andrews, Unterrainer, Klang, Schrenk & Strasser (2009). Using a 31.05 
μm period shifts the emission frequency to 2.25 THz. Spectra for both devices at different 
applied fields are shown in Fig. 7(b). This corresponds to a possible tuning range of 400 GHz 
which is significantly larger the typical FWHM gain bandwidth of THz-QCLs of only 130 
GHz Kröll et al. (2007). This is a strong evidence for the theoretically predicted gain 
enhancement in this type of structures. Additionally, it also shows the large potential for this 
kind of resonator. It combines an excellent frequency control with a huge tuning range. 

7. Conclusion 
The design and the realisation of laser resonators is a challenging task. In general, it is 
necessary to balance aspects such as quality factor, laser far-field, threshold and output 
power. Incorporating PhCs allows for a full control of the dispersion relation of the 
resonator. This new flexibility can be used to fulfil all the requirements at the same time. 
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Fig. 7. (a) Simulated and recorded spectra for the active PhC laser Benz, Deutsch, Fasching, 
Andrews, Unterrainer, Klang, Schrenk & Strasser (2009). The realised devices are both lasing 
at the K-point, close to the predicted emission frequency. (b) Measured spectra for different 
periods of the PhC as a function of the applied bias. Both devices show a stable single-mode 
emission which is independent of the voltage. 

Here, we have presented the design of PhCs for THz-QCLs, which are an ideal system to 
study the behaviour experimentally. The large wavelength allows for simple processing and 
large tolerances. The unipolar nature of QCLs makes the devices insensitive to surface 
leakage. Therefore, it is possible to directly integrate the PhC into the active laser medium. 
The devices presented can be split into two different concepts. The first type of devices are 
based on PhC mirrors. A bulk gain region is surrounded by a PhC mirror. The emission of 
the device is tuned into the bandgap of the PhC, corresponding to the lowest mirror losses. 
These devices show a multi-mode emission in general due to the broad stop bands used. 
Nevertheless, this is an easy concept to be realised. The second type of devices consists of 
the active pillars only, there is no bulk gain region. The sub-wavelength pillars are used to 
create the required gain and the optical feedback. The strong modal confinement in lateral 
and vertical directions allows us to built resonators with dimension comparable to the 
emission wavelength. The excellent optical properties of the resonator also allow us to 
achieve a tuning range of 400 GHz, which is significantly wider than the typical FWHM gain 
bandwidth of THz-QCLs of only 130 GHz. In addition, the number of modes can be reduced 
significantly as narrow band edges are used which are surrounded by wide forbidden 
bands. 
The simulations are in excellent agreement with the experimental results. We are able to 
precisely predict the emission frequencies for both types of cavities. Using the PWE method, 
we can determine the band structure of the ideal crystal including the position of the 
bandgaps. The group velocity and the modal overlap for any mode can be calculated. The 
FDTD-simulations allow us to simulate the entire resonator. There are no restrictions on the 
symmetry of the resonator or the linearity of the used materials. One simulation run 
generates the entire frequency information. The Q-factors can be determined easily. 
Especially for lower frequencies and smaller devices, the predictions are excellent, as the 
number of possible modes remains limited. 
This work was partly supported by the Austrian Scientific Fund FWF (SFB ADLIS, SFB 
IRON, DK CoQuS), the Austrian nano initiative project (PLATON), the EC (TERANOVA) 
and the Austrian Society for Microelectronics (GMe). 
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1. Introduction      
Ceramic laser media fabricated by vacuum sintering (Ikesue et al., 1995), (Ikesue et al., 1996), 
and nanocrystalline (Lu et al., 2000) technology are very attractive materials because they 
have several remarkable advantages compared with single crystal laser materials.  Ceramic 
samples with a large size can be easily fabricated, whereas this is extremely difficult for 
single crystals; multiplayer and multifunctional ceramic laser materials are possible because 
of the polycrystallinity of ceramics (Taira, 2007). Potentially, because of their short 
fabrication period and because they can be mass-produced, the cost of ceramic laser 
materials could be much lower than that of single crystals. Furthermore, no complex 
facilities and critical techniques are required for the growth of ceramics. Since 1995, Ikesue 
and coworkers have been developing several types of ceramic laser material (Ikesue et al., 
1995), (Ikesue et al., 1996), and they found in 2000 that the output power from a 3.4 at.% 
Nd:YAG ceramic microchip laser is twice that from a Nd:YAG crystal microchip laser of the 
same size (Shoji et al., 2000). At a low doping concentration, it was found that the efficiency 
of a diode-end-pumped Nd:YAG ceramic laser is even higher than that of a Nd:YAG single 
crystal laser.  Since 1998, Yanagitani and coworkers have been developing several types of 
ceramic lasers, and Lu et al. reported the Nd:YAG ceramic laser as one of them in 2001 (Lu 
et al., 2001). The mechanical properties of YAG ceramics were reported by Kaminskii et al. 
in ref. (Kaminskii et al., 2003). YAG ceramics had a 10% higher hardness than a YAG single 
crystal, and the fracture toughness of the YAG ceramics was more than threefold that of the 
YAG single crystal.  Therefore, the ceramics had a higher resistance to thermal shock than 
the single crystal.  Ytterbium (Yb3+)-doped materials are very attractive for diode-pumped 
solid-state lasers (DPSSLs) (Krupke, 2000). The Yb3+-doped materials have high quantum 
efficiency and exhibit no concentration quenching simply because the Yb3+ ion has only two 
manifolds, namely, the ground state 2F7/2 and the upper level 2F5/2.  Thus far, many articles 
about Yb:YAG crystal lasers have been published (Lacovara et al., 1991), (Hönninger et al., 
1995), (Sumida et al., 1998). Yb:YAG has broad absorption and emission bands. The broad 
absorption band in the near-IR region is suitable for laser-diode (LD) pumping, and the 
broad emission band enables the generation of ultrashort pulses (Hönninger et al., 1995).   
However, an Yb:YAG laser is known as a quasi-three-level laser or a quasi-four-level laser, 
and a finite population exists at the Stark level of the lower manifold 2F7/2, where laser 
transition terminates, which requires high-intensity pumping, a high-brightness pump 
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source, and an efficient heat removal technique (Matsubara et al., 2007) , (Sato & Taira, 
2004), (Shoji et al., 2004) to prevent reabsorption from the lower level of the laser. Takaichi et 
al. reported the absorption and emission spectra of a Yb:YAG ceramic (CYb = 1 at.%) and 
demonstrated laser oscillation, which was the first diode-end-pumped Yb:YAG ceramic 
laser (not Nd:YAG) with a 345 mW cw output power and a slope efficiency of 26% (Takaichi 
et al., 2003).   Recently, Tsunekane and Taira have demonstrated a high-power diode-edge-
pumped single-crystal Yb:YAG / ceramic undoped YAG composite microchip laser 
(Tsunekane&Taira, 2005), (Tsunekane&Taira, 2006).   Early in 2007, a diode-edge-pumped, 
composite all-ceramic Yb:YAG (CYb = 10 at.%) microchip laser was demonstrated by 
Tsunekane and Taira, and a 414 W cw output power was obtained with a slope efficiency of 
47% (Tsunekane&Taira, 2007). Very recently, Dong et al. have demonstrated a 2.7 W heavily 
doped (20 at.%) Yb:YAG ceramic laser with a slope efficiency of 52% (Dong et al., 2007) ; 
however, its two-pass-pumping miniature laser configuration was more complex than a 
simple conventional end-pumping configuration and its output power was not markedly 
high.  Nakamura et al. demonstrated a 5.5 W cw Yb:YAG (9.8 at.%) ceramic laser with a 
slope efficiency of 52% using a simple end-pumping scheme (Nakamura et al., 2008a) with a 
400 μm fiber-coupled LD. Dong et al. demonstrated a highly efficient (a slope efficiency of 
79%) Yb:YAG ceramic laser (Dong et al., 2006) with a 100 μm fiber-coupled LD using an 
end-pumping scheme, but its output power was 1.7 W.   
In section 2, we report a high-power (6.8 W) and high-efficiency tunable Yb:YAG ceramic 
laser demonstrated using an end-pumping scheme with a slope efficiency of 72% 
(Nakamura et al., 2008b) at room temperature (20°C).   
Additionally, the tunability of the Yb:YAG ceramic laser for spectroscopy and femtosecond 
laser application. The broadest tunability is demonstrated in section 3. Finally, A diode-
pumped passively mode-locked Yb:YAG ceramic laser is demonstrated in section 4. 417 and 
286 fs pulses with average powers of 250 and 25 mW were obtained at 1030 nm using 1 and 
0.1% output couplers, respectively. 233 fs pulses with an average power of 20 mW were also 
obtained at a center wavelength of 1048.3 nm using a 0.1% output coupler. To the best of our 
knowledge, this is the first demonstration of a diode-pumped mode-locked Yb:YAG ceramic 
laser. 
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Fig. 1. Experimental setup for the high-power Yb:YAG ceramic laser (Nakamura et al., 
2008a) 

2. High-power and high efficiency Yb:YAG 
2.1 Experimental setup of linear cavity 
The experimental setup for the Yb:YAG ceramic laser is shown in Fig. 1. A 940 nm fiber-
coupled LD (JENOPTIK Laserdiode, JOLD-30-FC-12) was used as a pumping source, the 
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coupled LD (JENOPTIK Laserdiode, JOLD-30-FC-12) was used as a pumping source, the 
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core diameter of the fiber was 200 μm, and the numerical aperture (NA) of the fiber was 
0.22.  The pumping beam was focused onto the ceramic with a ratio of 1:1 using the lenses 
L1 (f = 25 mm) and L2 (f = 25 mm). The diameter of the focused spot on the ceramic was 
~200 μm. To obtain high efficiency and high power, a laser cavity consisting of a flat 
dichroic mirror (DM) and a flat output coupler (OC) as a linear resonator was used. The DM 
was antireflection (AR)-coated at 940 nm and had a high reflectivity at 1030 nm. The OC was 
partially-reflection-coated with a transmittance of T = 1, 5, and 10% at 1030 nm. An AR-
coated ceramic Yb:YAG (CYb = 9.8 at.%, Konoshima Chemical) with dimensions of 5x10x1 
mm3 was used. A 1-mm-thick Yb:YAG ceramic plate was wrapped with indium foil and 
mounted in a water-cooled copper block that acted as a heat sink.  Water was maintained at 
a room temperature of 20ºC during laser oscillation. The cavity length was 20 mm, which 
was optimized, as shown in the later part of this section.   
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Fig. 2. Input-output power dependence of efficient Yb:YAG (CYb = 9.8 at%) ceramic laser: (a) 
with output couplers of T = 1, 5, and 10%, and (b) only T = 10% (Nakamura et al., 2008b). 

2.2 Experimental results of linear cavity 
Figure 2(a) shows the output power as function of the absorbed pump power in the cases for 
the three transmittances of the output couplers T = 1, 5, and 10%, (Nakamura et al., 2008b) 
and Fig. 2(b) shows the output power as function of the absorbed pump power only for the 
case of T = 10%(Nakamura et al., 2008b).  The absorbed pump powers at the lasing threshold 
were 1.2, 2.0, and 2.3 W, and the maximum output powers of 6.9, 6.9, and 6.8 W for T = 1, 5, 
and 10%, respectively, were obtained at the absorbed pump power of 13.8 W. The round trip 
loss L in the resonator was estimated to be 0.09 by the lasing thresholds and the reflectivity 
of the output couplers (Koechner, 1992), which resulted in a small signal gain g0 of 2.0 cm-1, 
and a single pass gain G of 1.2 with the 1 mm thick gain medium.  Each linear line was fit in 
Fig. 2(a) for T = 1, 5, and 10%. The slope efficiencies ηslope were 60, 64, and 72% for T = 1, 5, 
and 10%, respectively. Since we considered that T = 10% is best for obtaining the highest 
slope efficiency of 72%, we filled the data for the T = 10% case to Fig. 2(b). The maximum 
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output power of 6.8 W for T = 10% was obtained at the absorbed pump power of 13.8 W, 
indicating that the efficiency of converting pumping optical power to output optical power, 
ηopt-opt, was 49%.  The line of the best fit is shown in Fig. 2(b).  The slope efficiency ηslope was 
72% for T = 10%. The maximum output power of 6.8 W was determined to be fourfold 
higher than 1.7 W and the slope efficiency was determined to be 7% lower than 79% using 
the 100 μm fiber-coupled LD reported by Dong et al. (Dong et al., 2006). Our 6.8 W laser 
with the slope efficiency of 72% is expected to have a higher slope efficiency than the 
present result if the pumping source is replaced with a 100 μm fiber-coupled 25 W LD, for 
example, LIMO25-F100-DL940 (Lissotschenko Mikrooptick) while maintaining the high 
output power, because the pumping intensity would increase to a value of fourfold higher 
than that of a 200 μm fiber-coupled LD. In comparing our laser with the edge-pumped 
composite Yb:YAG ceramic laser (Tsunekane&Taira, 2007) developed by Tsunekane and 
Taira, we limit our discussion to the cw case; the laser power of 414 W obtained by 
Tsunekane and Taira is much higher than our result, but their slope and optical-optical 
conversion efficiency were 47 and 44%, which were 25 and 5% lower than our slope and 
optical-optical conversion efficiency of 72 and 49%, respectively. The transverse intensity 
profile of the Yb:YAG ceramic laser beam is shown in Fig. 3. The intensity distribution 
indicates that the beam is a Gaussian beam (a TEM00 mode beam). The beam image in Fig. 3 
was as stable as the pumping LD and we found no amplitude instability.   
 

 
Fig. 3. Transverse intensity profile of the Yb:YAG ceramic laser beam (Nakamura et al., 
2008b).  The intensity distribution indicates that the beam is a Gaussian beam (a TEM00 
mode beam). 

These results of high output power, high efficiency, and good beam quality were obtained 
after the optimization of the cavity length. The cavity length was varied to obtain an 
optimum value for the highest efficiency and highest output power, and the focal length of 
the thermal lens for designing a tunable laser cavity configuration. Figure 4 shows the 
maximum output power as a function of the cavity length. Figure 4 shows that the optimum 
cavity length is less than 20 mm. This value is the appropriate cavity length for our laser, 
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because there is no space to reduce the cavity length less than 20 mm. When we used the 400 
μm fiber-coupled LD (Nakamura et al., 2008a), the optimum cavity length with the highest 
output power and highest slope efficiency was 25 mm, and reducing the length less than 25 
mm yielded a worse result. 
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Fig. 4. Maximum output power as function of cavity length of efficient Yb:YAG ceramic 
laser (Nakamura et al., 2008b).  

The focal length of the thermal lens in the ceramic Yb:YAG plate was considered for 
designing a tunable laser cavity configuration.   Figure 4 also shows that the focal length of 
the thermal lens is 109 mm [120 mm (the cavity length) minus 11 mm (the distance of the 
ceramic Yb:YAG and the DM)], because the cavity becomes unstable, terminating the laser 
oscillation when the Fabry-Perot cavity length exceeds the thermal lens focal length.  By 
considering this thermal lens, a tunable laser with a v-shape cavity including a concave 
mirror M (radius of curvature, ROC = 250 mm) and an SF10 dispersive prism was obtained, 
as shown in Fig. 5 in section 3.   

2.3 Summary of linear cavity 
A diode-end-pumped high-efficiency high-power Yb:YAG ceramic laser was demonstrated 
at a room temperature of 20ºC with an Yb concentration of 9.8 at.%, a gain medium 
thickness of 1 mm, a pumping power of 13.8 W, an output coupler of T = 10%, and a cavity 
length of 20 mm. A 6.8 W cw output power was obtained with a slope efficiency of 72%.  
This is the relatively high efficiency of ceramic Yb:YAG lasers at room temperature.  The 
beam quality was shown as a transverse intensity distribution indicating a Gaussian beam (a 
TEM00 mode beam).   

3. Tunability of Yb:YAG ceramic laser  
3.1 Tunable Yb:YAG laser 
In previous reports on Yb:YAG ceramic lasers, no descriptions of the tunability of the lasers 
are given. However, there are some reports on the tunability of Yb:YAG crystal lasers. 
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(Brauch et al., 1995), (Saikawa et al., 2000), (Saikawa et al., 2002) In 2000, the widest 
tunability range from 1024.1 to 1108.6 nm was demonstrated for a 160 mW Yb:YAG crystal 
laser using a 0.1% output coupler and a birefringent filter by Saikawa et al. (Saikawa et al., 
2000) Subsequently, Saikawa et al. reported a 180 mW Yb:YAG crystal laser with a tunability 
in the spectral range of 59 nm from 1021.9 to 1081.2 nm in 2002. (Saikawa et al., 2002)  Very 
recently, we have reported the first study of a tunable Yb:YAG ceramic laser (Nakamura et 
al, 2008b) that exhibits continuous tunability with a spectral range of 63.5 nm from 1020.1 to 
1083.6 nm for T = 1% at a maximum output power of 1.6 W.  In this section, we investigated 
the broader tunability range of a 1.4 W Yb:YAG ceramic laser using a 1% output coupler and 
a prism; this range was twofold broader than that in our previous work. (Nakamura et al, 
2008b) 
Comparing the emission spectra of a Yb:YAG crystal (Dong et al., 2003) doped with 10 at.% 
Yb3+ and the ceramic Yb:YAG (Dong et al., 2006) with 9.8 at.% Yb3+ reported by Dong et al., 
we found that the ceramic Yb:YAG had a slightly higher emission intensity and the 
possibility of producing shorter-wavelength oscillation than the crystal Yb:YAG. To 
consider the difference in the emission spectra in the short-wavelength region, we employed 
a dichroic mirror (DM; Layertec No. 102927) with a high-reflectivity (HR) wavelength range 
from 1010 to 1200 nm and an antireflective range from 800 to 970 nm as a replacement for 
the previously used DM (Layertec No. 103542) (Nakamura et al, 2008b) with an HR range 
from 1020 to 1200 nm and an antireflective range from 808 to 980 nm. To the best of our 
knowledge, we obtained the broadest reported tunable range of 118.31 nm from 992.52 to 
1110.83 nm for a Yb:YAG laser owing to this modification. 
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Fig. 5. Experimental setup for tunable Yb:YAG ceramic laser (Nakamura et al., 2008b). LD: 
fiber-coupled diode laser; L1, L2: focusing lenses; DM: flat dichroic mirror; M; a concave 
mirror (ROC = 250 mm); OC: output coupler. 

3.2 Experimental setup of tunable Yb:YAG ceramic laser 
The experimental setup for the Yb:YAG ceramic laser is shown in Fig. 5. A 940 nm fiber-
coupled LD (JENOPTIK Laserdiode JOLD-30-FC-12) was used as a pumping source; the 
fiber has a core diameter of 200 μm and a numerical aperture (NA) of 0.22. The pumping 
beam was focused onto the ceramic at a ratio of 1:1 using the lenses L1 (f = 25 mm) and L2 (f 
= 25 mm). The diameter of the spot focused on the ceramic was ~200 μm.  A laser cavity 
consisting of a flat DM and a flat output coupler (OC) with a mirror M and an SF10 prism 
was used.  The DM was antireflection (AR)-coated at 940 nm and had an HR at 1030 nm. In 
detail, we employed a DM (Layertec No. 102927) with an HR wavelength range from 1010 to 
1200 nm and an AR range from 800 to 970 nm, which was a replacement for the previously 
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Fig. 5. Experimental setup for tunable Yb:YAG ceramic laser (Nakamura et al., 2008b). LD: 
fiber-coupled diode laser; L1, L2: focusing lenses; DM: flat dichroic mirror; M; a concave 
mirror (ROC = 250 mm); OC: output coupler. 
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used DM (Layertec, No. 103542) (Nakamura et al, 2008b) with an HR range from 1020 to 
1200 nm and an AR range from 808 to 980 nm. The OC was partially reflection-coated with 
transmittances of T = 0.1, 1, 5, and 10% at 1030 nm. An AR-coated ceramic Yb:YAG (CYb = 
9.8 at.%, Konoshima Chemical) with dimensions of 5x10x1 mm3 was used. The dimensions 
of the ceramics were selected to enable Brewster angled alignment for a mode-locked laser 
performance in future to reduce cost. A 1-mm-thick Yb:YAG ceramic plate was wrapped 
with indium foil and mounted in a water-cooled copper block that acted as a heat sink.  The 
water was maintained at room temperature (20 ºC) during laser oscillation. By considering 
the thermal lens effect (Nakamura et al, 2008b), a tunable laser with a V-shape cavity 
including a concave mirror M (radius of curvature, ROC = 250 mm) and an SF10 dispersive 
prism was obtained, as shown in Fig. 5. The SF10 dispersive prism was inserted into a V-
shape resonator as the tuning element between the folded mirror M and the output coupler 
OC at the Brewster angle.  The cavity length was 315 mm.   
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Fig. 6. Output power of ceramic Yb:YAG tunable laser as a function of oscillation 
wavelength for various output couplers (Nakamura et al., 2009). 

3.3 Experimental results of tunable Yb:YAG ceramic laser 
Figure 6 shows the dependence of output power on laser oscillation wavelength for output 
couplers of T = 0.1, 1, 5, and 10% when the absorbed pump power was 13.8 W. The averaged 
spectral linewidth of the output was 3.1 nm in these measurements.  We achieved smoothly 
continuous tunability. A tunable range of 52.64 nm from 999.48 to 1052.12 nm was obtained 
with a maximum output power of 4.41 W at 1031.78 nm for T = 10%. A tunable range of 
77.83 nm from 996.75 to 1074.58 nm and a maximum power of 3.63 W at 1034.14 nm were 
obtained for T = 5%. A maximum power of 1.40 W was obtained at 1033.42 nm and a 
tunable range of 104.52 nm from 994.35 to 1098.87 nm was obtained for T = 1%, which is 
broader than the tunability of 84.5 nm reported by Saikawa et al. (Saikawa et al., 2000).      
Finally, as shown in Fig. 6, T = 0.1% results in the largest tunable range of 118.31 nm from 
992.52 to 1110.83 nm, which is broader than the tunability for T =1%, with a maximum 
output power of 163 mW at 1033.42 nm. To the best of our knowledge, this is the broadest 
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tunability (Nakamura et al, 2009) reported for an Yb:YAG ceramic laser. The shortest 
wavelength of the tuning range in Fig. 6 is not limited to 1020 nm  (Nakamura et al, 2008b)  
because of the broad dichroic coating range of the pumping mirror (Layertec No. 102927) 
with an HR wavelength range from 1010 to 1200 nm and an AR range from 800 to 970 nm.   
This tuning range of 118.31 nm for the Yb:YAG ceramic laser at 20 ºC or 293 K is 3.29-fold 
broader than the 36.0 nm tuning range, from 1018 to 1054 nm, which was produced from a 
Yb:YAG crystal laser with a three-plate birefringent filter at 218 and 245 K. (Brauch et al., 
1995). Furthermore, our tuning range of 118.31 nm from 992.52 to 1110.83 nm for the high-
power ceramic Yb:YAG laser at 20 ºC is twofold broader than that for the crystal Yb:YAG 
laser reported by Saikawa et al. (Saikawa et al., 2002),  which has a tuning range of 59 nm 
from 1022 to 1081 nm at 18 ºC. The widely tunable Yb:YAG crystal laser with birefringent 
filters reported by Saikawa et al. (Saikawa et al., 2000)  had a tuning range of 84.5 nm from 
1024.1 to 1108.6 nm; however, the highest output power was 180 mW, which is much lower 
than the maximum output power of 1.4 W of our ceramic laser with an SF10 prism for T = 
1%, and our tuning range of 104.52 nm for T = 1% is 1.24-fold broader than their 84.5 nm 
tunable range.      
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Fig. 7. Expected transform limited pulses numerically obtained by inverse Fourier 
transformation of Fig. 6 for T = (a) 10, (b) 5, (c) 1, and (d) 0.1% (Nakamura et al., 2009). 

Figure 7 shows the expected transform-limited pulses obtained by an inverse Fourier 
transformation of Fig. 6 for T = (a) 10, (b) 5, (c) 1, and (d) 0.1%. The full width at half 
maximum (FWHM) of the numerically obtained pulse duration was tp = 65.0, 46.9, 35.3, and 
31.2 fs for Figs. 7(a)-7(d), respectively. These numerical results suggest that the ceramic 
Yb:YAG laser medium has the potential for a laser performance of less than 65 fs.   
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Figure 7 shows the expected transform-limited pulses obtained by an inverse Fourier 
transformation of Fig. 6 for T = (a) 10, (b) 5, (c) 1, and (d) 0.1%. The full width at half 
maximum (FWHM) of the numerically obtained pulse duration was tp = 65.0, 46.9, 35.3, and 
31.2 fs for Figs. 7(a)-7(d), respectively. These numerical results suggest that the ceramic 
Yb:YAG laser medium has the potential for a laser performance of less than 65 fs.   
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3.4 Summary of tunable Yb:YAG ceramic laser  
A diode-end-pumped broadly tunable Yb:YAG ceramic laser was demonstrated at room 
temperature (20 ºC) with Yb concentration of 9.8 at.%, a gain medium thickness of 1 mm, a 
pumping power of 13.8 W. Continuous tunability with a spectral range of 104.52 nm from 
994.35 to 1098.87 nm for T = 1% at a maximum output power of 1.4 W and with a spectral 
range of 118.31 nm from 992.52 to 1110.83 nm for T = 0.1% at a maximum output power of 
0.16 W was also obtained at room temperature. To the best of our knowledge, this is the 
broadest tunability reported for a Yb:YAG laser. This tunability is expected to be very 
attractive for femtosecond laser applications. Numerical results suggest that the ceramic 
Yb:YAG laser medium has the potential for a laser performance of less than 65 fs. The cost of 
Yb:YAG ceramic laser materials is much lower than that of single crystals because of their 
high-speed, large production, and mass production potential, is making them tremendously 
attractive for industrial applications. 

4. Mode-locked Yb:YAG ceramic laser 
4.1 Mode-locked Yb-doped lasers 
Femtosecond mode-locked lasers are applied in various fields of physics, engineering, 
chemistry, biology and medicine, with applications including ultrafast spectroscopy, 
metrology, superfine material processing and microscopy. Specific and interesting 
properties of the femtosecond laser pulses have been used in these applications. For 
example, femtosecond pulses have a very precise time resolution, and their strong electric 
field induces important and unusual nonlinear effects. For those applications, high-power, 
high-efficiency and compact femtosecond lasers are required. Ceramic materials are 
attractive for satisfying these requirements. YAG ceramics have 10% higher hardness than a 
YAG single crystal, and the fracture toughness of YAG ceramics is more than threefold that 
of the YAG single crystal. Therefore, the ceramics have a higher resistance to thermal shock 
than the single crystal. Ytterbium (Yb3+) also has interesting properties satisfying the above 
requirements. Its broad absorption and emission spectra allow the realization of a directly 
laser-diode (LD)-pumped femtosecond laser. Moreover, its small quantum defect, absence 
of excited-state absorption, upconversion and cross-relaxation reduce the thermal load and 
enable highly efficient operation. The emission and absorption spectra and thermal 
conductivity strongly depend on the host material. 
Recently, various ceramic materials have been progressively investigated for use in 
ultrashort-pulse lasers (Shirakawa et al., 2003), (Tokurakawa et al., 2006), (Shirakawa et al., 
2003), (Tokurakawa et al., 2007), (Tokurakawa et al., 2008). A diode-pumped femtosecond 
Yb:Y2O3 ceramic laser was demonstrated, and 615 fs pulses at a center wavelength of 1076.5 
nm were obtained with a 420 mW average power (Shirakawa et al., 2003). A diode-pumped 
passively mode-locked Yb:Lu2O3 ceramic laser was demonstrated, for which 357 fs pulses at 
a center wavelength of 1033.5 nm with a 352 mW average power were obtained 
(Tokurakawa et al., 2006). A passively mode-locked femtosecond Yb3+-doped 
Y3(Sc0.5Al0.5)2O12 (Yb:YSAG) ceramic laser pumped by a Ti:sapphire laser was also 
demonstrated, and 280 fs pulses at a center wavelength of 1035.8 nm with a 62 mW average 
power were obtained (Saikawa et al., 2007), but the laser was not diode-pumped. A diode-
pumped Kerr lens mode-locked laser of Yb3+:Sc2O3 ceramics was demonstrated with 92 fs 
pulses at a center wavelength of 1042 nm and an 850 mW average power, and 90 fs pulses at 
a center wavelength of 1092 nm and a 160 mW average power (Tokurakawa et al., 2007). A 
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diode-pumped Kerr lens mode-locked laser with Yb3+:Lu2O3 and undoped Y2O3 combined 
ceramics was demonstrated, and 65 fs pulses at a center wavelength of 1032 nm with a 320 
mW average power were obtained (Tokurakawa et al., 2008). In previous reports on Yb:YAG 
ceramic lasers, there is no description of the mode locking of lasers. However, in some 
reports the femtosecond mode locking of Yb:YAG crystal lasers is discussed (Hönninger et 
al., 1999), (Aus der Au et al., 2000), (Neuhaus et al., 2008a), (Neuhaus et al., 2008b), 
(Uemura&Torizuka, 2008). The average power and pulse energy have been scaled up to 76 
W and 25.9 μJ using a mode-locked thin-disk Yb:YAG laser (Neuhaus, 2008b). A Kerr lens 
mode-locked Yb:YAG crystal laser has been demonstrated, for which the pulse duration was 
as short as 100 fs at a center wavelength of 1051 nm (Uemura&Torizuka, 2008). The shortest 
pulse obtained using a diode-pumped ceramic laser without the Kerr lens effect was 357 fs 
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locking. In our previous studies as shown in section 3, we measured the broadest tunability 
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4.2 Experimental setup of mode-locked Yb:YAG ceramic laser 
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source. The core diameter of the fiber was 200 μm. The numerical aperture (NA) of the fiber 
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was 0.22. The maximum pump power was 26.6 W. The pumping beam was imaged by relay 
to the ceramics using lens L1 (f = 50 mm) and lens L2 (f = 70 mm). The 1-mm-thick Yb:YAG 
(CYb = 9.8 at.%) ceramic plate was arranged at the Brewster’s angle. The Yb:YAG plate was 
wrapped with indium foil and mounted in a water-cooled copper heat sink block. The 
copper block was cooled by flowing water at 20°C. The ceramic was placed between two 
high-reflectivity mirrors (M1, M2) that were anti-reflection (AR)-coated at 940 nm and had 
high reflectivity at 1030 nm with a 100 mm radius of curvature (ROC). The reference laser 
operated in cw mode with a 10% output coupler (OC1) and a high-reflectance end mirror 
(M3) along the dashed lines in Fig. 8. For passive mode locking, a 1 or 0.1% output coupler 
(OC2) and a semiconductor saturable absorber mirror (SESAM, BATOP) with 2% saturable 
absorption at 1030 nm, 70 μJ/cm2 saturation fluence and 500 fs relaxation time constant 
were used in the respective arms. The total cavity length was 1620 mm. The laser beam was 
focused onto the SESAM by a concave mirror (M4, ROC = 250 mm). The distance among the 
mirrors and the folded angle of the mirrors are shown in Fig. 8. The astigmatism 
compensation was not considered. The spot sizes of laser mode in the laser crystal and on 
SESAM were estimated ~ 61 × 53 μm and ~ 450 × 330 μm, respectively. An SF10 Brewster 
prism pair (P1, P2) with 465 mm separation was inserted in the other arm to compensate for 
the dispersion. The total negative GDD of this cavity was about –2670 fs2 per a round trip. 

4.3 Experimental results of mode-locked Yb:YAG ceramic laser 
We demonstrated mode locking for three cases. The first case was mode locking at 1030 nm 
using a 1% output coupler. The second case was mode locking at 1030 nm using a 0.1% 
output coupler. The third case was mode locking at 1050 nm region with cw oscillation at 
1030 nm region using a 0.1% output coupler. 
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Fig. 9. (a) Measured autocorrelation trace and the sech2 fitting, and (b) spectrum of the 
mode-locked pulses using a 1% output coupler (Yoshioka et al., 2009). 

4.3.1 Mode locking at 1030 nm region using a 1% output coupler 
Figure 9 shows the intensity autocorrelation trace and the spectrum of mode-locked pulses 
using a 1% output coupler. The average output power was 250 mW at a pump power of 26.6 
W. The sech2-fitted pulse width was 417 fs and the spectral width was 3.02 nm at the center 
wavelength of 1033.3 nm, which results in a time-bandwidth product of 0.353, slightly above 
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the Fourier limit for a sech2 pulse (0.315). The repetition rate was 91 MHz. The pulse energy 
and peak power were 2.75 nJ and 6.60 kW, respectively. When the 1% output coupler was 
used, mode locking at 1050 nm region was not observed but cw oscillation at 1050 nm 
region or simultaneous cw dual-wavelength oscillation at 1030 and 1050 nm was observed.  

4.3.2 Mode locking at 1030 nm region using a 0.1% output coupler   
Figure 10 shows the intensity autocorrelation trace and the spectrum of mode-locked pulses 
using a 0.1% output coupler. The average output power was 25 mW at a pump power of 
26.6 W. The sech2-fitted pulse width was 286 fs and the spectral width was 4.51 nm, and 
centered at 1033.5 nm. This results in a time-bandwidth product of 0.363, which is 15% 
above the Fourier limit for a sech2 pulse (0.315). This indicates that the pulse has potential to 
be further shortened by extracavity compression. The repetition rate was 91 MHz. The pulse 
energy and peak power were 0.275 nJ and 0.960 kW, respectively. The pulse width of 286 fs 
obtained using a 0.1% output coupler (Fig. 10) was shorter than that of 417 fs obtained using 
a 1% output coupler (Fig. 9) because the intracavity power is increased using a 0.1% output 
coupler, which makes it possible for the laser to oscillate with a broad spectral range. 
However, the average output power decreased to 25 mW owing to the low transmission of 
the 0.1% output coupler.  
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Fig. 10. (a) Measured autocorrelation trace and the sech2 fitting, and (b) spectrum of the 
mode-locked pulses at 1030 nm region using a 0.1% output coupler (Yoshioka et al., 2009). 

4.3.3 Mode locking at 1050 nm region using a 0.1% output coupler 
When the SESAM angle was changed slightly from the conditions described in Sec. 4.3.2, 
mode locking at 1033.5 nm suddenly stopped and simultaneous cw dual-wavelength 
oscillation at 1030 and 1050 nm occurred. When the intensity of the cw spectral component 
at 1050 nm was increased and the laser mode radius focused on the SESAM was optimized, 
mode-locked pulses were generated again. Figure 11 shows (a) the intensity autocorrelation 
trace, (b) the spectrum of mode-locked pulses. The output spectrum in Fig. 11(b) was 
measured by injection into the fiber-coupled spectrometer directly from OC2. The average 
output power was 20 mW at a pump power of 26.6 W. The sech2-fitted pulse width was 233 
fs and the spectral width was 5.20 nm and centered at 1048.3 nm, which results in a time-
bandwidth product of 0.330, slightly above the Fourier limit for a sech2 pulse (0.315). The 
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coupler, which makes it possible for the laser to oscillate with a broad spectral range. 
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Fig. 10. (a) Measured autocorrelation trace and the sech2 fitting, and (b) spectrum of the 
mode-locked pulses at 1030 nm region using a 0.1% output coupler (Yoshioka et al., 2009). 

4.3.3 Mode locking at 1050 nm region using a 0.1% output coupler 
When the SESAM angle was changed slightly from the conditions described in Sec. 4.3.2, 
mode locking at 1033.5 nm suddenly stopped and simultaneous cw dual-wavelength 
oscillation at 1030 and 1050 nm occurred. When the intensity of the cw spectral component 
at 1050 nm was increased and the laser mode radius focused on the SESAM was optimized, 
mode-locked pulses were generated again. Figure 11 shows (a) the intensity autocorrelation 
trace, (b) the spectrum of mode-locked pulses. The output spectrum in Fig. 11(b) was 
measured by injection into the fiber-coupled spectrometer directly from OC2. The average 
output power was 20 mW at a pump power of 26.6 W. The sech2-fitted pulse width was 233 
fs and the spectral width was 5.20 nm and centered at 1048.3 nm, which results in a time-
bandwidth product of 0.330, slightly above the Fourier limit for a sech2 pulse (0.315). The 
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repetition rate was 91 MHz. The pulse energy and peak power were 0.220 nJ and 0.946 kW, 
respectively.  Figure 12 shows a pulse train of cw mode-locking in millisecond time scale. 
This indicates that the mode-locked pulses had a long-term stability. The pulse width of 233 
fs at 1048.3 nm in Fig. 11 obtained using a 0.1% output coupler was the shortest among these 
results. This indicates that the laser has the potential to generate shorter pulses at 1050 nm 
region rather than 1030 nm region. However, the cw spectral component at 1032.4 nm was 
not quenched in our cavity during mode locking at 1048.3 nm. This occurred owing to the 
strong emission at 1030 nm. 
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Fig. 11. (a) Measured autocorrelation trace and the sech2 fitting, (b) spectrum of the mode-
locked pulses at 1050 nm region using a 0.1% output coupler (Yoshioka et al., 2009). 
  

  
Fig. 12. Pulse train of cw mode-locking in millisecond time scale (Yoshioka et al., 2009). 

4.4 Summary of mode-locked Yb:YAG ceramic laser 
A diode-pumped femtosecond ytterbium laser with a host material of YAG ceramic was 
demonstrated. We successfully achieved passive mode locking at wavelengths of 1033.5 and 
1048.3 nm. At 1033.5 nm, passive mode locking by a semiconductor saturable absorber 
mirror generated 286 fs pulses with an average power of 25 mW using a 0.1% output 
coupler. This is the shortest pulse width in the 1030 nm region. At 1048.3 nm, the shortest 
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pulse of 233 fs with an average output power of 20 mW was generated using a 0.1% output 
coupler. To the best of our knowledge, this is the first mode-locked Yb:YAG ceramic laser, 
and the shortest pulse for diode-pumped ceramic lasers without Kerr lens mode locking was 
obtained. 

5. Summary      
A high-power efficient ceramic Yb:YAG laser was demonstrated at a room temperature of 
20°C with an Yb concentration of 9.8 at.%, a gain medium of 1 mm, a pumping power of 
13.8 W, an output coupler of T = 10%, and a cavity length of 20 mm.  A 6.8 W cw output 
power was obtained with a slope efficiency of 72%.   
A diode-end-pumped Yb:YAG ceramic laser with a broad tunability was demonstrated.  The 
continuous tunability in the spectral range of 104.52 nm from 994.35 to 1098.87 nm for T = 
1% at a maximum output power of 1.4 W and in the spectral range of 118.31 nm from 992.52 
to 1110.83 nm for T = 0.1% at a maximum output power of 0.16 W was also obtained at room 
temperature.   To the best of our knowledge, this is the broadest tunability of Yb:YAG lasers.    
A diode-pumped passively mode-locked Yb:YAG ceramic laser was demonstrated. 417 and 
286 fs pulses with average powers of 250 and 25 mW were obtained at 1030 nm using 1 and 
0.1% output couplers, respectively. 233 fs pulses with an average power of 20 mW were also 
obtained at a center wavelength of 1048.3 nm using a 0.1% output coupler. To the best of our 
knowledge, this is the first demonstration of a diode-pumped mode-locked Yb:YAG ceramic 
laser. 
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1. Introduction     
Laser-diode(LD)-pumped solid-state lasers have attracted much attention as compact, 
highly efficient light sources for various applications. A wide variety of materials have been 
studied to develop more efficient and high power microchip lasers with LD pumping. In 
end-pumping schemes, materials with a short absorption length for the LD pump beam are 
most promising for highly efficient operations because of the excellent match between the 
mode and pump beam profiles. In the past decade, new single-crystalline laser materials 
having increased absorption coefficients for LDs, such as Nd:GdVO4 and Yb:YAG,  have 
been reported. On the other hand, the recent advancement of sintering methods led to the 
development of polycrystalline ceramic laser materials that have transparency comparable 
to single crystals (Ikesue et al., 1995 a, b). Various ceramic laser materials, e.g., host crystals 
and active ions, have been sintered toward LD-pumped solid-state lasers.  Intensive studies 
are going on toward high power lasers utilizing such advantages of ceramic lasers as the 
growth of samples with large arbitrary shapes and high doping of active ions. 
From laser physics point of view, on the other hand, ceramic lasers, which consist of 
randomly distributed single crystals surrounded by grain boundaries, are interesting active 
materials for studying lasing properties in random media. This Chapter is devoted to the 
formation of transverse modes and polarization characteristics in Nd:YAG ceramic lasers, 
focusing on the effect of average grain sizes on lasing properties. 

2. Formation of local transverse modes and associated dynamic effects 
Systematic studies of Nd:YAG ceramic lasers for different doping levels showed that if we 
dope Nd3+-ions highly, it is difficult to keep the large grain size and the number of grain 
boundaries will increase within the same path length accordingly (Ikesue et al., 1995 a, b;  
Shoji et al., 2000; Lu et al., 2000). In this section, our experimental results concerning lasing 
pattern formations due to grain boundaries and the resultant dynamic instabilities observed 
in Nd:YAG ceramic lasers (Kawai et al, 2004; Narita et al., 2005; Otsuka et al., 2006) are 
reviewed. 

2.1 Segregation into local transverse modes and dynamic instability 
Thin-slice Nd:YAG ceramic lasers consist of randomly distributed single-crystalline grains, 
whose directions of crystal axes surrounded by grain boundaries are independent, placed 
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between closely-spaced reflective end surfaces. Since the thermal birefringence (i.e., 
depolarization) strongly depends on the direction of crystal axes of the grain and thus 
strong phase distortions occur over transverse directions with increasing the pump-power. 
Due to resultant random phase disturbances distributed inside the plane-parallel cavity, 
Hermite-Gauss modes cannot be formed and the lasing pattern is expected to be split into 
multiple localized transverse modes, namely “local modes” hereafter, having slightly 
different lasing frequencies resulting from slightly different optical cavity lengths, i.e., 
standing-wave conditions. 
The experiment was carried out using mirror-coated thin-slice Nd:YAG ceramic lasers with 
various Nd concentrations sintered by Polytechno Corp. to clarify the formation of local 
modes, in which stable optical resonators are formed by the thermal lens effect due to LD 
pumping. The experimental setup is shown in Fig. 1(a). All the samples were 5 mm square 
and 1 mm in thickness, and end surfaces were coated by dielectric mirrors M1 (99.9% 
reflection at l064 nm and high transmission at 808 nm) and M2 (98% reflection at 1064 nm). A 
nearly collimated elliptical-shape pump beam from the LD with 808-nm wavelength was 
passed through a pair of anamorphic prisms to transform the elliptical shape into circular 
one, and then it was focused onto the surface of Nd:YAG ceramic lasers by microscope 
objective lenses with different magnifications, i.e., M = 10x (numerical aperture, N.A = 0.25) 
and 20x (N.A. = 0.4). Example scanning electron microscope (SEM) images of the etched 
surfaces, indicating single-crystalline grain structures, are shown in Fig. 1(b), in which a 
pump-beam size is depicted. Grain sizes are decreased with increasing Nd concentrations. 
 

 
Fig. 1. (a) Experimental setup. (b) SEM image of the etched surfaces of  Nd:YAG ceramic. 
The pump-beam spot size with M = 10x and 20x  focusing lens was about  80  and 40 μm.  

In order to identify expected splits into spatially-distributed local modes, we measured 
near-field patterns, corresponding optical spectra and output waveforms. Lasing patterns 
and the corresponding detailed oscillation spectra were measured using the same PbS 
infrared viewer (Hamamatsu Photonics, C-1000) and scanning Fabry-Perot interferometer 
(Burleigh, SA Plus, free-spectral range: 2 GHz; resolution: 6.6 MHz). Here, a single 
longitudinal-mode operation in the entire pump-power region was confirmed by a multi-
wavelength-meter. Example results are shown in Figs. 2. A knife edge placed close to the 
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laser was used to block a part of the lasing beam. Near-field patterns for the whole and 
partial beams and their optical spectra are shown in Figs. 2 (a)-(b). In this case, two local 
modes separated by 250 MHz are oscillating at their own frequencies. A high-speed 
intensity modulation at 250 MHz was observed as shown in a waveform of Fig. 2(c). The 
corresponding power spectrum peaks at 250 MHz and its harmonic of 500 MHz. Therefore, 
the periodic waveform is not a simple beat note, but it arises from the intensity modulation 
at the beat frequency. 
 

 
Fig. 2. (a) Near field patterns, (b) optical spectra, (c) intensity waveform and the 
corresponding power spectrum observed in the 1.1 at.%-doped Nd:YAG ceramic laser.  

Various modulation patterns featuring periodic and breathing-type waveforms at beating 
frequencies of adjacent local modes were observed by slight changes in pump positions. 
Furthermore, the modulation amplitude was found to be greatly enhanced by a fine tuning 
of the pump position with a larger magnification objective lens. A variety of high-speed 
modulation waveforms at frequencies up to 1 GHz, which is much higher than the 
relaxation oscillation frequency of few MHz, was observed in the present experiment for 
slightly different pump positions, e.g., several tens of microns, at a fixed pump power. 
Example high-frequency modulation waveforms and corresponding power spectra 
observed for different pump-beam (i.e., lasing-beam) diameters observed in a 3.6 at.% 
doped sample are shown in Fig. 3. Complicated waveforms modulated by many high 
frequency beats among local modes was observed for a larger pump-beam diameter [(a)], 
while larger amplitude breathing-type waveforms involving small number of local modes 
took place for a tightly focused pump-beam [(b)] in which the threshold pump power was 
92 mW and the slope efficiency was 20 %. With increasing lasing beam diameter larger by 
the use of smaller magnification lenses, the number of grain boundaries increases across the 
lasing beam increases. As a result, the number of interacting local modes, i.e., beat 
frequencies, increases accordingly, yielding complicated modulation waveforms. 
Quasi-periodic and chaotic modulation waveforms around at the relaxation oscillation 
frequency were also observed as shown in Figs. 4(a)-(b) at the same pump power as Fig. 3, 
where the pump beam was tightly focused using the 20x (N.A. = 0.4) magnification lens. 
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Fig. 3. Intensity waveforms and the corresponding power spectra. (a) High-speed multiple-
frequency modulation, (b) Breathing-mode modulation. (c) Numerically reproduced 
breating-mode modulation. 

The simultaneous measurement of optical spectra revealed that these instabilities were 
confirmed to take place when a beat-frequency among coupled local modes approached the 
relaxation oscillation frequency. Provided averaged grain size of 20 μm shown in Fig. 1(a), 
which is smaller than the measured focusing beam diameter of 40 μm, an extremely 
sensitive change in observed waveforms against a pump position change, i.e., grain 
structures, can be well understood since a slight change of pump position could results in a 
change in the spatial arrangement of local modes within the lasing beam, e.g., nearest 
neighbors, having different lasing frequencies at which beating modulations take place. 
 

 
Fig. 4. Observed intensity waveforms (left) and numerical reproductions (right). 
(a), (c): Quasi-periodic relaxation oscillations, (b), (d): Chaotic relaxation oscillations. 

2.2 Theoretical model 
Here, the theoretical reproduction of observed dynamic instabilities is shown based on the 
model of coupled local-mode lasers (Otsuka et al. 2006).  
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The local modes are coupled through spatial field overlapping across the transverse 
direction. Assuming the nearest neighbor coupling among spatially-distributed local modes, 
the model equation of such coupled lasers are given as follows (Otsuka et al., 2000): 

 dNi/dt  = {w – 1 – Ni – [1 + 2Ni]Ei2}/K,  (1) 

 dEi/dt  = NiEi + ηi,jΣΕj sin Φι,j,  (2) 

 dΦι,j/dt = ΔΩi,j -ηi,j Σ[(Ej/Ei) + (Ei/Ej)] sin Φι,j,  (3) 

Here, Ei = (gτ)1/2Ε(t) is the normalized field amplitude of i-th local mode, Ni = gΝthτp[Ni (t) 
/Nth-1] is the normalized excess population inversion of i-th local mode where Nth is the 
threshold population inversion.  g is the differential gain coefficient, where gain is defined 
as G = Gth + g(Ni (t) - Nth).  w = P /Pth is the relative pump power normalized by the 
threshold, K = κτ  is the fluorescence lifetime normalized by the damping rate of the optical 
cavity, κ = (2τp)-1 (τp : photon lifetime),  Φi,j is the phase difference between i-th local mode 
field and adjacent j-th local mode field, ΔΩi,j = (ωj - ωi)/κ  is the normalized frequency 
difference between i-th local mode field and adjacent j-th local mode field. ηi,j is the coupling 
coefficient between adjacent local mode fields, and t is the time normalized by the damping 
rate of the optical cavity. In a weak coupling regime, ΔΩi,j >> ηi,j, phase-locking between 
local modes fails and beating modulations at ΔΩi,j take place. Large K values in thin-slice 
solid-state lasers with short photon lifetimes guarantee efficient high-speed modulation far 
above relaxation oscillation frequencies (Otsuka et al., 2002). Numerical high-speed 
breathing-type modulation, quasi-periodic and chaotic relaxation-oscillation waveforms, 
ΣEi2, which correspond to Figs. 3(b), 4(a) and 4(b), are shown in Figs. 3(c), 4(c) and 4(d), 
respectively. Here, three coupled localized modes with ΔΩi,j shown in figures are assumed. 

2.3 Periodic spiking operations 
Periodic spiking operations also appear with a precise tuning of the pump position. Such Q-
switching type periodic spiking oscillations, which appeared even in the single-mode region 
near the lasing threshold, are shown to be brought about by a different dynamic origin from 
modal-beating mediate intensity modulations shown in Figs. 3-4. An example bifurcation 
diagram and typical waveforms obtained at a fixed pump position is shown in Fig. 5. The 
periodic spiking oscillation in the single-mode region PS [(b)] tended to coexist with high-
speed beating modulations in two-mode region, featuring random switching between two 
dynamic states RS [(c)], and finally high-speed modulation dominated spiking oscillations 
as the pump power approached the threshold pump power in region HS [(d)]. Note that the 
spiking oscillation frequency decreased with in decreasing the pump power. 
Self-induced periodic “spiking” modulations observed for a tight pump-beam focusing 
condition have been explained theoretically assuming saturable absorber type of inclusions 
in grain boundaries. The standard single-mode laser rate equation including saturable 
absorbers are given by: (Erneux, 1990)  

 dnl/dt = (wl – nl -nlsl)/K,  (4)  

 dna/dt = (wa – na –αnas)/K,  (5) 

 ds/dt = 2(nl – na –1)s,  (6) 
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where nl, na are normalized population densities for the laser and saturable absorber, 
respectively, s is the photon density, wl, wa are normalized pump rates and α is the 
saturation parameter. Observed periodic spiking oscillations, which appeared near the 
lasing threshold w = P/Pth = wl/(wa +1) < 2, have been well explained by the linear stability 
analysis and numerical simulation of single-mode nonlinear equations described above. An 
example numerical result is shown in Fig. 6. It was found theoretically that the periodic 
spiking oscillation starts to appear just above the threshold pump power, i.e., w = 1, and the 
pulsation frequency increases as the pump power increases. In the real experiment, 
however, such a pulsation sometimes coexists with beating-type high-speed modulations 
shown in Fig. 5(d). Observed spiking oscillations and theoretical reproductions strongly 
suggest the possible inclusion of saturable absorber-type defects into grain boundaries in 
highly-doped Nd:YAG ceramics. 
 

 
Fig. 5. (a) Bifurcation diagram as a function of the pump power observed at the fixed pump 
position. HS: high-speed modulation, SP: periodic spiking oscillation. (b) Observed Q-
switching-type of spiking oscillation. (c) Observed random switching among SP and HS. (d) 
Observed high-speed modulation. 
 

 
Fig. 6. Linear stability analysis and pulsation waveforms. 
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Random switching behaviors among different dynamic states similar to Fig. 5(c) have been 
reported and interpreted in terms of chaotic itinerancy (Otsuka, 1999; Ko et al., 2001). 

2.4 Summary 
In this section, self-induced dynamic instabilities, featuring modal-beating mediate high 
speed modulations, large-amplitude quasi-periodic and chaotic relaxation oscillations, have 
been demonstrated experimentally using thin-slice Nd:YAG ceramic lasers with coated end 
mirrors. The theoretical model of coupled local-mode lasers including the effect of the lateral 
field overlapping, i.e., interference, among adjacent local modes has been presented for 
understanding dynamic instabilities. With a generalized model of coupled local-modes (i.e., 
filament) lasers proposed here, a variety of modal-beating mediate dynamic instabilities 
have been well reproduced. Self-induced Q-switching type of periodic spiking modulations 
observed for a tight pump-beam focusing condition have been also observed and explained 
theoretically assuming saturable-absorber type of inclusions in grain boundaries. 

3. Effect of average grain sizes on modal and polarization properties 
The inherent segregation of transverse patterns into multiple local modes possessing 
different lasing profiles occurs in thin-slice Nd:YAG ceramic lasers, whose grain sizes are 
several tens of micrometers as described in the previous section. On the other hand, single-
frequency linearly polarized emissions that were free from dynamic instabilities were 
achieved in microcrystalline Nd:YAG ceramic samples, whose average grain size was a few 
micrometers. In this section, we describe the effect of average grain size on transverse lasing 
patterns, detailed oscillation spectra, and polarization properties of LD-pumped Nd:YAG 
ceramic lasers (Ohtomo, 2007) to address the problems associated with making highly 
coherent miniature ceramic lasers possessing high beam quality and lasing frequency purity 
for applications besides high-power operation, e.g., laser metrology (Sudo et al. 2006). 

3.1 Input-output characteristics 
The experimental setup is shown in Fig. 7(a), in which an external cavity is used instead of 
mirror-coated thin-slice Fabry-Perot laser in the previous section to verify the effect of grain 
sizes on lasing pattern formations in the optical cavity, which should support a well-defined 
TEM00 mode. The experiment was carried out using two types of 1-mm-thick Nd:YAG 
ceramic sample having different average grain sizes, namely A and B, sintered by Asaka 
Riken Co., Ltd. and Konoshima Chemical Co., Ltd., respectively, where Nd concentrations 
are 1.2 at.% for A and 1.0 at.% for B. A linearly polarized collimated elliptical LD beam of 
808 nm wavelength was transformed into a circular one and focused onto the ceramic 
samples using a microscope objective lens with a numerical aperture of 0.25. The pump-
beam spot size averaged over the 1-mm-thick sample length was determined to be 80 μm, 
where the absorption coefficient for the LD light was 3.55 and 2.96 cm-1 for A and B samples, 
respectively. The sample was placed within a 5-mm-long semi-confocal cavity consisting of 
a flat mirror M1 (99.8% reflective at 1064 nm and > 95% transmissive at 808 nm) and a 
concave mirror M2 (99% reflective at 1064 nm) of 1-cm radius of curvature. We have used 
several ceramic samples belonging to the same lot of A or B. Typical example SEM images of 
etched surfaces and histograms of grain sizes are shown in Fig. 8. 
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Distinct differences in threshold pump powers and slope efficiencies were not found for 
both samples. The input-output characteristics of samples belonging to A were found to 
depend on samples and the pumped (i.e., lasing) beam position across the cross-sectional 
area of each sample, reflecting the grain structure within the lasing beam. While in samples 
belonging to B, such dependences were small. Typical examples are shown in Fig. 7(b). 
 

 
Fig. 7. (a) Experimental setup. (b) Input-output characteristics of large- and micro-grained 
ceramic lasers. A: large grain, B: micro-grain. 

 
Fig. 8. SEM images of etched surfaces for several magnifications and measured histograms 
of grain sizes. Left: large grains, Right: micro-grains. 

Larger undulations in output curves in samples A are considered to appear through 
structural changes of lasing patterns due to pump-dependent local-mode formations as will 
be discussed later. In all lasers, single-transition oscillations on the 1064-nm transition line 
were confirmed for the entire pump-power region by measurements using a multi-
wavelength meter (resolution: 0.1 nm), as depicted in the inset of Fig. 7. This may result 
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from the mode selection due to the etalon effect of the 1-mm-thick sample whose free-
spectral range of Δf = c/2nL = 56 GHz (c: velocity of light, n = 1.82: refractive index, L = 1 
mm: sample length) is comparable to the gain bandwidth (full width at half maximum) of 
Nd:YAG ceramic. 

3.2 Lasing patterns and polarization states 
Lasing patterns and the corresponding detailed oscillation spectra were measured using the 
same PbS infrared viewer and scanning Fabry-Perot interferometer as those in Fig. 1 after 
the output beam had passed through a polarizer. Example results for the two lasers are 
shown in Fig. 9, where grain structures (i.e., SEM images of thermally etched surfaces), near-
field patterns and lasing optical spectra are also indicated. 
The formation of local modes occurred in laser A just above the threshold pump power and 
the number of local modes increased with increasing pump power (i.e., transverse gain 
region). In the case of Fig. 9(a), a transverse mode belonging to the particular longitudinal 
mode was segregated into 4 local modes, possessing slightly different frequencies and 
polarization states. Note that the lasing beam consists of linearly polarized separated local 
modes with different polarization directions indicated by arrows. Laser A consists of single-
crystal grains of several tens of micrometers in size whose crystal axes are randomly 
distributed, while the spot size of the cavity eigenmode averaged over the sample length 
was calculated to be 80 μm, in which the average grain size was determined to be 19.22 μm 
for the sample shown in Fig. 9(a). Therefore, several single-crystalline grains, whose sizes 
are orders of magnitude larger than the lasing wavelength, are included within a cavity 
eigenmode cross section on average, and the oscillation frequency and eigenpolarization 
state of the lasing beam cannot be uniquely determined because of position-dependent 
thermal birefringence across the beam. It thus appears that the lasing transverse mode 
should be split into local modes having different frequencies and polarization states, 
exhibiting dynamic instabilities as described in section 2. 
 

 
Fig. 9. SEM images of etched Nd:YAG ceramic surfaces, near-field patterns and optical  
spectra. (a) Large grain sample A, (b) micro-grained sample B. Polarization directions are 
indicated by red arrows. 
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In the case of laser B, on the other hand, linearly polarized oscillations were obtained in a 
single TEM00 transverse mode (i.e., Hermite-Gauss HG00 mode), as shown in Fig. 9(b). In this 
case, single-crystalline grain sizes are on the order of the lasing wavelength [i.e., average 
grain size of 1.16 μm for the sample shown in Fig. 9(b)], and local modes cannot be formed 
within the eigenmode (i.e., TEM00 mode) spot size. Consequently, segregations into local 
modes can be substantially suppressed, leading to stable single-mode operations without 
dynamic instabilities. An example far-field intensity profile of laser B is shown in Fig. 10, 
together with a Gaussian fitting curve, where a laser-beam profiler (Coherent, Beam Master-
3Si) was used. The mode purity, which is the degree to which the intensity pattern 
reproduces the theoretical TEM00 mode (Arlt, 1998) was evaluated to be greater than 99% for 
the entire pump-power region.   

 
Fig. 10. Typical far-field lasing pattern of the micro-grained Nd:YAG ceramic laser. 

Example pump-dependent optical spectra for other ceramic samples are shown in Fig. 11. 
Linearly polarized single-frequency oscillations, whose polarization direction coincided 
with that of the LD pump light, were obtained in laser B. In the high pump-power regime, 
the orthogonal linearly-polarized weak mode appeared as indicated by the double 
downarrow in this sample, featuring weak dual-polarization oscillations. 
 

 
Fig. 11. Pump-dependent optical spectra. Left: large grains, Right: micro-grains 
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We tested 40 samples including Yb:YAG with different average grain sizes purchased from 
different suppliers and observed the formation of local modes in all the samples except for 
micro-grained samples with average grain sizes smaller than approximately 5 μm. The 
results are summarized in Table I. Stable linearly-polarized TEM00 mode operations without 
dynamic instabilities were observed in a mirror-coated 5 at.%-doped 2-mm-thick Yb:YAG 
micro-grained ceramic laser with average grain sizes of 3.2 μm (Ohtomo, 2007) and its 
application to the self-mixing laser metrology with enhanced optical sensitivity has been 
demonstrated (Ohtomo, 2009).  
 

Doping  
(at. %) 

1.1 
(Nd) 

2.4 
(Nd) 

4.8 
(Nd) 

1.2 
(Nd) 

4.8 
(Nd) 

5.0 
(Yb) 

1.0 
(Nd) 

Grain size 
(μm) 51.85 37.35 19.03 19.22 5.61 3.20 1.16 

Lasing mode LMs LMs LMs LMs LMs TEM00 TEM00 

Table I. Average grain size vs modal structure observed in various ceramic YAG samples 
purchased from different suppliers. LMs: local modes. The average grain size was 
determined by averaging the length along the longest direction of each grain. 

3.3 Discussions 
Let us discuss the polarization properties observed in LD-pumped miniature ceramic lasers, 
in comparison with those in single-crystalline lasers. In LD-pumped thin-slice single-
crystalline Nd:YAG lasers, we observed linear-polarization oscillations in the low pump-
power region, and dual-polarization oscillations (DPO) appeared in the wide pump-power 
region. A typical input-output characteristic observed in a 3-mm-diameter, 5-mm-thick 
mirror-coated Nd:YAG single-crystalline laser with LD pumping is shown in Fig. 12. Here, 
mirror coatings are the same as those shown in Fig. 7(a). The threshold pump power is 
larger than those of ceramic lasers shown in Fig. 7(b) because of the increased lasing beam 
spot size of 200 μm (i.e., mode volume). In a wide pump-power region, DPO is found to 
occur. The nonlinear complementary output characteristic was theoretically reproduced by 
the cross saturation of population inversion among orthogonally polarized modes (Otsuka 
et al., 2007).  It was found that such polarization characteristics critically depend on the 
slight asymmetry in pumping geometry, i.e., a slight change in pump position with respect 
to the central axis of the Nd:YAG crystal.  Such pump-dependent polarization has also been 
reported by Cabrera et al., 2005.  
The intriguing question is why do linear or dual-polarization emissions exceed the 
unpolarized emissions expected in single-crystalline Nd:YAG with the isotropic 
fluorescence properties. A plausible physical origin might be attributed to the thermal 
birefringence inherent in Nd:YAG crystals, in which depolarization effect is minimum along 
the orthogonal directions across the center of the pump (i.e., lasing) beam stemming from 
the so-called four-leaf rose depolarization pattern (Koechner, 1970; Otsuka, 1971) as depicted 
in the left of Fig. 12.  In short, in LD-pumped miniature laser configurations with small 
pump-beam (i.e., lasing) spot sizes like the present lasers, the central region of the lasing 
beam does not suffer from the depolarization effect in the case of orthogonal linearly 
polarized emissions. Therefore, polarization eigendirections are imposed by such a 
thermally induced crystal birefringence, and DPOs are considered to exceed unpolarized 
emissions, as expected in the case of small gain anisotropy. 
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Fig. 12. Dual-polarization oscillation in the Nd:YAG single crystalline laser.  

In micro-grained ceramic lasers, on the other hand, the averaging of thermal birefringence 
effect in Nd:YAG ceramics due to random distributions of crystal axes of grains reported by 
Shoji et al., 2002 is considered to become significant because of the extremely small grain 
sizes comparable to the lasing wavelength. Furthermore, in general, the thermally induced 
internal strain can be relaxed at grain boundaries in ceramics consisting of grains whose 
crystal axes are randomly distributed. With decreasing grain size, the suppression of 
thermal birefringence is expected to be more pronounced owing to increased grain 
boundaries. Indeed, depolarization patterns were observed to be substantially smoothed out 
in micro-grained ceramics. Therefore, micro-grained ceramic lasers are considered to act like 
highly isotropic lasers, being free from the thermal birefringence effect. Note that linearly 
polarized emissions predominate and DPO appears with increasing pump power in low-
power LD end-pumped Nd-doped fiber lasers in the absence of thermal birefringence 
(Bielawski, 1992). Such a lasing polarization property has been well explained theoretically 
in terms of the polarization-selective gain, namely pumping anisotropy, in which the 
polarization-selective gain occurs because both the interactions between the polarized pump 
and the ions, and that between the ion and the fields along each direction of polarization 
depend on the local field experienced by the ion (Bielawski, 1992; Kravtsov et al., 2004). The 
observed polarization properties, which follow the pump polarization, in micro-grained 
ceramic lasers could be interpreted in terms of the pumping anisotropy in isotropic lasing 
media. This topic will be discussed later again in 4.2. 

4. Controlling modal and polarization properties 
This section is devoted to the control of transverse lasing patterns and their polarization 
properties of Nd:YAG ceramic lasers by physical manipulations toward stable single-
frequency linearly polarized emissions for various applications besides high-power 
applications. 

4.1 Linearly-polarized Ince-Gauss mode operations with off-axis LD pumping 
Here, let me show the unique method to prevent local-mode oscillations and achieve stable 
operations without dynamic instabilities, which has been realized by adjusting azimuthal 
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cavity symmetry, in which forced Ince-Gauss (IG) mode operations take place in linearly-
polarized single-frequency oscillations (Otsuka, 2007). 
The experimental setup is the same as Fig. 7(a), where the two mirrors and the 1-mm-thick 
Nd:YAG ceramic sample of 1.2 at.% were assembled into one body. In the present 
experiment, we used larger grain samples categorized into A in the previous section 
sintered by Asaka Riken Co., Ltd. which exhibited segregations into local transverse modes 
and associate dynamic instabilities in the usual LD pumping scheme, i.e., on-axis pumping. 
Far-field patterns and the corresponding detailed oscillation spectra were measured with 
the PbS infrared viewer and the scanning Fabry-Perot interferometer (free-spectral range: 2 
GHz, resolution: 6.6 MHz), after the output beam had passed through a polarizer similar to 
Fig. 7(a). Examples of the results for different rotation angles of the polarizer obtained in the 
low pump-power region are shown in Fig. 13. It is obvious that a transverse mode belonging 
to the particular longitudinal mode was segregated into closely-spaced three local modes, a, 
b, and c, possessing slightly different frequencies and polarization states. 
 

 
Fig. 13. Polarization-dependent far-field pattern change and the corresponding optical 
spectra. 

As the pump power was increased, the number of local modes tended to increase due to the 
increase in active area in the transverse direction. The total and polarization-dependent far-
field patterns are shown in Fig. 14, where polarization directions of individual local modes 
are indicated by arrows. Note that the lasing beam consists of linearly polarized separated 
‘clusters’ of local modes with different polarization directions in this case. Dynamic 
instabilities resulting from beating-type modulations through field coupling among local 
modes described in section 2 were also observed in this particular sample. 
Now let me show a simple method to achieve stable operations of Nd:YAG ceramic lasers to 
prevent segregations into local modes possessing different frequencies and polarization 
states by selective excitations of higher-order Ince-Gauss modes, whose mode volume can 
be larger enough than the grain size, with a controlled azimuthal cavity symmetry. Besides 
well-known Hermite-Gauss modes (HGMs) and Laguerre-Gauss modes (LGMs), Ince-Gauss 
modes (IGMs) is the third complete family of transverse eigenmodes. Ince-Gauss modes 
(IGMs) has been predicted as orthogonal solutions of the paraxial wave equation in elliptic 
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Fig. 14. Far-field patterns of total and partial beams, and their polarization states observed in 
the high pump-power regime. 

coordinates and the IGMs with mode numbers p and m, and ellipticity ε are given by (M. 
Bandres & Gutierrez-Vega, 2004). 

IGep,m(r, ε) = C[w0/w(z)]Cpm(iξ,ε)Cpm(ξ, ε)exp[-r2/w2(z)] 

 × exp i [kz + {kr2/2R(z)} - (p + 1)ψz(z)], (7) 

IGop,m(r, ε) = S[w0/w(z)]Spm(iξ,ε)Spm(ξ, ε)exp[-r2/w2(z)] 

 ×exp i [kz + {kr2/2R(z)} - (p + 1) ψz(z)], (8) 

where the elliptic coordinate is defined in a transverse z plane as x = f(z) cosξ cosη, y = f(z) 
sinξ sinη and ξ∈ [0, ∞], η∈ [0, 2π]. f(z) is the semifocal separation of IGMs defined as the 
Gaussian beam width, i.e., f(z)= f0w(z)/w0, where f0 and w0 are the semifocal separation and 
beam width at the z=0 plane, respectively.  w(z)= w0 (1+ z2/zR2)1/2 describes the beam width, 
zR =kw02/2 is the Rayleigh length, and k is the wave number of the beam. The terms C and S 
are normalization constants, and subscripts e and o refer to even and odd IGMs, 
respectively. Cpm ( . , ε) and Spm ( . , ε) are the even and odd Ince polynomials of order p, 
degree m, and ellipticity parameter ε, respectively. In Eqs. (7) and (8), r is the radial distance 
from the central axis of the cavity, R(z)=z+zR2/z is the radius of curvature of the phase front, 
and Ψz(z) = arctan(z/zR). The parameters of ellipticity ε, waist w0 and the semifocal 
seperation f0 are not independent, but related by ε = f02/w02. 
By adjusting azimuthal symmetry, a variety of higher-order IG mode oscillations, IGp,m, 
were selectively excited, where the central axis of the resonator was tilted against the pump-
beam axis as shown in Fig. 15(a) in the range of 0 < θ < 30 [mrad]. Such a tilt of the laser 
resonator assembled in one body against the pump-beam axis is considered to introduce an 
equivalent effect of the off-axis pumping (Schwarz et al., 2004) whose lateral shift ranges 0 - 
150 μm from the center of the cavity. Example far-field lasing patterns observed for different 
azimuthal symmetries at a constant pump power of 293 mW are shown in Fig. 15(b), in 
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which each output power was decreased to 5 - 7 mW from the output power of 10 mW in 
local-mode operations with on-axis pumping. The formation of IG modes by adjusting the 
LD pump-beam focus to the brightest ‘target’ spot of IGM lasing patterns, i.e., off-axis 
pumping, has been demonstrated by the numerical simulation (Chu & Otsuka, 2007).  
As for forced single IG mode oscillations, linearly-polarized single-frequency operations 
being free from dynamic instabilities have been achieved successfully, although the 
threshold pump power was increased to 80 - 100 mW depending on the tilt, i.e., astigmatic 
pumping, while higher-order HG modes were formed by a larger astigmatic pumping with 
further increased pump power. Linearly-polarized single-frequency operations were 
confirmed by optical spectra as shown in Fig. 15. 
 

 
Fig. 15. (a) Azimuth laser-diode pumping scheme. (b) Far-field lasing patterns and the  
corresponding optical spectra. Left: On-axis pumping (θ = 0); Right: off-axis pumping. 

We have tested various 1-mm-thick Nd:YAG ceramic samples with 1.2 at.%, 2.4 at.% and 3.6 
at.% Nd concentrations in the same cavity configuration and forced single-frequency 
linearly-polarized IG mode operations were attained by adjusting azimuthal symmetry of 
the cavity against the LD-beam pump direction. Moreover, it is interesting to note that each 
single-frequency IG mode formed in the low pump-power region was maintained with 
increasing the pump power. 
Single-mode IG patterns were formed stably in microchip Nd:YAG ceramic lasers with LD 
pump levels below 1 W presumably due to the less thermal lens effect. Analytical IG mode 
patterns with mode numbers [p,m] and ellipticities ε of the modes corresponding to 
observed patterns in Fig. 15 are shown in Fig. 16. 
The mechanism here is that split of the fundamental TEM00 mode into local modes due to 
grain boundaries under the mode-matched pumping condition is suppressed by the 
selective excitation of higher-order IG modes whose mode volumes are much larger than the 
averaged grain size under astigmatic pump. In other words, distributed thermal 
birefringence effects are effectively smoothed out in IG mode operations, resulting in single-
frequency linearly-polarized emissions similar to micro-grained Nd:YAG ceramic lasers 
with on-axis LD pumping demonstrated in section 3. 
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Fig. 16. Numerically reproduced IG mode patterns corresponding to observed IG mode 
patterns shown in Fig. 15(b). 

4.2 Observation of Mathieu-Gauss mode operations in micro-grained ceramic lasers 
In this section, the lasing pattern formation in micro-grained Nd:YAG ceramic lasers with 
azimuth LD pumping is discussed. Spontaneous Mathieu-Gauss mode oscillations are shown 
to appear instead of IG mode operations, which take place in larger grained Nd:YAG 
microchip ceramic lasers with azimuth laser diode pumping (Tokunaga et al., 2009). Here, 
non-diffractive beams (Durin, 1987), including Bessel-Gauss (BG) (Arlt & Dholakia, 2000) and 
Mathieu-Gauss (MG) modes (Gutierrez-Vega & Bandres, 2007), are promising for 
sophisticated micromachining and for trapping microparticles and manipulating them over 
longer distances than any other optical tweezers. The effect of fluorescence anisotropy or 
thermal birefringence on these pattern formations is also discussed for several laser materials. 
A. Mathieu-Gauss and Bessel-Gauss mode operation 
The laser cavity configuration is the same as Fig. 7(a) and the 1-mm-thick micro-grained 
Nd:YAG ceramic of 1 at.% Nd concentration was attached to M1 and the cavity was 
assembled into one body as depicted in Fig. 17(a). The averaged grain size was measured to 
  

 
Fig. 17. (a) Experimental setup of micro-grained Nd:YAG ceramic lasers with azimuth LD 
pumping. (b) SEM images of etched surfaces. 
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be 1.1 μm. An SEM surface image of the micro-grained sample used in this experiment is 
shown in Fig. 17(b), together with that of large-grain sample. The collimated linearly-
polarized LD beam was passed through an anamorphic prism pair and it was focused onto 
the sample by a microscope objective lens of NA = 0.25, where the focused beam diameter 
was about 80 μm. The laser exhibited a single-frequency TEM00-mode oscillation, which is 
linearly polarized along the LD pump-beam polarization direction due to the reduced 
thermal birefringence for mode-matched on-axis pumping condition as mentioned in 
section 3. By shifting or tilting the laser cavity slightly as depicted by arrows in Fig. 17(a), a 
variety of MG mode operations were observed, instead of Ince-Gauss (IG) modes, 
depending on the degree of effective off-axis pumping. Typical far-field patterns, including 
BG modes, are shown in Fig. 18. For the higher-order BG modes (BG1, BG2), an optical 
vortex having a topological charge of 1 and 2 was formed in the center. 
 

 
Fig. 18. Observed far-field lasing patterns. (a) Mathieu-Gauss laser beam. (b) Bessel-Gauss 
laser beam. 

Numerically reproduced intensity patterns corresponding to Fig. 18 and the phase portraits 
are shown in Fig. 19. Here, the complex amplitude of the m-th order even and odd MG 
beams propagating along the positive z of an elliptic coordinate system r = (ξ, η, z) is given 
by (Gutierrez-Vega & Bandres, 2007): 
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Here, Jem(·) and Jom(·) are the m-th order even and odd radial Mathieu functions, cem(·) and 
sem(·) are the m-th order even and odd angular Mathieu functions, GB(r) = μ-1exp(-r2/μw02) is 
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the fundamental Gaussian beam, μ(z) = 1 + iz/(kw02), w0 is the Gaussian width at the waist 
plane z = 0, and k = 2π/λ is the longitudinal wave number. q = kt2f02/4 is the ellipticity 
parameter, which carries information about the transverse wave number kt and the 
semiconfocal separation at the waist plane f0. 
Similarly, m-th order BG beams are given by 
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Here, (r,φ) are the polar coordinates and Jm(·) is the m-th order Bessel function of the first 
kind. 

 
Fig. 19. Numerically reproduced intensity patterns corresponding to Fig. 18 and their phase 
portraits. (a) Mathieu-Gauss laser beam. (b) Bessel-Gauss laser beam. λ (wavelength) = 1064 
nm, w0 = 3 mm. Adopted parameter values (kt, q) are (a)-(i): (2800/m, 0.2); (a)-(ii): (6000/m, 
0.2); (a)-(iii): (4300/m, 0.5); (a)-(iv): (7500/m, 25); (b)-(i): (4500/m, 0); (b)-(ii): (5500/m, 0); (b)-
(iii): (6500/m, 0). 

Elliptical-polarization BG modes or dual-polarization MG modes appeared for small 
effective off-axis pumping. An example of polarization-dependent oscillation spectra is 
shown in Fig. 20(a). With larger off-axis pumping, linearly polarized single or double 
longitudinal MG mode operations were observed, where the longitudinal mode spacing 
coincided with 12.88 GHz, which corresponds to the inverse of two round-trip times as 
expected for BG and MG mode oscillations. An example oscillation spectrum consisting of 
two longitudinal modes is shown in Fig. 20(b). 
B. Effect of fluorescence anisotropy  on lasing pattern formation 
We replaced the micro-grained Nd:YAG ceramic by LiNdP4O12 (LNP) and a-cut Nd:GdVO4 
crystals, which exhibit linearly polarized emission resulting from strong fluorescence 
anisotropy independently of the pump-beam polarization state. Under the same azimuth 
LD-pumping conditions as for micro-grained ceramic lasers, neither BG nor MG mode 
oscillations appeared. Instead, single-frequency linearly polarized IG mode operations on 
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Fig. 20. Far-field lasing patterns and their polarization-dependent optical spectra.  
(a) Dual-polarization Mathieu-Gauss beam with small off-axis pumping.  
(b) Linear-polarization multi-longitudinal mode Mathieu-Gauss beam with large off-axis 
pumping. 
elliptical coordinates were observed depending on the pump-beam position (Ohtomo et al., 
2007), similar to large grain Nd:YAG ceramic lasers with spatially dependent thermal 
birefringence discussed in the previous subsection 4.1. Examples are shown in Fig. 21. As for 
large-grain Nd:YAG ceramic lasers, neither BG nor MG mode oscillations appeared with 
azimuth LD pumping. 
 

 
Fig. 21. Ince-Gauss mode operations with azimuth LD pumping. (a) Nd:GdVO4 single 
crystal. (b) Large-grain Nd:YAG ceramic with average grain size of 19.2 μm. 
C. Discussion 
Laser oscillations in BG and MG modes are usually obtained in cavities with an axicon-type 
lens or mirror (Gutierrez-Vega, 2003; Alvarez-Elizondo, 2008) such that interference 
between conical lasing fields occurs within the laser cavity. In the present experiment, BG 
and MG mode oscillations were produced just by azimuth LD pumping. Let us offer a 
plausible explanation for MG mode oscillations in terms of effective off-axis pumping 
depicted in Fig. 22(a). 
In the framework of vector lasers (Kravtsov, 2004), the angular amplification inhomogeneity 
has been shown to depend on the orientation of the polarization plane of laser radiation 
from that of pump radiation, in the form of D(θ,Ψ) = 2A0cos2(θ - Ψ) as depicted in Fig. 22(b), 
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and the polarization state is almost completely determined by the polarization of the pump 
radiation for an isotropic cavity with micro-grained Nd:YAG ceramic as described in section 3 
(Ohtomo, 2007; Otsuka 2008). For azimuth LD pumping, the laser emission tends to occur such 
that its polarization direction follows the LD polarization direction within the pumped area. 
Let us assume a small reflection loss difference at uncoated surfaces of the thermal lens 
between polarizations along radial and azimuth directions as depicted in Fig. 22(c). With the 
two effects combined, the laser polarization state may depend on the pump-beam position 
and size, i.e., gain area, if the LD polarization direction is fixed. For larger off-axis pumping, 
MG modes with a linear eigen-polarization are expected as a result of the stronger 
polarization discrimination effect and beam bending through the thermal lens as shown in 
Fig. 22(a). For small off-axis pumping, BG modes with orthogonal eigen-polarizations 
appear presumably because radial polarization components with a smaller reflection loss 
increase within the gain area. 

 
Fig. 22. (a) Conceptual illustration of the optical resonator containing a micro-grained 
Nd:YAG thermal lens with azimuth LD pumping. (b) Angle-dependent dipole moment  
induced by a linearly-polarized LD pump light. (c) Polarization-dependent reflection loss at 
un-coated surfaces.  
In anisotropic lasers or large-grain Nd:YAG ceramic lasers, the laser polarization state is 
determined by fluorescence anisotropies or local thermal birefringence independently of the 
pump polarization, and neither BG nor MG mode oscillations take place. 

5. Concluding remarks 
In this Chapter, reviews were given on modal and polarization properties of microchip 
Nd:YAG ceramic lasers with laser-diode end pumping, featuring such effects as average 
grain sizes and azimuth pumping. 
Segregations into multiple local-modes and the associated variety of dynamic instabilities 
occur in LD-pumped Nd:YAG samples with average grain size over several tens of microns 
resulting from the field interference effect among local-modes. The following results have 
been obtained for realizing stable single-frequency, linearly-polarized oscillations in 
Nd:YAG microchip ceramic lasers: 
1. Micro-grained ceramics, whose average grain sizes are below 5 μm, can guarantee 

stable linearly-polarized TEM00 mode operations. 
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2. Large-grain ceramics, whose average grain sizes are larger than several tens of microns, 
can exhibit stable linearly-polarized oscillations in forced Ince-Gauss modes with 
azimuth/off-axis pumping. 

3. Micro-grain ceramics can produce spontaneous Mathieu-Gauss and Bessel-Gauss lasing 
modes with azimuth/off-axis pumping. 
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1. Introduction 
Surface-emitting lasers have been attracting people’s interest over the past two decades 
because of their salient features such as low-threshold current, single-mode operation, and 
wafer-scale integration (Iga, 2000). Their low-divergence surface-normal emission also 
facilitates output coupling and packaging. Although Vertical Cavity Surface Emitting Lasers 
(VCSELs) have already been commercially available, their single-modedness and good 
emission pattern are guaranteed only for devices with a small mode area (diameter of ~μm). 
Attempts of further increase in the emission aperture have failed mostly because of the 
contradictory requirements of large-area emitting aperture and single modedness, which 
casts a shadow over the usefulness of VCSELs in high-power applications. 
A highly desirable semiconductor laser will consist of a large aperture (say, diameter larger 
than 20 μm) emitting vertically (i.e., perpendicularly to the plane of the laser). It should 
possess the high efficiency typical of current-pumped, edge-emitting semiconductor lasers 
and, crucially, be single-moded. Taking a clue from the traditional edge-emitting distributed 
feedback (DFB) semiconductor laser, we proposed employing transverse circular Bragg 
confinement mechanism to achieve the goals and those lasers are accordingly referred to as 
“circular Bragg lasers.” 
There have been intensive research activities in planar circular grating lasers since early 
1990s. Erdogan and Hall were the first to analyze their modal behavior with a coupled-
mode theory (Erdogan & Hall, 1990, 1992). Wu et al. were the first to experimentally realize 
such lasers in semiconductors (Wu et al., 1991; Wu et al., 1992). With a more rigorous 
theoretical framework, Shams-Zadeh-Amiri et al. analyzed their above-threshold properties 
and radiation fields (Shams-Zadeh-Amiri et al., 2000, 2003). More recently, organic polymers 
are also used as the gain medium for these lasers due to their low fabrication cost (Jebali et 
al., 2004; Turnbull et al., 2005; Chen et al., 2007). 
The circular gratings in the above-referenced work are designed radially periodic. In 2003 
we proposed using Hankel-phased, i.e., radially chirped, gratings to achieve optimal 
interaction with the optical fields (Scheuer & Yariv, 2003), since the eigenmodes of the wave 
equation in cylindrical coordinates are Hankel functions. With their grating designed to 
follow the phases of Hankel functions, these circular Bragg lasers usually take three 
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configurations as shown in Fig. 1: (a) circular DFB laser, in which the grating extends from 
the center to the exterior boundary xb; (b) disk Bragg laser, in which a center disk is 
surrounded by a radial Bragg grating extending from x0 to xb; (c) ring Bragg laser, in which 
an annular defect is surrounded by both inner and outer gratings extending respectively 
from the center to xL and from xR to xb. Including a second-order Fourier component, the 
gratings are able to provide in-plane feedback as well as couple laser emission out of the 
resonator plane in vertical direction. 
 

 
Fig. 1. Surface-emitting circular Bragg lasers: (a) circular DFB laser; (b) disk Bragg laser; (c) 
ring Bragg laser. Laser emission is coupled out of the resonator plane in vertical direction 
via the Bragg gratings 

This chapter will present a comprehensive and systematic study on the surface-emitting 
Hankel-phased circular Bragg lasers. It is structured in the following manner: Sec. 2 focuses 
on every aspect in solving the modes of the lasers – analytical method, numerical method, 
and mode-solving accuracy check. Sec. 3 gives near-threshold modal properties of the lasers; 
comparison of different types of lasers demonstrates the advantages of disk and ring Bragg 
lasers in high-efficiency surface laser emission. Sec. 4 discusses above-threshold modal 
behavior, nonuniform pumping effect, and optimal design for different types of lasers. Sec. 5 
concludes this chapter and suggests directions for future research. 

2. Mode solving techniques 
Taking into account the resonant vertical laser radiation, Appendix A presents a derivation 
of a comprehensive coupled-mode theory for the Hankel-phased circular grating structures 
in active media. The effect of vertical radiation is incorporated into the coupled in-plane 
wave equations by a numerical Green’s function method. The in-plane (vertically confined) 
electric field is expressed as 

 (1) (2)( ) ( ) ( ) ( ) ( ),m mE x A x H x B x H x= +  (1) 

where (1) ( )mH x  and (2) ( )mH x  are the mth-order Hankel functions which represent respectively 
the in-plane outward and inward propagating cylindrical waves. A set of evolution 
equations for the amplitudes A(x) and B(x) is obtained:  

 2d ( ) ( ) ( ) ( ) ( ) ,
d

i xA x u x A x v x B x e
x

δ ⋅= ⋅ − ⋅ ⋅  (2) 

 2d ( ) ( ) ( ) ( ) ( ) ,
d

i xB x u x B x v x A x e
x

δ− ⋅= − ⋅ + ⋅ ⋅  (3) 

where 
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x = βρ: normalized radial coordinate with β being the in-plane propagation constant; 
δ = (βdesign–β)/β: frequency detuning factor, representing a relative frequency shift of a 
resonant mode from the designed value; 

−⎧
= ⎨
⎩

1( ) , if  is within a grating region
( )

( ), if  is within a no-grating region;
A

A

g x h x
u x

g x x
 

1 2 , if  is within a grating region
( )

0, if  is within a no-grating region;
h ih x

v x
x

+⎧
= ⎨
⎩

 

h1 = h1r + ih1i: grating’s radiation coupling coefficient, representing the effect of vertical 
laser radiation on the in-plane modes; 
h2: grating’s feedback coupling coefficient, which can always be chosen real; 
gA(x) = g(x) – α: space-dependent net gain coefficient, the minimum value of which 
required to achieve laser emission will be solved analytically or numerically; 
α: nonsaturable internal loss, including absorption and nonradiative scattering losses; 
g(x) = g0(x)/[1 + I(x)/Isat]: intensity-dependent saturated gain profile; 
g0(x): unsaturated gain profile; and 
I(x)/Isat: field intensity distribution in units of saturation intensity. 

It should be noted that, although Eqs. (2) and (3)  appear to be a set of coupled equations for 
in-plane waves only, they implicitly include the effect of vertical radiation due to h1. As it 
will become clearer in Sec. 2.3, the vertical radiation can simply be treated as a loss term 
during the process of solving the in-plane laser modes. 

2.1 Analytical mode solving method 
When solving the modes at threshold with uniform gain (or pump) distribution across the 
device, the net gain coefficient gA is x independent. The generic solutions of Eqs. (2) and (3)  
in no-grating regions are trivial: 

 0( ) ,Ag xA x A e=  (4) 

 0( ) .Ag xB x B e−=  (5) 

In grating regions, by introducing ( ) ( ) i xA x A x e δ−=  and ( ) ( ) i xB x B x e δ= , Eqs. (2) and (3)  
become: 

 ( )d ( ) ( ) ( ),
d
A x u i A x vB x

x
δ= − −  (6) 

 ( )d ( ) ( ) ( ),
d
B x u i B x vA x

x
δ= − − +  (7) 

whose generic solutions lead to 

 sinh[ ( )] cosh[ ( )]( ) (0) ,
sinh[ ] cosh[ ]

i x S x L S x LA x A e
SL SL

δ − + −
=

− +
 (8) 
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 (0) [( ) ]sinh[ ( )] [ ( ) ]cosh[ ( )]( ) ,
sinh[ ] cosh[ ]

i xA e u i S S x L u i S S x LB x
v SL SL

δ δ δ− − − − + − − −
= ⋅

− +
 (9) 

where 2 2( )S u i vδ≡ − − ,  is a constant to be determined by specific boundary 
conditions, and L is a normalized length parameter (see Fig. 2). The determination of the 
constant  in Eqs. (8)  and (9) requires the specific boundary conditions be applied to the 
grating under investigation. 
We focus on two typical boundary conditions to obtain  and the corresponding field 
reflectivity in each case. 
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Fig. 2. Two types of boundary conditions for calculating reflectivities. (a) A(0) = B(0), r1(L) = 
A(L)/B(L); (b) B(L) = 0, r2(x0, L) = B(x0)/A(x0) 
Case I: As shown in Fig. 2(a), the grating extends from the center x = 0 to x = L. An inward 
propagating wave with amplitude B(L) impinges from outside on the grating. The 
reflectivity is defined as r1(L) = A(L)/B(L). The finiteness of E(x) at the center x = 0 requires 
A(0) = B(0), leading to 

( )sinh[ ] cosh[ ]
sinh[ ] ( ) cosh[ ]

u v i SL S SL
S SL u v i SL

δ
δ

− − +
=

+ − −
 

and to the reflectivity 

 2
1

( ) ( )sinh[ ] cosh[ ]( ) .
( ) ( )sinh[ ] cosh[ ]

i LA L u v i SL S SLr L e
B L u v i SL S SL

δ δ
δ

− − +
= =

− − − +
 (10) 

Case II: As shown in Fig. 2(b), the grating extends from x = x0 to x = L. An outward 
propagating wave with amplitude A(x0) impinges from inside on the grating. The 
reflectivity is defined as r2(x0, L) = B(x0)/A(x0). No inward propagating wave comes from 
outside of the grating, i.e., B(L) = 0. This condition leads to ( )δ= −S u i  and to the reflectivity 

 020 0
2 0

0 0 0

( ) sinh[ ( )]( , ) .
( ) ( )sinh[ ( )] cosh[ ( )]

i xB x v S L xr x L e
A x u i S L x S S L x

δ

δ
− −

= =
− − − −

 (11) 

It should be noted that, as seen from their definitions, the above reflectivities Eqs. (10) and 
(11) include the propagation phase. 
With the obtained reflectivities for the two types of boundary conditions, it is easy to derive 
the laser threshold condition for each circular Bragg laser configuration. 
1. Circular DFB laser: 
The limiting cases r1(xb) → ∞ or r2(0, xb) = 1 lead to the same result 
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 tanh[ ] .b
SSx

u v iδ
=

− −
 (12) 

2. Disk Bragg laser: 
Considering the radially propagating waves in the disk and taking the unity reflectivity at 
the center, the threshold condition is 02

2 01 ( , ) 1Ag x
be r x x⋅ ⋅ = , which reads 

 02( )
0

0 0

sinh[ ( )] 1.
( )sinh[ ( )] cosh[ ( )]

Ag i x
b

b b

e v S x x
u i S x x S S x x

δ

δ

− ⋅ ⋅ −
=

− − − −
 (13) 

3. Ring Bragg laser: 
Considering the radially propagating waves in the annular defect, the threshold condition is 

2 ( )
1 2( ) ( , ) 1A R Lg x x

L R br x e r x x−⋅ ⋅ = , which reads 

 
2( )( ) sinh[ ( )]( )sinh[ ] cosh[ ] 1.

( )sinh[ ] cosh[ ] ( )sinh[ ( )] cosh[ ( )]

A R Lg i x x
b RL L

L L b R b R

e v S x xu v i Sx S Sx
u v i Sx S Sx u i S x x S S x x

δδ
δ δ

− − ⋅ ⋅ −− − +
⋅ =

− − − + − − − −
 (14) 

The above threshold conditions Eqs. (12), (13), and (14) govern the modes of the lasers of 
each type and will be used to obtain their threshold gains (gA) and corresponding detuning 
factors (δ). With these values, substituting Eqs. (4), (5), (8), and (9) into Eq. (1) and then 
matching them at the interfaces yield the corresponding in-plane modal field patterns. 
Despite their much simpler and more direct forms, these threshold conditions automatically 
satisfy the requirements that E(x) and E’(x) be continuous at every interface between the 
grating and no-grating regions (Sun & Yariv, 2009c). 

2.2 Numerical mode solving method 
When solving the modes at threshold with uniform gain (or pump) distribution across the 
device, gA is independent of x so that Eqs. (2) and (3) can have analytical solutions Eqs. (4) 
and (5), or (8) and (9). In the case of using a nonuniform pump profile and/or taking into 
account the gain saturation effect in above-threshold operation, gA becomes dependent on x 
and Eqs. (2) and (3) have to be solved numerically. The modes are then obtained by 
identifying those satisfying the boundary conditions. 
As explained in Sec. 2.1, the same boundary conditions (BCs) apply to all the three types of 
circular Bragg lasers: (i) A(0) = B(0); (ii) B(xb) = 0; (iii) A(x) and B(x) continuous for 0 < x < xb. 
In Eqs. (2) and (3), g0(x) for a certain gain distribution profile can be parameterized with a 
proportionality constant, say, its maximal value g0. 
The mode solving procedure is as follows: Having BC(i), we start with an amplitude set [A 
B] = A(0)[1 1] at the center, then numerically integrate Eqs. (2) and (3) along x to the exterior 
boundary xb, during which both A and B values are kept continuous at every interface 
between grating and no-grating regions to satisfy BC(iii). After the integration, we have 
B(xb) whose absolute value marks a contour map in the 2-D plane of g0 and δ. Now each 
minimum point in this contour map satisfies BC(ii) and thus represents a mode with 
corresponding g0 and δ. Retrieving A(x) and B(x) for this mode and substituting them into 
Eq. (1) give the modal field pattern. 
We can also calculate the modal pump level using the obtained g0. Assuming a linear 
pump–gain relationship above transparency, the unsaturated gain g0(x) follows the profile 
of pump intensity Ipump(x), and we may define the pump level Ppump ≡ ∫ Ipump(x) · 2πρ · dρ = 
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P0 ∫ g0(x) · x · dx, where P0 having a power unit is a proportionality constant determined by 
specific experimental setup. For simple g0(x) profiles, Ppump can have analytical expressions 
as will be shown in Sec. 4.2, otherwise, numerical integration always remains a resort. 

2.3 Mode-solving accuracy check 
In this subsection we derive an energy relation on which the examination of mode-solving 
accuracy is based. This energy relation is a direct result of the coupled-mode equations (2) 
and (3) combined with the boundary conditions and thus is exact. 
Similar to the procedure in (Haus, 1975), multiplying Eq. (2) by A* and Eq. (3) by B*, then 
adding each equation to its complex conjugate, one obtains 

 ( )
2

2 2 2
1

d
2 ,

d
i x i x

A r

A
g h A v A B e v AB e

x
δ δ∗ ∗ ∗ −= − − ⋅ ⋅ − ⋅ ⋅  (15) 

 ( )
2

2 2 2
1

d
2 .

d
i x i x

A r

B
g h B v AB e v A B e

x
δ δ∗ − ∗ ∗= − − + ⋅ ⋅ + ⋅ ⋅  (16) 

Subtracting Eq. (16) from Eq. (15) yields 

 ( ) ( ) 22 2 2 2
1

d 2 2 .
d

i x i x
A rA B g A B h Ae Be

x
δ δ−− = + − +  (17) 

Integrating Eq. (17) from x = 0 to x = xb and applying the boundary conditions A(0) = B(0) 
and B(xb) = 0 lead to 

 ( )
grating

22 2 2
1 0

peripheral leakage power generated in the gain mediumvertical laser emission

( ) 2 d 2 d ,bxi x i x
b r AA x h Ae Be x g A B xδ δ−+ + = +∫ ∫  (18) 

which is interpreted as the energy conservation theorem for the surface-emitting circular 
Bragg lasers. This equation states that, in steady state, the net power generated in the gain 
medium is equal to the sum of peripheral leakage power and vertical emission power. Due 
to its exactness, we may use this relation to monitor the accuracy of mode solving by 
substituting into Eq. (18) the obtained modal g0(x), δ, A(x), and B(x) and comparing the left-
hand and right-hand sides of the equation. 
As an aside, it should be noted that all the power terms in Eq. (18) are in units of a 
saturation power defined by 

 2
sat sat 4 ,P E D β≡  (19) 

where Esat is the saturation field which relates to the saturation intensity by Isat = 
cnε0|Esat|2/2 (c, the speed of light; n, transverse effective index; ε0, the vacuum 
permittivity), and D is the thickness (vertical dimension) of the laser resonator. 

3. Near-threshold modal properties 
3.1 Threshold, frequency detuning, and in-plane modal pattern 
For numerical demonstration, we assume all the lasers possess a vertical layer structure as 
described in (Scheuer et al., 2005a) which was designed for 1.55 μm laser emission. The 
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( ) 2 d 2 d ,bxi x i x
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which is interpreted as the energy conservation theorem for the surface-emitting circular 
Bragg lasers. This equation states that, in steady state, the net power generated in the gain 
medium is equal to the sum of peripheral leakage power and vertical emission power. Due 
to its exactness, we may use this relation to monitor the accuracy of mode solving by 
substituting into Eq. (18) the obtained modal g0(x), δ, A(x), and B(x) and comparing the left-
hand and right-hand sides of the equation. 
As an aside, it should be noted that all the power terms in Eq. (18) are in units of a 
saturation power defined by 

 2
sat sat 4 ,P E D β≡  (19) 

where Esat is the saturation field which relates to the saturation intensity by Isat = 
cnε0|Esat|2/2 (c, the speed of light; n, transverse effective index; ε0, the vacuum 
permittivity), and D is the thickness (vertical dimension) of the laser resonator. 

3. Near-threshold modal properties 
3.1 Threshold, frequency detuning, and in-plane modal pattern 
For numerical demonstration, we assume all the lasers possess a vertical layer structure as 
described in (Scheuer et al., 2005a) which was designed for 1.55 μm laser emission. The 
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grating design procedure is detailed in Appendix B. The effective index neff is calculated to 
be 2.83 and the in-plane propagation constant β = k0neff = 11.47 μm–1. The circular grating is 
designed to follow the phase of Hankel functions with m = 0 to favor circularly symmetric 
modes. A quarter duty cycle is chosen to have both large feedback for in-plane waves while 
keeping a considerable amount of vertical emission. The coupling coefficients were found to 
be h1 = 0.0072 + 0.0108i and h2 = 0.0601. 
Since we would like to compare the modal properties of different types of lasers with a same 
footprint, a typical device size of xb = 200 (corresponding to ρb ≈ 17.4 μm) is assumed for all. 
For the disk Bragg laser, the inner disk radius x0 is assumed to be xb/2 = 100. For the ring 
Bragg laser, the annular defect is assumed to be located at the middle xb/2 = 100 and the 
defect width is set to be a wavelength of the cylindrical waves therein, yielding xL + xR = xb = 
200 and xR – xL = 2π. The calculated modal field patterns, along with the corresponding 
threshold gain values (gA) and frequency detuning factors (δ), of the circular DFB, disk, and 
ring Bragg lasers are listed in Table 1. 
 

Mode number 1 2 3 4 5 

Modal 
field 

 
gA (10−3) 0.283 1.03 2.04 3.11 4.12 

Circular 
DFB laser 

δ (10−3) 61.8 66.6 74.1 83.6 94.6 

Modal 
field 

 
gA (10−3) 0.127 0.288 0.454 0.690 1.21 

Disk Bragg 
laser 

δ (10−3) 49.8 21.2 –8.09 –37.4 –66.5 

Modal 
field 

  
gA (10−3) 0.457 1.06 1.92 3.14 4.09 

Ring Bragg 
laser 

δ (10−3) 55.9 66.9 71.0 84.4 91.6 

Table 1. Modal field patterns, along with their threshold gains (gA) and frequency detuning 
factors (δ), of the circular DFB, disk, and ring Bragg lasers. All the three types of lasers have 
an exterior boundary radius of xb = 200. After (Sun & Yariv, 2008) 
A comparison of these modal properties concludes the following features of the three laser 
structures: 
1. All the displayed modes of the circular DFB laser are in-band modes on one side of the 

band gap (all δ > 0). This is due to the radiation coupling induced mode selection 
mechanism (Sun & Yariv, 2007). Increased gain results in the excitation of higher-order 
modes. 

2. All the displayed modes of the disk Bragg laser are confined to the center disk with 
negligible peripheral power leakage and thus possess very low thresholds and very 
small modal volumes as will be shown in Sec. 3.3. 
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3. All the displayed modes of the ring Bragg laser, with the exception of the fundamental 
defect mode, resemble their counterparts of the circular DFB laser. The defect mode  
has a larger threshold gain than the fundamental mode of the circular DFB laser,  
but the former possesses a much higher emission efficiency as will be shown in Sec.  
3.3. 

3.2 Radiation field and far-field pattern 
As mentioned earlier, by implementing a second-order circular grating design, the gratings 
can not only provide feedback for the in-plane fields but also couple the laser emission 
vertically out of the resonator plane. As derived in Appendix A, Eq. (A12) relates the in-
plane fields with the vertical radiation field in the grating regions. The radiation pattern at 
the emission surface is known as the near-field. For the grating design with m = 0, the near-
field is expressed as 

 ( ) (1)
1 1 0 ,i x i xE s Ae s Be Hδ δ−

−Δ = +  (20) 

where s1 and s−1 at the emission surface can be obtained numerically according to Eq. (A13) 
for a given grating structure. Following the design procedure in Appendix B, both s1 and s−1 
at the emission surface were calculated to be 0.1725 − 0.0969i. Using the Huygens–Fresnel 
principle, the diffracted far-field radiation pattern of light from a circular aperture can be 
calculated under the parallel ray approximation (|r| |r’|) (Hecht, 1998): 
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r r (21) 

where 

ˆ ˆcos sinρ ϕ ρ ϕ′ = +r x y  

is the source point and 

ˆ ˆ ˆsin cos sin sin cosr r rθ φ θ φ θ= + +r x y z  

is the field point. The far-field intensity pattern is then given by 

 2( ) ( ) ( ) ( )I U U U∗= =r r r r  (22) 

and plotted in Fig. 3 for the fundamental mode of circular DFB, disk, and ring Bragg  
lasers. 
In the far-field patterns, the different lobes correspond to different diffraction orders of the 
light emitted from the circular aperture. In the circular DFB and ring Bragg lasers, most of 
the energy is located in the first-order Fourier component thus their first-order diffraction 
peaks dominate. In the disk Bragg laser it is obvious that the zeroth-order peak dominates. 
These calculation results are similar to some of the experimental data for circular DFB and 
DBR lasers (Fallahi et al., 1994; Jordan et al., 1997). 
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Fig. 3. Far-field intensity patterns of the fundamental mode of (a) circular DFB, (b) disk, and 
(c) ring Bragg lasers. After (Sun & Yariv, 2009a) 

3.3 Single-mode range, quality factor, modal area, and internal emission efficiency 
In the previous subsections we have compared the modal properties for devices with a fixed 
exterior boundary radius xb = 200. In what follows we will vary the device size and 
investigate the size dependence of modal gains to determine the single-mode range for each 
laser type. Within each own single-mode range limit, the fundamental mode of these lasers 
will be used to calculate and compare the quality factor, modal area, and internal emission 
efficiency. Similar to the prior calculations with a fixed xb, we still keep x0 = xb/2 for the disk 
Bragg laser and xL + xR = xb, xR – xL = 2π for the ring Bragg laser even as xb varies. 
Single-Mode Range 
In the circular Bragg lasers, since a longer radial Bragg grating can provide stronger 
feedback for in-plane waves, larger devices usually require a lower threshold gain. The 
downside is that a larger size also results in smaller modal discrimination, which is 
unfavorable for single-mode operation in these lasers. As a result, there exists a range of the 
exterior boundary radius xb values for each laser type within which range the single-mode 
operation can be achieved. This range is referred to as the “single-mode range.” Figure 4 
plots the evolution of threshold gains for the 5 lowest-order modes as xb varies from 50 to 
350. The single-mode ranges for the circular DFB, disk, and ring Bragg lasers are 50–250, 60–
140, and 50–250, respectively, which are marked as the pink regions. Since single-mode  
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operation is usually preferred in laser designs, in the rest of this subsection we will limit xb 
to remain within each single-mode range and focus on the fundamental mode only. 
Quality Factor 

As a measure of the speed with which a resonator dissipates its energy, the quality factor Q 
for optical resonators is usually defined as ωE/P where ω denotes the radian resonance 
frequency, E the total energy stored in the resonator, and P the power loss. In our surface-
emitting circular Bragg lasers, the power loss P has two contributions: coherent vertical laser 
emission coupled out of the resonator due to the first-order Bragg diffraction, and 
peripheral power leakage due to the finite radial length of the Bragg reflector. 
Jebali et al. recently developed an analytical formalism to calculate the Q factor for first-
order circular grating resonators using a 2-D model in which the in-plane peripheral leakage 
was considered as the only source of power loss (Jebali et al., 2007). To include the vertical 
emission as another source of the power loss, a rigorous analytical derivation of the Q factor 
requires a 3-D model be established. This is much more complicated than the 2-D case. 
However, since we are interested in comparing different laser types, a relative Q value will 
be good enough. Considering that the energy stored in a volume is proportional to ∫|E|2 dV 
and that the outflow power through a surface is proportional to ∫|E|2 dS, we define an 
unnormalized quality factor 
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 (23) 

where Z(z) denotes the vertical mode profile for a given layer structure [see Eq. (A3)] and D 
the thickness of the laser resonator. For a circularly symmetric mode, the angular integration 
factors are canceled out. The expressions for the in-plane field E and radiation field ΔE are 
given by Eqs. (1) and (20), respectively. 
The unnormalized quality factor Q’ Eq. (23) is obviously proportional to an exact Q and the 
former is more intuitive and convenient for calculational purposes. The Q’ of the 
fundamental mode for the three laser types is calculated and displayed in Fig. 5. As 
expected, increase in the device size (xb) results in an enhanced Q’ value for all three types of 
lasers. Additionally, the disk Bragg laser exhibits a much higher Q’ than the other two laser 
structures of identical dimensions. As an example, for xb = 100, the Q’ value of the disk 
Bragg laser is approximately 3 times greater than that of the circular DFB or ring Bragg 
lasers. This is consistent with their threshold behaviors shown in Table 1. 
Modal Area 
Based on the definition of modal volume (Coccioli et al., 1998), an effective modal area is 
similarly defined: 
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Fig. 5. Unnormalized quality factor of circular DFB, disk, and ring Bragg lasers. After (Sun & 
Yariv, 2008) 

The modal area is a measure of how the modal field is distributed within the resonator. A 
highly localized mode having a small modal area can have strong interaction with the 
emitter. Figure 6 plots eff

modeA  of the fundamental mode, within each single-mode range, for 
the three laser types. The top surface area of the laser resonator ( 2π bx ) is also plotted to serve 
as a reference. The modal area of the disk Bragg laser is found to be at least one order of 
magnitude lower than those of the circular DFB and ring Bragg lasers. This is not surprising 
and can be inferred from their unique modal profiles listed in Table 1. 
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Fig. 6. Modal area of circular DFB, disk, and ring Bragg lasers. The top surface area of the 
laser resonator ( 2π bx ) is also plotted as a reference. After (Sun & Yariv, 2008) 

Internal Emission Efficiency 

As mentioned earlier, the generated net power in the circular Bragg lasers is dissipated by 
two kinds of loss: vertical laser emission and peripheral power leakage. The internal 
emission efficiency ηin is thus naturally defined as the fraction of the total power loss which 
is represented by the useful vertical laser emission. Figure 7 depicts the ηin of the 
fundamental mode, within each single-mode range, for the three laser types. As expected, 
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all the lasers possess a larger ηin with a larger device size. Comparing devices of identical 
dimensions, only the disk and ring Bragg lasers achieve high emission efficiencies. This is a 
result of their fundamental modes being located in a band gap while the circular DFB laser’s 
fundamental mode is at a band edge, i.e., in a band. Band-gap modes experience much 
stronger reflection from the Bragg gratings, yielding less peripheral power leakage than in-
band modes. 
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Fig. 7. Internal emission efficiency of circular DFB, disk, and ring Bragg lasers. After (Sun & 
Yariv, 2008) 
Summary of Comparison 
In this subsection, by varying the device size we have obtained the single-mode range and 
compared the quality factor, modal area, and internal emission efficiency of the three types 
of lasers. It is demonstrated that, under similar conditions, disk Bragg laser has the highest 
quality factor, the smallest modal area, and the highest internal emission efficiency, 
indicating its suitability in high-efficiency, low-threshold, ultracompact laser design, while 
ring Bragg laser has a large single-mode range, large modal area, and high internal emission 
efficiency, indicating its wide application as a high-efficiency, large-area laser. 

4. Above-threshold modal analysis 
In Sec. 3 we have solved the modes and compared the near-threshold modal properties of 
the three types of surface-emitting circular Bragg lasers. This section focuses on an above-
threshold modal analysis which includes gain saturation effect. The coupled-mode 
equations (2) and (3) will be solved numerically with boundary conditions. The relation of 
surface emission power versus pump power will be simulated. The laser threshold and 
external emission efficiency will be compared for these lasers under different pump profiles. 
Lastly, with the device size varying in a large range, the evolution curve of pump level for 
several lowest-order modes will be generated and the optimal design guidelines for these 
lasers will be suggested. 

4.1 Surface emission power versus pump power relation 
The numerical mode solving recipe is described in detail in Sec. 2.2. Simply put, Eqs. (2) and 
(3) are integrated along x from x = 0 to x = xb with the initial boundary condition [A B] = 
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A(0)[1 1]. By identifying those satisfying the final boundary condition B(xb) = 0 one finds the 
modes with corresponding g0 and δ. The modal pump level is then given by Ppump = ∫ g0(x) · 
x · dx in units of a proportionality constant P0. Explained in Sec. 2.3, the surface emission 
power Pem from the laser is just the second term on the left-hand side of Eq. (18). By varying 
the value of A(0) at the beginning of the integration process, we are able to get the (Ppump, 
Pem) pairs which basically form the typical input–output relation for a laser mode. 
As an example, we consider the circular DFB laser with xb = 200 and the other structural 
parameters the same as those used in Sec. 3. The additional parameter used in the numerical 
integration, the nonsaturable internal loss α, is assumed to be 0.2 × 10–3 (already normalized 
by β) for typical III–V quantum well lasers. With the simulated (Ppump, Pem) pairs, the typical 
laser input–output relation is obtained for the fundamental mode and plotted in Fig. 8. The 
laser threshold Pth is defined as the pump level at the onset of surface laser emission. The 
external emission efficiency (or, energy conversion efficiency) ηex is defined as the slope 
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Fig. 9. Illustration of different pump profiles: (a) uniform; (b) Gaussian; (c) annular 
Let us focus on three typical pumping profiles – uniform, Gaussian, and annular – as shown 
in Fig. 9. The pump level Ppump can be expressed analytically in terms of the pump profile 
parameters: 
a. Uniform: 
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To compare the nonuniform pumping effects, the typical exterior boundary radius xb = 200 
is again assumed for all the circular DFB, disk, and ring Bragg lasers. In addition, for the 
disk Bragg laser the inner disk radius is set to be x0 = xb/2, and for the ring Bragg laser the 
two interfaces separating the grating and no-grating regions are located at xL = xb/2 – π and 
xR = xb/2 + π. Following the calculation procedure in Sec. 4.1, the threshold pump level Pth 
and the external emission efficiency ηex of the fundamental mode of the three types of lasers 
were calculated with the uniform, Gaussian, and annular pump profiles, respectively, and 
the results are listed in Table 2. Without loss of generality, the Gaussian profile was 
assumed to follow Eq. (26) with wp = xb/2 = 100, and the annular profile was assumed to 
follow Eq. (27) with xp = xb/2 = 100 and wp = xb/4 = 50. The numbers shown in Table 2 
indicate an inverse relation between Pth and ηex. The lowest Pth and the highest ηex are 
achieved with the Gaussian pump for the circular DFB and disk Bragg lasers and with the 
annular pump for the ring Bragg laser. 
These observations can actually be understood with fundamental laser physics: In any laser 
system the overlap factor between the gain spatial distribution and that of the modal 
intensity is crucial and proportionate. In semiconductor lasers once the pump power is 
strong enough to induce the population inversion the medium starts to amplify light. The 
lasing threshold is determined by equating the modal loss with the modal gain, which is the 
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Circular DFB laser Disk Bragg laser Ring Bragg laser Pump profile Pth ηex Pth ηex Pth ηex 
Uniform 9.760 0.7369 6.565 0.4374 13.162 0.9278 
Gaussian 5.967 0.9961 2.373 0.8741 8.570 1.379 
Annular 6.382 0.9742 5.855 0.7358 7.010 1.500 

Table 2. Threshold pump level Pth (in units of P0) and external emission efficiency ηex (in 
units of Psat/P0) of circular DFB, disk, and ring Bragg lasers under different pump profiles. 
After (Sun & Yariv, 2009b) 
exponential gain constant experienced by the laser mode. This modal gain is proportional to 
the overlap integral between the spatial distribution of the gain and that of the modal 
intensity. Therefore if one assumes that, to the first order, the gain is proportional to the 
excess pump power over the transparency, then the threshold pump level Pth is inversely 
proportional to the above overlap integral [see, e.g., Sec. 11.3 of (Yariv, 1989)]. On the other 
hand, since the rate of simulated emission per electron and thus the gain are proportional to 
the modal intensity as seen by the electron [see, e.g., Sec. 8.3 of (Yariv, 1989)], this leads to a 
direct proportion between the external emission efficiency ηex and the overlap integral. The 
bottom line is that a larger overlap between the pump profile and the modal intensity 
distribution results in more efficient energy conversion in the gain medium which 
consequently leads to a lower Pth and a higher ηex. 

4.3 Considerations in optimal design 
To obtain the optimal design for these circular Bragg lasers, we will again vary their device 
size in a large range and inspect their size-dependent behavior. Like what we have done in 
Sec. 3.3, we will vary the exterior boundary radius xb for all the lasers while keeping x0 = 
xb/2 for the disk Bragg laser and xL = xb/2 – π, xR = xb/2 + π for the ring Bragg laser. 
Figure 10 shows the dependence of the pump level Ppump and the frequency detuning factor 
δ on the device size xb for the 3 lowest-order modes, under uniform pump profile, of the 
three types of lasers. In each subfigure, the modes are numbered in accord with those shown 
in Table 1. For both Ppump and δ, dashed lines mark their values obtained at threshold and 
solid lines at Pem = 10Psat. 
Seen from the upper left and right subplots of Fig. 10, the circular DFB and ring Bragg lasers 
still possess large discrimination between the modes even when operated in above-
threshold regime (e.g., at Pem = 10Psat), which ensures them a large single-mode range of at 
least 50–250. Additionally, we have identified low-pump ranges for their Mode 1 at Pem = 
10Psat, which are 100–160 for the circular DFB laser and 80–130 for the ring Bragg laser. The 
low-pump range is another important factor in designing such lasers for high-efficiency, 
high-power applications. The existence of this low-pump range is a result of competition 
between the pumped area and the required gain level: although larger devices require a 
larger area to be pumped, their longer radial Bragg gratings reduce the needed gain because 
of stronger reflection of the optical fields from the gratings. 
Seen from the upper middle subplot of Fig. 10, the Ppump for the disk Bragg laser exhibits 
interesting behaviors: (i) at xb = 200, the order of Modes 1 and 2 exchanges from at threshold 
to above threshold due to the gain saturation effects; (ii) the single-mode range (for Mode 2) 
shifts from 60–140 at threshold to 90–175 at high surface emission level Pem = 10Psat. 
Therefore the single-mode range for designing the disk Bragg laser should be the overlap of 
these two ranges, i.e., 90–140. 
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Fig. 10. Device-size-dependent pump level Ppump and frequency detuning factor δ of the 3 
lowest-order modes, under uniform pump profile, of (a) circular DFB, (b) disk, and (c) ring 
Bragg lasers. xb is the exterior boundary radius for all types of lasers. The inner disk radius 
x0 of the disk Bragg laser is set to be xb/2. The inner and outer edges of the annular defect of 
the ring Bragg laser are set to be xL = xb/2 – π and xR = xb/2 + π, respectively. The modes are 
labeled in accord with those shown in Table 1. Dashed lines mark the values obtained at 
threshold and solid lines at Pem = 10Psat. After (Sun & Yariv, 2009b) 
Seen from the lower subplots of Fig. 10, all the laser modes have overlapped dashed and 
solid lines, which means their frequency detuning factors δ are unaffected by the surface 
emission level. This is because of δ being an intrinsic property of a laser mode. 

5. Conclusion and outlook 
In this chapter we have described and analyzed a type of on-chip microlasers whose surface 
emission is very useful for many applications. The main advantage of these lasers would be 
the relative high (say, more than tens of mW), single-mode optical power emitted broadside 
and coupled directly into a fiber or telescopic optics. Other areas of applications that can 
benefit from such lasers include ultrasensitive biochemical sensing (Scheuer et al., 2005b), 
all-optical gyroscopes (Scheuer, 2007), and coherent beam combination (Brauch et al., 2000) 
for high-power, high-radiance sources in communications and display technology. 
Furthermore, a thorough investigation of such lasers may also lead to a better 
understanding in designing and fabricating a nanosized analogue, if a surface-plasmon 
approach is employed. 
Throughout this work we have been trying to make a small contribution to understanding 
of the circular Bragg lasers for their applications as high-efficiency, high-power, surface-
emitting lasers. We have covered the basic concepts, calculation methods, near- and above-
threshold modal properties, and design strategies for such lasers.  
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We have studied three typical configurations of such circular Bragg lasers – namely, circular 
DFB laser, disk Bragg laser, and ring Bragg laser. Following the grating design principle for 
linear DFB lasers, the gratings of circular Bragg lasers have to be in sync with the phases of 
optical waves in a circular (or cylindrical) geometry. Since the eigensolutions of wave 
equation in a circular geometry are Hankel functions, this leads to a varying period of the 
gratings in radial direction, i.e., radially chirped gratings. To obtain efficient output 
coupling in vertical direction, a second-order scheme has been employed, and a quarter 
duty cycle has proved to be a good choice. 
After a series of comparison of the modal properties, it becomes clear that disk and ring 
Bragg lasers have superiority over circular DFB lasers in high-efficiency surface emission. 
More specifically, disk Bragg lasers are most useful in low-threshold, ultracompact laser 
design while ring Bragg lasers are excellent candidates for high-power, large-area lasers. 
Considering above-threshold operation with a nonuniform pump profile, it has been 
numerically demonstrated and theoretically explained that a larger overlap between the 
pump profile and modal intensity distribution leads to a lower threshold and a higher 
energy conversion efficiency. To achieve the same level of surface emission, disk Bragg laser 
still requires the lowest pump power, even though its single-mode range is modified 
because of the gain saturation induced mode transition. Circular DFB and ring Bragg lasers 
find their low-pump ranges at high surface emission level. These results provide us useful 
information for designing these lasers for single-mode, high-efficiency, high-power 
applications. 
Looking ahead, there is still more work to be done on this special topic. For example, it 
would be interesting to further investigate how the grating design effects on the modal far-
field pattern and what design results in a pattern having all, or almost all, of the energy 
located in the zeroth-order lobe with narrow divergence. This will be useful for applications 
which require highly-directional, narrow-divergence laser beams. On the other hand, since 
this chapter is mainly theoretical analysis oriented, experimental work, of course, has to 
develop to verify the theoretical predictions. In the field of optoelectronics, a single-mode, 
high-power laser having controllable beam shape and compatible with on-chip integration 
is still being highly sought. Due to the many salient features that have been described, it is 
our belief that the surface-emitting circular Bragg lasers will take the place of the prevailing 
VCSELs and make the ideal on-chip light source for next-generation optical communications 
and many other areas. 

Appendix A: Derivation of comprehensive coupled-mode theory for circular 
grating structure in an active medium 
In the case that the polarization effects due to the waveguide structure are not concerned, 
we can start from the scalar Helmholtz equation for the z component of electric field in 
cylindrical coordinates 

 
2 2

2 2
02 2 2

1 1 ( , ) ( , , ) 0,zk n z E z
z

ρ ρ ρ ϕ
ρ ρ ρ ρ ϕ
⎡ ⎤⎛ ⎞∂ ∂ ∂ ∂

+ + + =⎢ ⎥⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠⎣ ⎦
 (A1) 

where ρ, ϕ, and z are respectively radial, azimuthal, and vertical coordinates, k0 = ω/c = 
2π/λ0 is the wave number in vacuum. 
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For an azimuthally propagating eigenmode, Ez in a passive uniform medium in which the 
dielectric constant n2(ρ, z) = εr(z) can be expressed as 

 ( ) (1) (2)( , , ) ( , ) exp( ) ( ) ( ) ( ) exp( ),m
z z m mE z E z im AH BH Z z imρ ϕ ρ ϕ βρ βρ ϕ⎡ ⎤= = +⎣ ⎦  (A2) 

with m the azimuthal mode number, β = k0neff the in-plane propagation constant, and Z(z) 
the fundamental mode profile of the planar slab waveguide satisfying 
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0 2( ) ( ) ( ).rk z Z z Z z
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ε β
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 (A3) 

In a radially perturbed gain medium, the dielectric constant can be expressed as n2(ρ, z) = 
εr(z) + iεi(z) + Δε(ρ, z) where εi(z) with |εi(z)|  εr(z) represents the medium gain or loss and 
Δε(ρ, z) is the perturbation profile which in a cylindrical geometry can be expanded in 
Hankel-phased plane wave series: 
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In the above expression, al(z) is the lth-order expansion coefficient of Δε(ρ, z) at a given z. x is 
the normalized radial coordinate defined as x = βρ. δ = (βdesign−β)/β (|δ|  1), the 
normalized frequency detuning factor, represents a relative frequency shift of a resonant 
mode from the designed value.  
To account for the vertical radiation, an additional term ΔE(x, z) is introduced into the 
modal field so that 

 ( ) (1) (2)( , ) ( ) ( ) ( ) ( ) ( ) ( , ).m
z m mE x z A x H x B x H x Z z E x z⎡ ⎤= + + Δ⎣ ⎦  (A5) 

Assuming that the radiation field ΔE(x, z) has an exp(±ik0z) dependence on z in free space, 
i.e., 
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 (A6) 

substituting Eqs. (A4), (A5), and (A6) into Eq. (A1), introducing the large-radius 
approximations (Scheuer & Yariv, 2003) 
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neglecting the second derivatives of A(x) and B(x), and applying the modal solution in the 
passive unperturbed case, one obtains 
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substituting Eqs. (A4), (A5), and (A6) into Eq. (A1), introducing the large-radius 
approximations (Scheuer & Yariv, 2003) 
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neglecting the second derivatives of A(x) and B(x), and applying the modal solution in the 
passive unperturbed case, one obtains 
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The phase-matching condition requires that the source and wave have close phase 
dependence. Grouping the terms with the same kind of Hankel functions leads to the 
following set of coupled equations: 
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From Eq. (A11), ΔE can be expressed as 
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and G(z, z’) is the Green’s function satisfying 
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Substituting Eq. (A12) into Eqs. (A9) and (A10), multiplying both sides by Z(z), and 
integrating over z yield 
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where the gain coefficient 
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the radiation coupling coefficients 
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the feedback coupling coefficients 
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and the normalization constant 
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In the case of index grating, we can choose the phase of the grating such that a−1 = a1, a−2 = a2, 
then we denote h1 = h±1, ±1, h2 = h±2. By defining u = gA − h1 and ν = h1 + ih2, Eqs. (A15) and 
(A16) become 
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Specifically, in the unperturbed (i.e., no-grating) region where Δε = 0, h1 and h2 vanish, and 
Eqs. (A21) and (A22) reduce to 
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Appendix B: Grating design procedure and calculations of the numerical 
Green’s function G(z, z'), coefficients h1, h2, and s1 
Since we have previously fabricated such Hankel-phased circular Bragg lasers in InGaAsP 
active semiconductor material (Scheuer et al., 2005a), we will use the layer structure therein 
as an example for our numerical study. The target lasing wavelength λ0 is 1.55 μm. For 
simplicity, we approximate the complicated layer structure by an effective index profile 
comprising five layers as illustrated in Table B1. The vertical mode profile Z(z) and the 
effective index neff can be obtained numerically using a 1-D mode solver. The effective index 
neff was calculated to be 2.83 and the in-plane propagation constant β = k0neff = 11.47 μm–1. 
Numerical calculations of the mode profile and effective index of the approximated layer 
structure indicate negligible deviations from those of the exact one. 
We focus our analysis on the case of a partially etched grating with an etch depth of 185 nm. 
The numerical Green’s function G(z, z’) that satisfies Eq. (A14) with the given layer structure 
was calculated for –∞ < z < ∞ and z’ between the top and bottom surfaces of the laser 
resonator. A surface plot of the real part of G(z, z’) is displayed in Fig. B1. 
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Layer description Refractive index n Thickness
Upper cladding 1.54 ∞ 

Third layer 3.281 60.5 nm 
Second layer (active region) 3.4057 129 nm 

First layer 3.281 60.5 nm 
Lower cladding 1.54 ∞ 

Table B1. Approximated layer structure for numerical study 

 
Fig. B1. Real part of the Green’s function G(z, z’) with –∞ < z < ∞ and z’ between the top and 
bottom surfaces of the laser resonator. After (Sun et al., 2008) 
To favor a circularly symmetric laser mode, m = 0 is specially chosen in the grating phase 
design. In such case, a Hankel-phased grating modulation with rectangular profile 
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can be expanded in Fourier series as 
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The expansion yields the coefficients 
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1 1
sin(π )

π
cda a−= =  

where 

arccos
πcd α

≡    ( 1 1, 0 1)cdα− < < < <  

is the duty cycle of the Hankel-phased rectangular grating. It should be emphasized that the 
duty cycle has a significant role in determining the coupling coefficients h1 and h2 (Barlow et 
al., 2004). Figure B2 plots h1 and h2 as a function of the duty cycle dc. A judicious choice 
would be dc = 0.25 where h2 is maximal and Re(h1) is not small so that we can have a large 
ratio of vertical emission to power leakage, hence a high emission efficiency. Based on Eqs. 
(A18) and (A19), the grating’s coupling coefficients were found to be h1 = 0.0072 + 0.0108i 
and h2 = 0.0601. Calculated from Eq. (A13), s1 and s–1 at the emission surface (i.e., the top 
surface of the laser resonator) were found to be 0.1725 – 0.0969i. 
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Fig. B2. Radiation coupling coefficient h1 and feedback coupling coefficient h2 as a function 
of the duty cycle dc of the Hankel-phased rectangular grating. After (Sun et al., 2007) 
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1. Introduction  
New business models based on novel telecommunication technologies continue to 
dramatically change the way people live and work nowadays. People want to be always 
connected, with ultra-high speed data transfer, with high-quality video streaming and 
without face-to-face meeting. Thanks for the ~70 to 100% CAGR (cumulative annual growth 
rate) of mobile broadband growth, broadband mobile connectivity is now a necessity, which 
also leads to the increased capacity in the backbone and access networks. It is believed that 
wireless applications of HD-video are here and now and it is estimated that standard digital 
video will be unacceptable in future two years, HD-Video will be the new alternative to 
meet the increasing demand for broadband video services. Ultra uncompressed HD Video 
with (UHDV) 7680 x 4320 pixels (33 Mega pixels) plus 22.2 sound (24 channels in three 
layers) is expected to require larger than 40Gbps data speed. In addition to high-speed, 
symmetric and guaranteed bandwidth demands for future video services, next-generation 
access networks are driving the needs for the convergence of wired and wireless services to 
offer end users greater choice, convenience and variety in an efficient way. This scenario 
will require the delivery of voice, data and video services with mobility feature to serve the 
fixed and mobile users in a unified networking platform. 
The most widely deployed access networks based on twisted-pair copper cable are 
approaching their upper limit of bandwidth-distance product (10 Mb/s*km). For distance 
under 1.5 km, for example, asymmetric digital subscriber loop (ADSL) can deliver about 8 
Mb/s while the latest very-high-speed digital subscriber loop (VDSL) technology can 
deliver up to 26 Mb/s for distances under 1 km. Another dominant access medium is the 
hybrid of fiber and coax cables (HFC). The guaranteed bandwidth per subscriber is only 2.8-
5.6 Mb/s for the downstream and 0.15-0.3 Mb/s for the upstream due to the bandwidth 
shared within a cell (500-1000 subscribers). It is quite obvious that the two technologies 
cannot meet the bandwidth demands for the future video services and will have limited 
lifetimes. With the trend to deploy optical fiber deeper and deeper and the development of 
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highly recognized passive optical network (PON), it is expected that time-division 
multiplexing PON (TDM-PON) and wavelength-division multiplexing PON (WDM PON) 
will be the most promising candidates for next-generation access systems. A TDM PON, 
including asynchronous-transfer-mode (ATM) and broadband PON (A/BPON), Ethernet 
PON (EPON) and Gigabit PON (GPON), shares a single transmission channel to be a 
satisfactory solution for the near future bandwidth needs. A WDM PON provides point-to-
point optical connectivity to multiple end users through a single feeder fiber and will be a 
future-proof access network. On the other hand, broadband wireless access (BWA) 
technologies have surged in popularity because they are more convenient, scalable and 
flexible for roaming connections. Most widely used technologies are local multipoint 
distribution service (LMDS) and multi-channel multipoint distribution service (MMDS). 
World Interoperability for Microwave Access (WiMAX) is another BWA technology being 
standardized by IEEE 802.16. These technologies can provide wireless connection but 
severely constrained by the required bandwidth especially for the video-centric services 
with high-definition TV (HDTV) quality. 
To make full use of huge bandwidth offered by fiber and mobile feature presented via 
wireless scheme, the integration of wireless and optical networks is a potential solution for 
increasing capacity and mobility as well as decreasing costs in the access network. Thus, 
radio-over-fiber (ROF) based optical-wireless networks came into play and has emerged as 
an affordable alternative solution in environments such as conference center, airport, hotels, 
shopping malls – and ultimately to homes and small offices. The integration of optical and 
wireless means the convergence of two conventional technology field - radio frequency (RF) 
for wireless access and optical fiber for wired transmission. Long-range links are provided 
by optical fiber and the last tens of meters are accomplished by wireless. The requirement of 
more wireless bandwidth leads to spectral congestion at lower microwave frequencies in 
current wireless access networks. Millimeter-wave systems have the unique potential to 
resolve the scarcity of access bandwidth and the spectral congestion.  In this situation, it is 
necessary to minimize the cost of the base station (BS) and shift the system complexity and 
expensive devices to the central office (CO) because the BS picocell has small coverage due 
to high atmospheric attenuation in the mm-wave band. Fig. 1 depicts the generic 
architecture of optical-wireless network and the enabling technologies we will discuss in the 
paper. At the central office (CO), the optical mm-wave signals are generated and mixed by 
using cost-efficient all-optical approaches. Optical networking technologies are leveraged to 
reach the longer transmission distance over single mode fiber (SMF) and integrate with 
WDM PON between the BS and CO. The BS design goal is to make the full-duplex operation 
and dual-service provision possible with a simple and low-cost way, which typically 
involves the choice of optical up-conversion technologies for overall architecture planning. 
In this book chapter, we will demonstrate several key techniques for next-generation hybrid 
optical-wireless networks. Optical mm-wave signal generation and up-conversion with low-
cost approaches are vital to future real deployment in access networks. Different schemes 
for optical mm-wave generation, up-conversion and transmission are compared. For all-
optical up-conversion technique, the techniques based on external modulation (OCS and 
phase modulation) are the promising solution for downlink transmission in terms of 
required input power, transmission performance against dispersion in the fiber, support for 
WDM PON, mixing bandwidth, stability and system configuration. Using orthogonal  
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Fig. 1. A generic architecture of an optical-wireless network. 

frequency division multiplexing (OFDM) modulation format, the spectral efficiency can be 
significantly increased and the fiber dispersion can be further mitigated. We will also 
demonstrate the possibility to seamlessly integrate RoF with WDM-PON networks for 
simultaneously serving multiple end users by leveraging the existing PON networks. 
In the case of uplink, the network architecture consisting of a single light source at the CO 
and the reuse of the downstream wavelength at the base station BS is an attractive solution 
for consolidated bidirectional connection as it requires no additional light source and 
wavelength management at the BS. Several schemes for realizing full-duplex transmission 
are described in this chapter based on wavelength reuse to avoid the need of the light source 
at the BS. The delivery of 16Gb/s super broadband OFDM optical signals are also 
introduced in the transmission of 50m grade-index fiber. 
To exploit the benefits of both wired and wireless technologies, carriers and service provides 
are actively seeking a convergent network architecture to deliver multiple services to serve 
both fixed and mobile users. This can be accomplished by using hybrid optical-wireless 
networks, which not only can transmit wireless signals at the BS over fiber, but also 
simultaneously provide the wired and wireless services to the end users. A super-
broadband access testbed is presented to deliver both wired and wireless services 
simultaneously via an optical fiber or air, and an order of magnitude larger access 
bandwidth than the state-of-the-art Wi-Fi systems can be provided. A campus-wide field 
trial is demonstrated for RoF system to transmit uncompressed 270-Mbps standard 
definition (SD) and 1.485-Gbps high definition (HD) real-time video contents carried by 2.4-
GHz radio and 60-GHz millimeter wave signals, respectively, between two on-campus 
research buildings distanced over 2.5-km standard single mode fiber (SMF-28) through the 
Georgia Institute of Technology’s (GT) fiber network. 
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2. Optical mm-wave up-conversion for downstream 
An intermediate frequency (IF) or baseband signal can be transmitted over optical fiber to 
the BS, where the baseband or IF signal are up-converted to mm-wave carriers for 
broadcasting in the air. In this way, the signal transmission over optical fiber is less severely 
affected by chromatic dispersion. However, this approach requires frequency up-conversion 
at the BS with a mm-wave mixer and a local oscillator (LO) signal. Generating mm-wave 
frequencies using electrical devices is challenging because of the bottleneck of high-speed 
electronic processing. Additionally, because of the requirement of numerous BSs in optical 
mm-wave access networks, this approach significantly increases the cost and complexity of 
the BS. The most promising solution is to use optical approaches for mm-wave signal 
generation at the CO. Over the past few years, many groups have conducted research to 
develop optical mm-wave generation, up-conversion and transmission techniques. 
Traditionally, three different methods exist for the generation of mm-wave signals over 
optical links with intensity modulation: direct modulation, external modulation and remote 
heterodyning. Direct modulation is by far the simplest, and 40GHz mm-wave signal is 
generated by using this modulation technique. However, due to the limited modulation 
bandwidth of the laser, there is no 60GHz mm-wave signal generation by using direction 
modulation. The configuration of external modulation is simple and can be used to generate 
optical mm-wave, but it has some disadvantages that limit its implementation at mm-wave 
because high cost for driving signals and low dispersion tolerance. The double-sideband 
(DSB) carrier modulation format severely suffers the chromatic dispersion when the signals 
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Fig. 2. Normalized received RF power for optical DSB modulation as a function of 
transmission distance in dispersive optical fiber (D: 17ps/km/nm, wavelength: 1.55um) 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

578 

2. Optical mm-wave up-conversion for downstream 
An intermediate frequency (IF) or baseband signal can be transmitted over optical fiber to 
the BS, where the baseband or IF signal are up-converted to mm-wave carriers for 
broadcasting in the air. In this way, the signal transmission over optical fiber is less severely 
affected by chromatic dispersion. However, this approach requires frequency up-conversion 
at the BS with a mm-wave mixer and a local oscillator (LO) signal. Generating mm-wave 
frequencies using electrical devices is challenging because of the bottleneck of high-speed 
electronic processing. Additionally, because of the requirement of numerous BSs in optical 
mm-wave access networks, this approach significantly increases the cost and complexity of 
the BS. The most promising solution is to use optical approaches for mm-wave signal 
generation at the CO. Over the past few years, many groups have conducted research to 
develop optical mm-wave generation, up-conversion and transmission techniques. 
Traditionally, three different methods exist for the generation of mm-wave signals over 
optical links with intensity modulation: direct modulation, external modulation and remote 
heterodyning. Direct modulation is by far the simplest, and 40GHz mm-wave signal is 
generated by using this modulation technique. However, due to the limited modulation 
bandwidth of the laser, there is no 60GHz mm-wave signal generation by using direction 
modulation. The configuration of external modulation is simple and can be used to generate 
optical mm-wave, but it has some disadvantages that limit its implementation at mm-wave 
because high cost for driving signals and low dispersion tolerance. The double-sideband 
(DSB) carrier modulation format severely suffers the chromatic dispersion when the signals 
  

0 8 16 24 32 40 48 56 64 72 80
100−

80−

60−

40−

20−

0

10GHz
30GHz
60GHz

Length (km)

N
or

m
al

iz
ed

 R
F 

Po
w

er
 (d

B
)

 
Fig. 2. Normalized received RF power for optical DSB modulation as a function of 
transmission distance in dispersive optical fiber (D: 17ps/km/nm, wavelength: 1.55um) 

Novel Enabling Technologies for Convergence of Optical and Wireless Access Networks  

 

579 

propagate along a dispersive fiber because two sidebands experience different amount of 
phase shift compared to original carrier. The received RF power of the mm-wave signal 
varies depending on the relative phase difference between two beating components, as 
shown in Fig.2. It can be seen that the RF power varies in a periodic manner along the fiber. 
For optical heterodyning technique, two or more optical signals are simultaneously 
transmitted and are heterodyned in the receiver. However, it requires either a precisely 
biased electro-optic modulator or a complex laser to reduce the severe phase noise, which 
greatly adds to the cost and complexity of the system.  
Recently, several new approaches for up-conversion of radio signals have been reported. 
These techniques, based on nonlinear effects in wave-guide device, exhibit low conversion 
efficiency and need very high input optical power. The scheme based on cross-gain 
modulation (XGM) in semiconductor optical amplifier (SOA) requires a large input power 
to saturate the gain of SOA. The scheme by using cross-phase modulation (XPM) in SOA 
Mach-Zehnder Interferometer (SOA-MZI) loosens the requirement for the input power, 
however, the complicated conversion structure and nonlinear crosstalk among multiple 
channels are major hurdle to greatly limit the signal quantity of wireless end users. Here 
some all-optical up-conversion schemes in direct modulation laser, highly-nonlinear 
dispersion-shifted fiber (HNL-DSF), electroabsorption modulator (EAM), external intensity, 
integrated modulator and phase modulator will be introduced. 

2.1 Optical mm-wave generation by a DML 
Fig. 3 shows the principle to generate optical mm-wave signals by using only one DML and 
wavelength reuse for uplink connection. In the central office, a wideband DML is used to 
generate optical mm-wave signal. The RF signals are generated by an electrical mixer which 
mixes the LO and downstream data.  In the base station an optical interleaver with two 
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Fig. 3. Mm-wave signal generation by using one DML and ROF network configuration with 
both down and upstream connection and source-free in the base station. DML: direct-
modulation laser, O/E: optical/electrical converter, RX: receiver, EA: electrical amplifier, 
LPF: low-pass filter, BPF: band-pass filter, MOD: modulator. The eye diagram  (50ps/div) of 
optical mm-wave signal at 40GHz generated from the DML after one 25GHz optical inter-
leaver is inserted. 
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output ports or cascaded an optical circulator and a fiber Bragg grating (FBG) is used to 
separate the optical carrier and the first-order sidebands. After the optical interleaver, the 
two peaks of the first-order sidebands will be beat to generate mm-wave signals with a 
double repetitive frequency of the RF signal when they are detected by a downlink receiver. 
The bandwidth of the commercial DML can be over 20GHz, so the repetitive frequency of 
the optical mm-wave can go up to 40GHz. The separated optical carrier can be used to carry 
the uplink optical signals. The base-band uplink data is used to drive an external modulator 
to generate optical uplink optical signals before it is transmitted over the fiber to the central 
office. In one experiment, one commercial DML with central wavelength of 1550nm biased 
at 57mA was used to generate lightwave. The output power biased at 57mA of the DML is 
4dBm, and 3dB bandwidth of the DML is larger than 20GHz. The RF signals are generated 
by using an electrical mixer to combine the 20GHz RF clock (sinusoidal wave) and 2.5Gb/s 
electrical baseband signal (downstream data). Then the mixed RF signals are boosted to 
2.7Vp-p to drive the DML. The repetition frequency of the optical mm-wave is 40 GHz as 
shown in the inserted figure in Fig. 2.  

2.2 FWM in HNL-DSF 
Four-wave mixing (FWM) is one of the important nonlinear effects to generate new waves 
or parametric amplification, especially for effectively ultra-fast response by using HNL-DSF. 
Relying on the third-order electric susceptibility and beating process with the frequency 
phase-matching condition when light of three or more different wavelengths is launched 
into HNL-DSF, it is possible to realize terahertz all-optical mixing or up-conversion as 
shown in Fig.4. Two pumping waves OCS RFω ω− and OCS RFω ω+  are generated by using 
optical carrier suppression (OCS) technologies, where RFω is the RF sinusoidal clock 
frequency. The converted signal conω may then be determined by 

 ( ) ( ) 2con OCS RF OCS RF s OCS sω ω ω ω ω ω ω ω= − + + − = −  (1) 

where sω is the input signal light. The two pumping waves are set to coincide with the fiber 
zero-dispersion wavelength to generate beating grating in HNL-DSF efficiently, which will 
modulate the input signal sω  to produce two sideband waves with the frequency shift 

 ( ) ( ) 2con OCS RF OCS RF con RFω ω ω ω ω ω ω± − − + = ±   (2) 
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2ωRF

ωs ωcon
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Fig. 4. Schematic of FWM based al-optical up-conversion. 

The power is determined by the third-order nonlinearity susceptibility (3)χ and the fiber 
parameters. Since FWM is independent of the signal bit rate and coding format, which can 
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be used to realize simultaneous up-conversion of multiple WDM signals and easily 
integrated with passive optical access networks. In addition, the HNL-DSF has high Raman 
gain to assist the FWM process in terms of conversion efficiency and bandwidth. Table 1 
shows transmission characteristics of the HNL-DSF used in these experiments. The fiber was 
made by OFS Denmark and has a nonlinear coefficient γ  of 10 W-1km-1 with the length of 1 
km. 
Using this scheme, eight WDM signals with the channel spacing of 3.2 nm are generated 
from eight DFB lasers and modulated by a LiNbO3 Mach-Zehnder (M-Z) modulator driven 
by 2.5-Gb/s baseband signals. The modulated WDM signals are then transmitted over 10-
km SMF to de-correlate the signals before the up-conversion. OCS modulation scheme is 
used to generate a 40-GHz optical local-oscillator (LO) signal as the two FWM pumping 
signals. It is realized by driving a dual-arm M-Z modulator biased at Vπ  with two 
complementary 20-GHz radio frequency (RF) sinusoid waveforms. To increase the FWM 
conversion efficiency and broaden the conversion bandwidth, a backward Raman pump is 
utilized.  The advantages for FWM based all-optical up-conversion is that FWM is 
transparent to the signal bit-rate and modulation formats, which is easy to realize up-
conversion for different WDM signals. In addition, due to the ultra-fast nonlinear response 
of the fiber, it is possible to realize THz waveform all-optical mixing or up-conversion. 
Meanwhile, the HNL-DSF has higher Raman gain compared to standard DSF, which can be 
utilized to assist the FWM process. 
 

Characteristics Measured value 
Attenuation coefficient 0.4 dB/km 

Zero-dispersion wavelength 1561.0 nm 
Dispersion slope (at zero-

dispersion wavelength 0.03 ps/nm2/km 

Nonlinear coefficient 10 W-1km-1 
Length 1 km 

Raman Gain 4 - 8.5 dB 

Table 1. Transmission characteristics of HNL-DSF. 

To overcome polarization sensitivity when one single pump is employed, a novel scheme 
with dual-pumps is proposed and experimentally demonstrated. OCS can be realized when 
an intensity modulator (IM) is biased at null point, as shown in Fig. 1(b). If we assume that 
the modulator is driven by a RF sinusoidal wave signal with a repetitive frequency of f. 
After the IM, two subcarriers with wavelength spacing of 2f will be generated from a CW 
lightwave by carrier suppression scheme. The generated two lightwaves have the same 
polarization direction, optical power, and locked phase. The frequency spacing is exactly 
controlled by the RF frequency of the sinusoidal wave on the modulator. In our previous 
investigation, we have shown that the polarization-insensitive wavelength conversion can 
be realized when two pump lightwaves have the same polarization direction, and the 
converted signal locates the same side with the original signal. Another condition to meet 
the polarization-insensitive wavelength conversion is that the original signal should be far 
away from the pumps. This condition can be easily realized in the real system. The 
proposed scheme to realize all-optical up-conversion is shown in Fig. 5. To simplify the 
system, we only consider single channel input baseband signal. In our previous experiment, 
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two pumps are generated from different laser source; therefore, their phase is not locked. 
Moreover, in order to maintain the same polarization direction, we need to use polarization 
controller (PC) or polarization maintaining fiber (PMF) to keep the two lightwaves have the 
same polarization direction. If the emitting wavelength of the laser is not stable, the 
wavelength of the converted signal will be drifted. Obviously, if we use OCS scheme to 
generate two pump lightwaves, these problems, like polarization direction and frequency 
spacing, can be effectively solved. As shown in Fig. 5(a), the single channel baseband signal 
with the dual-pumps generated by OCS are injected into the nonlinear medium such as 
nonlinear fiber or semiconductor optical amplifier. Due to FWM in the nonlinear medium, 
new optical components will be generated. To simplify this figure, we only consider the 
first-order FWM, and the high-order FWM is neglected. Also, we do not consider the FWM 
between the pumps. We can see that two converted signals are generated as shown in Fig. 
5(b). The two converted signals have the same polarization direction, and their phase is 
locked. In this scheme, the optical signals similar to a double sideband (DSB) are generated 
which includes two converted signals and original signal after wavelength conversion. Then 
we use optical filter, an optical interleaver is optimal, to remove the original signal as shown 
in Fig. 5(c). In this way, the two converted new signals with channel spacing of 4f can be 
obtained after FWM process in the nonlinear medium. By using this scheme, 60GHz optical 
mm-wave signal, which carries 7.5Gb/s baseband signal, is generated, and one eye diagram 
is shown in Fig. 5(d). 
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2.3 XPM in HNL-DSF 
Cross-phase modulation (XPM) in the nonlinear optical loop mirror (NOLM) and straight 
pass in HNL-DSF is also possible to realize all-optical up-conversion for more wavelength 
channels without any interference and saturation effect limitation. A conceptual diagram by 
using OCS as the control signal is shown in Fig. 6(a) and (b). Regarding the NOLM 
architecture, the symmetry between the counter-propagation paths of the probe signal is 
broken due to XPM induced phase shift by the control signal. So the NOLM is changed into 
the mixer between the probe and control signal. For the straight-line structure, while 
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two pumps are generated from different laser source; therefore, their phase is not locked. 
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in Fig. 5(c). In this way, the two converted new signals with channel spacing of 4f can be 
obtained after FWM process in the nonlinear medium. By using this scheme, 60GHz optical 
mm-wave signal, which carries 7.5Gb/s baseband signal, is generated, and one eye diagram 
is shown in Fig. 5(d). 
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propagating in the HNL-DSF, the intensity of the control signal modulates the electric field 
of the probe data signal via XPM effect. Therefore, the RF sinusoidal clock is imposed onto 
the probe signal as the sidebands. Since the NOLM suffers from the stability problems due 
to the sensitive polarization state in the loop, XPM-based up-conversion in straight-line 
HNL-DSF are simpler and more robust. By using this nonlinear effect with a straight-line 
architecture, 16 channels at 2.5Gb/s are upconverted to 40GHz carrier in recent experiment. 
It is noted that the optical carrier-to-sideband ratio (CSR) has influences on the system 
performance because the mm-wave signals are generated by the interplay between the 
optical powers in the carrier and sideband or the two sidebands themselves. CSR refers to 
carrier-to-sideband ratio, the ratio of the optical power in the optical carrier to that of the 
first-order sideband within a defined resolution bandwidth (here set as 0.01nm). While 
maintaining the CSR at 13 dB, the measured receiver. This scheme exhibits very good 
conversion performance at high data rate and can provide more wavelength channels by 
being extended into the whole optical fiber transmission band without any interference and 
saturation effect limitation. 
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Fig. 6. Concept of using XPM-based all-optical up-conversion. 

2.4 XAM in EAM 
The principle of up-conversion based on EAM is similar to its wavelength conversion 
mechanism at high bit rate, the main difference from wavelength conversion is that the 
modulated data signal will be used to replace the CW source. The experimental setup is 
shown in Fig. 7. 
An EAM (CyOptics: EAM 40) with 3-dB bandwidth of 32 GHz, fiber-to-fiber insertion loss of 
8 dB and polarization sensitivity lower than 1 dB is used to realize the signal up-conversion. 
Optical LO signals are generated by using OCS modulation scheme with larger than 25 dB 
of the carrier suppression ratio. The electrical signal and waveform is also inserted as an 
inset in Fig. 7. This scheme has some advantages such as low power consumption, compact 
size, polarization insensitivity, easy integration with other devices and higher speed 
operation due to EAM inherent characteristics. 
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Fig. 7. Experimental setup of XAM-based all-optical mixer in EAM. 

2.5 External intensity modulation 
External modulation is another choice to up-convert mm-wave signals for ROF systems. 
Essentially, three different schemes exist for the generation and transmission of mm-wave 
signals over optical links with intensity modulation: double-sideband (DSB), single-
sideband (SSB) and OCS modulation scheme. Fig. 8 shows optical mm-wave generation 
based on DSB, SSB and OCS modulation schemes respectively, and the corresponding 
optical spectra and eye diagrams after mixing with the 40-GHz RF signal are also inserted. 
Baseband data signal is generated by an M-Z modulator driven by 2.5-Gb/s PRBS electrical 
signal with a word length of 231-1. For DSB modulation scheme, the M-Z modulator 2 is 
biased at 0.5 Vπ and the frequency of the driven RF signal is 40 GHz. The generated mm- 
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Fig. 8. Up-conversions using DSB, SSB and OCS techniques. 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

584 

PC

2.5Gbit/s Signal

EDFA
20GHz

M-Z

Dual –arm M-Z

OC

DFB LD

TL

EAM
O/E Conversion

Down-Conversion

E y e  d ia g r a m

1 0 0 p s /d i v

1 n s / d i v

1552 155 3 15 54

-80

-60

-40

-20

0

 

 

O
p

tic
al

 s
e

p
e

ct
ru

m
 (

d
B

m
)

W a velen gth (n m )

SMF

 
Fig. 7. Experimental setup of XAM-based all-optical mixer in EAM. 

2.5 External intensity modulation 
External modulation is another choice to up-convert mm-wave signals for ROF systems. 
Essentially, three different schemes exist for the generation and transmission of mm-wave 
signals over optical links with intensity modulation: double-sideband (DSB), single-
sideband (SSB) and OCS modulation scheme. Fig. 8 shows optical mm-wave generation 
based on DSB, SSB and OCS modulation schemes respectively, and the corresponding 
optical spectra and eye diagrams after mixing with the 40-GHz RF signal are also inserted. 
Baseband data signal is generated by an M-Z modulator driven by 2.5-Gb/s PRBS electrical 
signal with a word length of 231-1. For DSB modulation scheme, the M-Z modulator 2 is 
biased at 0.5 Vπ and the frequency of the driven RF signal is 40 GHz. The generated mm- 
 

D C : 0.5

PC

2.5G bit/s S ignal

D FB  LD  

40G H z

1 5 5 4 . 0 1 5 5 4 .5 1 5 5 5 .0 1 5 5 5 .5
-7 0
-6 0
-5 0
-4 0
-3 0
-2 0
-1 0

0
1 0

4 0 G H z
4 0 G H z

 

 

O
pt

ic
a

l p
o

w
er

 (
d

B
m

)

W a v e le n g th  (n m )

B -T-B

2km

Vπ

40G H z

D ual –arm  M -Z

2
π Shift

PC

2.5G bit/s S ignal

M -Z

D FB  LD  
D C : 0.5Vπ 1554.0 1554.5 1555.0 1555.5

-70
-60
-50
-40
-30
-20
-10

0
10 40GHz

 

 

O
pt

ic
al

 p
ow

er
 (d

Bm
)

W avelength (nm)

B -T-B

40km

20G H z

D C : 
D ual –arm  M -Z

Shift

PC

2.5G bit/s S ignal

M -Z

D FB  LD  
Vπ

π

1554.0 1554.5 1555.0 1555.5
-60

-50

-40

-30

-20

-10

0

10
40GHz

 

 

Op
tic

al
 p

ow
er

 (d
Bm

)

Wavelength (nm)

40km

B -T-B

D SB

SSB

O C S

M -Z2
M -Z

 
 

Fig. 8. Up-conversions using DSB, SSB and OCS techniques. 
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wave will occupy over 80-GHz bandwidth because it has two sidebands. Since the two 
sidebands have different velocities in SMF, the RF power at 40 GHz will disappear after 
transmitting over a certain length of SMF. As an example, the eye diagram after 
transmission over 2 km is inserted in Fig.8. It is seen that RF power at 40 GHz is almost 
faded, which leads to a large power penalty. The measured BER curves in Fig.9 show the 
power penalty is 17 dB at a BER of 10-10 after 2km transmission. These results indicate that 
DSB modulation based scheme is not suitable to a large area access network. A dual-arm M-
Z modulator is employed to achieve SSB modulation. The two electrical RF signals to drive 
the dual-arm M-Z modulator has a phase shift of / 2π , and the DC bias is at 0.5Vπ . The 
generated optical mm-wave will only occupy 40-GHz bandwidth, but the optical CSR is 
generally larger than 15 dB, which means it is full of DC components at the peak of center 
wavelength; hence it results in low receiver sensitivity. Fig. 9 shows the receiver sensitivity 
of back-to-back for SSB modulation is around 10 dB lower than that of DSB modulation. 
Although there is no power penalty after 20-km transmission, it is more than 5 dB after 40-
km transmission due to fiber dispersion and large CSR. When the phase of the two electrical 
RF signals to drive the dual arm M-Z modulator is set to π  difference and the DC bias is at 
the minimal intensity-output point or Vπ , OCS modulation is realized. In this scheme, only 
20-GHz RF signal is needed and the bandwidth for the M-Z modulator is also only 20 GHz, 
moreover the generated optical spectrum just occupies 40-GHz bandwidth. At BER of 10-10, 
the receiver sensitivity of B-T-B mm-wave signal is -39.7 dBm, which is similar to that of the 
millimeter signal generation based on DSB modulation. There is no power penalty after 
transmission over 20 km, and the power penalty is less than 2 dB after 40-km transmission. 
The electrical eye diagrams after 10-km and 50-km transmission are shown as an inset (i) 
and (ii) in Fig. 9. These results show the mm-wave generated by OCS modulation can be 
used in large area access networks. 
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Since the optical mm-wave has two peaks after OCS modulation, it will suffer from 
dispersion in fiber when transmission over SMF. The pulse width of the 2.5-Gb/s signal 
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carried by the optical mm-wave is approximately 400 ps. The two peaks with a wavelength 
spacing of 0.32 nm will have a walk-off time of 400 ps caused by fiber dispersion after 
transmission over 74-km SMF with a group velocity dispersion (GVD) of 17 ps/nm/km, 
which means the eye will be fully closed after this distance. While considering the limited 
rise and fall times of the optical receiver and electrical amplifier, the maximum delivery 
distance will be shorter. Fig. 10 clearly shows the evolution of optical eye diagrams at 
different transmission distance. The un-flat amplitudes of the optical carriers at 40 GHz as 
shown in Fig. 10 (b) are caused by chromatic dispersion. Previous investigations show that 
fiber dispersion causes the amplitude fluctuation of the carrier but the RF power at 40 GHz 
does not disappear when the carrier is a pure dual-mode lightwave. Fig. 10 (d) shows that 
the eye is almost closed after the optical mm-wave is transmitted over 60 km. 
 

(a) 10 km (b) 20 km

(c)50 km (d) 60 km

100 ps/div
 

Fig. 10. Optical eye diagrams at different transmission distance. 

By using the OCS modulation scheme, 32x2.5-Gb/s DWDM signals after transmission over 
40 km are simultaneously up-converted to integrate with WDM PON networks. In this 
experiment, 32 DFB laser array is used to realize 32 wavelength signals from 1536.1 nm to 
1560.9 nm with adjacent 100 GHz spacing. An AWG is used to combine the 32 CW 
lightwaves before modulation by an M-Z. The generated 32x2.5-Gb/s signals are 
transmitted over 40 km for simulation the metro optical network before they are up-
converted by using a dual-arm M-Z based on OCS technique. The up-converted mm-waves 
are amplified by an EDFA to get a power of 20 dBm before transmission over variable 
length SMF. At the receiver, the desired channel is selected by using the identical O/E and 
down-conversion components as in forenamed setup. The measured power penalty is 
smaller than 2dB for all channels after transmission over 40km.  
The up-conversion signals based on OCS modulation scheme have shown the best 
performance such as the highest receiver sensitivity, the highest spectral efficiency, and the 
smallest power penalty over long distance delivery compared to DSB and SSB modulation 
scheme. 
There are some modified schemes to realize all-optical up-conversion based on external 
intensity modulator. One scheme is to use low RF frequency to drive an intensity modulator 
to generate optical mm-wave signal with frequency quadrupling technique. The principle is 
shown in Fig. 11. A LiNbO3 intensity modulator (IM) is employed to generate optical mm-
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wave with low-frequency RF. Downstream data and RF signal at quarter of LO frequency 
are mixed by using subcarrier multiplexing (SCM) technique then to drive the IM. To realize 
an optical mm-wave carrier with four times of LO frequency, the modulator needs to be dc-
biased at the peak output power when the LO signal is removed. If the repetitive frequency 
of the RF microwave source is f0, the frequency spacing between the second-order modes is 
equal to 4f0 while the first-order modes are suppressed. As an example, the output optical 
spectrum shown in Fig. 11 is for the case of a 10 GHz modulation frequency. From the 
figure, it can be seen that the frequency spacing of the second-order modes is 40 GHz and 
the first-order sidebands are also suppressed. Taking the advantage of this property can 
dramatically lower the bandwidth requirements for the optical modulator and allows the 
use of a much lower frequency electrical drive signal. This can greatly reduce the cost of the 
system and makes it more practical to use. 
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Fig. 11. Principle of frequency quadrupling scheme. Resolution of the optical spectrum is 
0.01 nm. 
Fig. 12 shows another scheme to generate optical mm-wave without optical filtering by 
using an integrated modulator. A conceptual diagram of optical carrier suppressed 
millimeter-wave signal generation using a frequency quadrupling technique without any 
optical filter. An external integrated MZM that consists of three sub-MZMs is key to 
generating optical millimeter-wave signals. One sub-MZM (MZ-a or MZ-b) is embedded in 
each arm of the main modulator (MZ-c). The optical field at the input of the integrated 
MZM is defined as (1) where is the amplitude of the optical field and is the angular 
frequency of the optical carrier. MZ-a and MZ-b are both biased at the full point. Electrical 
driving modulation signals sent into MZ-a and MZ-b are and , respectively. The odd 
sidebands are suppressed after passing through MZ-a and MZ-b.  Since the MZ-c is biased 
at the null point, the optical carrier is suppressed when the lightwave passes through this 
integrated modulator, and only the second sidebands are left, hence a quadrupling mm-
wave signal is generated.  
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Fig. 12. Optical up-conversion using a frequency multiplication technique for WDM RoF 
systems. (MZ: Mach–Zehnder modulator; EDFA: erbium-doped fiber amplifier; OSA: 
optical spectrum analyzer; ESA: electrical spectrum analyzer). 

2.6 External phase modulation 
In addition to the intensity modulation, external phase modulation is also utilized to 
produce downstream optical mm-waves in optical-wireless networks. Figure 13 shows the 
principle of using phase modulator (PM) and subsequent interleaver for mm-wave 
generation. As a schematic illustration, the case of WDM signals with 100-GHz channel 
spacing as inset (i) is considered. When the WDM sources are modulated by a PM driven by 
a 20-GHz sinusoidal RF clock, the signal field of one channel at the output of PM can be 
written as a few sidebands: 

 1 ( )cos[( ) / 2]output s n d s RF
n

E A J m n t nω ω π
+∞

=−∞

= + +∑  (1) 

where sA is the amplitude of the original optical carrier, ( )n dJ m is the thn Bessel function of 
the first kind, /d RFm V Vππ= is the modulation depth of PM, RFV is the driving voltage of the 
RF signals, RFnω is the generated sidebands. How many sidebands can be generated 
depends on the amplitude of the driven RF signal on the PM. Here we assume that only the 
first-order sideband is generated through optimizing the modulation depth dm . The peak of 
the first sideband is 20 GHz away from the original optical carrier as shown as inset (ii). The 
interleaver, with one input and two out-ports of 25-GHz bandwidth, is used to suppress the 
optical carrier. When the central wavelengths of the WDM light sources can match up well 
to the interleaver, the optical carrier of each channel will be suppressed. The output signal of 
the interleaver is expressed as: 
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the first sideband is 20 GHz away from the original optical carrier as shown as inset (ii). The 
interleaver, with one input and two out-ports of 25-GHz bandwidth, is used to suppress the 
optical carrier. When the central wavelengths of the WDM light sources can match up well 
to the interleaver, the optical carrier of each channel will be suppressed. The output signal of 
the interleaver is expressed as: 
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Fig. 13. Concept of using PM and interleaver for mm-wave generation.  
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where α is the attenuation coefficient of the interleave filter at the peak of center frequency. 
The optical spectrum from output 1 of the interleaver is shown in inset (iii). In this way, 
optical mm-wave WDM channels are generated. 
Eight-channel WDM optical mm-wave generation and transmission is demonstrated in one 
experiment, where eight channel signals at 2.5Gb/s are upconverted into 40GHz mm-wave 
by a phase modulator and optical filtering technique. Compared optical mm-wave 
generation by using an intensity modulator, this scheme also exhibits better performance on 
system stability due to the removal of any DC-bias controller. 

3. OFDM-ROF system 
In the previous section, all modulation formats for the baseband optical signal are optical 
On/Off keying signal. When this optical signal is carried by the optical mm-wave signal at 
high frequency, the transmission distance of optical mm-wave signals is quite limited by the 
fiber chromatic dispersion as shown in Fig. 6. On the other hand, orthogonal frequency 
division multiplexing (OFDM) modulation technology has been widely adopted in ADSL 
and RF-wireless systems such as IEEE 802.11a/g (Wi-Fi) and IEEE 802.16 (WiMAX). OFDM 
systems can provide excellent tolerance towards multipath delay spread and frequency-
dependent channel distortion. Recently, optical transmission systems employing OFDM 
have gained considerable research interest because OFDM can overcome the effect of fiber 
chromatic dispersion and have the capability to use higher level modulation formats to 
increase spectral efficiency. So the combination of OFDM and ROF is naturally suitable for 
optical-wireless systems to extend the transmission distance over both fiber and air links.  
The first experimental demonstration of a super-broadband OFDM-ROF system based on 
SCM and interleaver for all-optical mm-wave generation and up-conversion was presented 
in OFC 2006. In this experiment, the transmission of 4-QAM (QPSK) OFDM analog signals 
at 1 Gb/s on 40-GHz mm-wave carriers is achieved over 80-km standard single mode fiber 
(SSMF) without dispersion compensation with less than 0.5-dB power penalty at BER of 10-6. 
Fig. 14 shows the schematic diagram of mm-wave OFDM-ROF system. At the central office 
(CO), the OFDM analog data and an RF clock at half of the local oscillator (LO) frequency 
are mixed by using SCM technology. The mixed signals are applied to drive a LiNbO3 
Mach-Zehnder modulator (LN-MZM) to create first-order sidebands. After transmission 
over SSMF, an interleaver is employed to separate the optical carrier from the first-order 
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sidebands to generate optical mm-wave carrier at the BS. Then the boosted electrical mm-
wave signal is down-converted through a mixer and retrieved by the OFDM receiver. The 
separated optical carrier is considered as the continuous wave (CW) and directly modulated 
by the uplink data and sent back to the CO. 
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Fig. 14. Architecture of an mm-wave OFDM-ROF system based all-optical up-conversion. 

Fig. 15 depicts the experimental setup. At the optical transmitter side, a CW lightwave from 
a tunable laser (TL) at 1559.7nm (2-MHz linewidth) is modulated by an MZM driven by the 
mixed OFDM analog signals. The 1-Gb/s OFDM baseband signals are calculated offline 
with Matlab program including mapping 231-1 PRBS into 256 4-QAM-encoded subcarriers, 
subsequently converting the OFDM symbols into time domain by using IFFT and then 
adding 6.4-ns cyclic prefix (CP). The digital waveforms are then downloaded to a Tektronix 
AWG 7102 arbitrary waveform generator (AWG) operating at 10 GS/s to produce 1-Gb/s 
analog OFDM signals, which is shown in OFDM source in Fig. 15. Among 256 OFDM 
subcarriers (FFT size), 200 channels are used for data transmission, 55 channels at high 
frequencies are set to zero for over-sampling, and one channel in the middle of the OFDM 
spectrum is set to zero for DC in baseband. The output waveforms are shown in Fig. 15 as 
inset (i). The 1-Gb/s OFDM signals are mixed with a 20-GHz sinusoidal wave to realize 
SCM for the mm-wave signals and then used to drive the MZM. The electrical spectrum of 
mixed signals and the optical spectrum of modulated optical signals are shown in Fig. 15 as 
inset (ii) and (a), respectively. The input power is 14 dBm before transmission over 80-km 
SSMF. At the optical receiver side, a 50/25-GHz optical interleaver with 35-dB channel 
isolation and two outputs is used to separate the optical carrier and the sub-carriers. The 
optical spectra of the separated optical carrier and mm-wave signals are shown in Fig. 15 as 
(b) and (c), respectively. The carrier is suppressed larger than 20 dB. The optical eye diagram 
of mm-wave signals is also shown in (b). Regarding the downlink connection, direct 
detection is made by a 50-GHz bandwidth PIN photodiode. The converted electrical mm-
wave signal is then amplified by an electrical amplifier (EA) with 10-GHz bandwidth 
centered at 40 GHz. A 10-GHz clock is used in combination with a frequency multiplexer to 
produce 40-GHz electrical LO signal later mixed to down-convert the electrical signal to 
OFDM baseband form. The down-converted signals are sampled with a real-time digital 
oscilloscope (Tektronix TDS6154C). The received data are processed and recovered off-line 
with a Matlab program as an OFDM receiver. The sampling frequency is 1.25 GHz. The 
electrical spectrum of down-converted OFDM signals is shown in Fig. 15 as (iii). The 
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spectrum fluctuations for different frequency components arise from the nonlinear response 
of TL, MZM and optical amplifier due to the large optical power. The measured power 
penalty for the downstream optical signal is smaller than 2dB. 
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Fig. 15. Experimental setup for OFDM-ROF systems transmission over 80-km SSMF at 
1Gb/s on 40-GHz mm-wave carrier. The electrical waveform and spectra are inserted. The 
optical spectra measured at point a, b, c are all inserted. The resolution for optical spectra is 
0.01nm. 

Usually, OFDM signal has a high peak to average power ratio (PAPR), and this high PAPR 
limits the transmission distance of optical OFDM. The PAPR of the optical OFDM can be 
reduced when the optical OFDM signal is generated by phase modulator because of its 
constant intensity of the optical OFDM signal. Recent experiment has confirmed this 
conclusion. In addition, advanced coding technique can be used to improve the receive 
sensitivity of the optical OFDM signal.  
Figure 16 shows the principle of the OFDM-ROF architecture based on optical mm-wave 
signal generation by a phase modulator and turbo coding technique. The original data is 
encoded by turbo coding technique and then modulated in an OFDM block based on IFFT. 
The OFDM signal after mixing with the LO clock signal is used to drive a phase modulator 
to modulate lightwave from a CW lightwave source and generate optical mm-wave. 
Different kinds of signals have different PAPR. For example, OOK  NRZ signal has a PAPR 
of 3dB, and OFDM intensity optical signal has more than 10dB. To reduce PAPR, one 
employs phase modulator for its constant amplitude. Comparing with the OFDM signal 
generated by an intensity modulator, optical OFDM signal generated by a phase modulator 
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has two other benefits: 1) high OSNR due to relatively small insertion loss of a phase 
modulator, and 2) high stability without dc bias control system. Using advanced coding 
technique the receiver sensitivity can be improved over 2dB in the recent experiment.  
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Fig. 16. Experimental setup of OFDM-RoF architecture based on phase modulator. AWG: 
arbitrary waveform generator, PM: phase modulator, EA: electrical amplifier, FBG: fiber 
Bragg grating, ATT: attenuator, O-RX: optical receiver, TX: transmitter, TOF: tunable optical 
fiber, LPF: low pass filter, BER: bit error tester, OA: optical amplifier, TDS: time domain 
scope (real time Osc.), O/E: optical/electrical converter, E/O: electrical/optical converter. 

The experimental setup is depicted in Fig. 17. The center wavelength of the continuous 
lightwave (CW) generated by a distributed feedback laser-diode (DFB-LD) is 1543.72nm. 
The RF signal is generated by an electrical mixer to combine the 20GHz RF clock (sinusoidal 
wave) and 2.5-Gb/s OFDM signals. Then the mixed electrical signals are boosted to drive 
the phase modulator as shown in Fig. 16. The waveform and spectrum of OFDM source is 
depicted as inset (a) and (b) in Fig.16, respectively.  In this experiment, the OFDM signal 
based on QPSK I/Q modulation scheme is generated by the Tektronix arbitrary waveform 
generator. Original data is encoded by recursive systematic convolution code (RSC1) firstly, 
and combine the interleaving original signal after RSC2. The length of interleaving is 1024. 
The generator vector of RSC is 0 (1,0,11;1101)g = . RSC encoding rate is 1/2. Then the 
combining data is punctured. Combining the original OFDM signal and puncturing data, 
encoding data is generated and modulated in the way of OFDM modulation. The Turbo 
coding rate is 2/3.  In the OFDM frame there are 256 subcarriers, among them, 200 
subcarriers are used for data and 56 subcarriers are set to zero as guard interval. The guard 
interval (cyclic prefix) in time domain is 1/32 which would be eight symbols every OFDM 
frame. The first and second order sideband is 20 and 50dB smaller than the carrier, 
respectively. The input power into transmission fiber is 13.2dBm. After 50-km SMF-28, the 
optical signals are divided into two parts including central optical carrier and two first order 
sidebands by a fiber Bragg grating (FBG) as depicted in Fig.16. The FBG is used to remove 
the central carrier and converted phase to intensity signals. An optical receiver (OR2) 
contains an EDFA as preamplifier and an optical band-pass filter (OBPF) with the 3dB 
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Fig. 17. Principle of the OFDM-ROF architecture based on a phase modulator with channel 
coding. Encode: Turbo encoding, LO: local oscillator, DFB:  distributed feedback laser diode, 
PM:  phase modulator, PD:  photo-detector, Decode: Turbo decoding. 
 

-20.0 -19.5 -19.0 -18.5 -18.0 -17.5 -17.0
-4.4

-4.0

-3.6

-3.2

-2.8

-2.4

-2.0

lo
g(

B
ER

)

Power(dBm)

 BTB
 50km
 50km-coded

         
Fig. 18. BER curves for down-link OFDM optical signal. 

bandwidth of 1nm as ASE noise block, respectively. Then the optical OFDM signals are 
converted to electrical signals by a PIN with the 3dB bandwidth of 50 GHz. After that, the 
converted electrical signals are down-converted to the baseband and sampled by a 
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Tektronix real-time oscilloscope and processed off-line. The center carrier is re-modulated 
by intensity modulator (IM) driven by 2.5Gb/s uplink PRBS data with a word length of 231-
1.  The received constellations of the OFDM signals before and after transmission over 50km 
downlink SMF-28 and the corresponding BER performance are shown in Fig. 18. A little 
expansion in the received constellation comes from the OSNR degradation. OFDM signals 
before and after transmission at a BER of 1x10-3 is -17.62 and -17.25 dBm. For upstream 
optical signal at 2.5Gb/s, there is no power penalty after transmission over 50km upstream 
fiber because the effect of the dispersion of 50km SMF-28 on the 2.5Gbit/s signals is very 
small. 

4. Seamless integration of ROF with WDM-PON  
Wavelength division multiplexed passive optical network (WDM-PON) has been regarded 
as a promising solution to meet access bandwidth requirements for delivering gigabits/sec 
data and video services to large number of users. The design of WDM-PON architecture is 
expected to be compatible with radio-over-fiber system without any change of optical line 
terminal (OLT) configuration to flexibly serve both fixed and mobile users. Here, we show 
two different architectures to realize this function of seamless integration of ROF with 
WDM-PON. 
The first architecture is based on subcarrier multiplexing (SCM) technology to generate 
optical mm-wave signal and provide the lightwave source for up-stream reuse in WDM-
PON network. The commercially available package of integrated SOA and EAM is used to 
be the uplink transmitter to increase the power margin through eliminating the need of 
RSOA and external modulators. Based on this scheme, the symmetric 2.5Gbit/s data signals 
per channel are transmitted over the same 40km single mode fiber (SMF) for both directions 
with less than 1dB power penalty.    
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Fig. 19. WDM-PON access network compatible with ROF system. IL: interleaver, Cir: 
circulator, LPF: low-pass filter, TL: tunable line delay, IM: intensity modulator. 

The network configuration is shown in Fig. 19. Each laser is modulated by means of SCM 
technique. A broadband downstream date after mixing with the LO clock signal are used to 
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Fig. 19. WDM-PON access network compatible with ROF system. IL: interleaver, Cir: 
circulator, LPF: low-pass filter, TL: tunable line delay, IM: intensity modulator. 

The network configuration is shown in Fig. 19. Each laser is modulated by means of SCM 
technique. A broadband downstream date after mixing with the LO clock signal are used to 
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directly or externally modulate the lightwave. The WDM SCM signals are multiplexed by 
using an AWG before they are sent to the ONU after transmission over fiber. In the ONU or 
base-station, the WDM SCM signals are passed through an optical interleaver to realize the 
separation of the optical carrier and subcarrier signals where DI-MZ interferometer was 
employed. The optical interleaver has higher optical carrier suppression ratio and adjacent 
channel isolation compared to the DI-MZ interferometer. The separated optical carrier is 
then passed an AWG and delivered to the customer unit or base station before re-
modulation by using an integrated SOA and EAM. Here SOA is used to provide the gain. 
Then the modulated upstream optical signals will be sent back to the OLT or central office 
after transmission over the same transmission fiber of the downstream signals before they 
detected by a 3R receiver. 
For regular WDM-PON application, the separated subcarrier signals after AWG will be 
detected by a low-speed photo-diode before 3R receiver. For wireless service provided by 
ROF, the subcarrier signals are broadcasted by an antenna before detection by a high-speed 
receiver and amplification by a narrow-band electrical amplifier EA. At the customer unit, 
the wireless signal is received by an antenna and down-converted by a mixer to retrieve the 
baseband signals. For wireless upstream, the up-converted data will be sent back to the base 
station by wireless transmission. After amplification and down-conversion, it will modulate 
the EAM before it is sent back to the central office. In this scheme, we do not need to change 
the OLT configuration to make the WDM-PON compatible with ROF network. 
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Fig. 20. Schematic diagram of the seamless integration of ROF with WDM-PON for 
providing triple service.  
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Other architecture is based on an external integrated modulator to generate optical mm-
wave and provide lightwave for upstream reuse. Since the two arms in the integrated 
modulator do not affect each other, the generated mm-wave signal and the baseband optical 
signal have higher quality. 
The proposed novel WDM-PON architecture is shown in Fig. 20. The CW lightwave is 
modulated by an external integrated modulator using x-cut LiNbO3, consisting of two 
single-electrode Mach-Zehnder modulators (MZMs). The separated lightwave in the 
integrated modulator is modulated by intensity modulator (IM) IM-1 and IM-2 to generate 
SCM signal, respectively. The optical mm-wave is generated based on OCS modulation to 
carry the wireless signal by IM-1 while OFDM wired signal is based on DSB modulation by 
IM-2. The IM-1 and IM-2 has a 90 degree phase shift to avoid the interference between the 
up and bottom optical signal, hence there is no crosstalk between the mm-wave and 
baseband signal. The wireless signal and wired signal are combined by a waveguide coupler 
before all channels are multiplexed. After transmission over the optical fiber, a fiber filter is 
used to separate the OCS modulated downstream wireless signals and the double sideband 
(DSB) modulated downstream wired OFDM signals. The OCS modulated wireless 
downstream signals at different wavelengths are demultiplexed to the costumer unit by 
antenna before the O/E conversion. The DSB modulated downstream wired signals, after 
being demultiplexed, are sent to two paths. One part is converted to electrical OFDM wired 
signal by a low speed receiver. The other part is re-modulated by an IM driven by the 
upstream data. The WDM upstream data are demultiplexed before they are O/E converted. 

5. Wavelength reuse for upstream 
It has been expected that mm-wave bands would be utilized to meet the requirement for 
high bandwidth and overcome the frequency congestion in the optical-wireless networks.  
The negative side of mm-waves is the need for numerous BSs, which is a consequence of 
high RF propagation losses in the atmosphere. In this situation, it is necessary to minimize 
the cost of the BS and shift the system complexity and expensive devices to the CO. Hence, 
the overall architecture design and the scheme of RF signal generation, transmission for the 
uplink and downlink play the key roles on the successful deployment in the real networks. 
Fig. 21 shows two ROF systems with downstream and upstream connection. In Fig. 21(a), it 
shows a simple ROF system. The CW lightwave is modulated for up-conversion to generate 
optical mm-wave signal. The optical mm-wave signal is delivered to the base station by 
optical fiber. The optical fiber can be standard single mode fiber for long distance (>1km) 
transmission or multi-mode fiber for short distance transmission. The fiber loss can be 
compensated by optical amplifier. In the base station, the optical mm-wave signal is 
detected by a high-speed photodiode. Then the electrical mm-wave signal is boosted by a 
narrow-band electrical amplifier (EA) before it is broadcasted by antenna to the customer 
unit.  The electrical upstream data obtained from the antenna is  boosted by an narrow band 
EA. The boosted electrical upstream signal is used to drive an external modulator such as 
intensity modulator, electro-absorption modulator (EAM). The CW lightwave for upstream 
connection is generated from a lightwave source. The generated upstream mm-wave signal 
is delivered to the central office by upstream fiber. The upstream fiber and downstream can 
be the same fiber, however, it may have crosstalk between them. Obviously, in this 
architecture, an additional CW lightwave source is necessary at the base station. To simplify 
the base station, we can use the architecture shown in Fig. 21(b). Here the CW lightwave for 
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upstream connection is extracted from the downstream optical signals. It means that a part 
of downstream signal is reused. This is quite similar to that technique used in WDM-PON 
architecture with source-free at remote node.  For uplink connection, some methods have 
been recently proposed. However, most of them only demonstrated uplink connections over 
short transmission distances. Full-duplex operation using high RF carrier still raises 
difficulties that have to be addressed. The network architecture consisting in a single light 
source at the CO and the reuse of the downlink wavelength at the BS is an attractive 
solution for low-cost implementation as it requires no additional light source and 
wavelength management at the BS.  
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Fig. 21. ROF system with downstream and upstream connection. 

5.1 IM with subsequent filter for downstream and OOK upstream generated by an 
external modulator 
Figure 22 shows the principle to generate optical mm-wave by using DSB modulation along 
with optical filtering, and wavelength reuse for uplink connection. An external modulator 
such as LiNbO3 modulator or electro-absorption modulator driven by RF signal can be used 
to generate DSB modulation signal. Usually the first and second sidebands will be generated 
after modulation. Here one can use an optical interleaver to separate the first order sideband 
from the optical carrier and the second order sideband signals. The two peak modes of the 
first order sideband will be beat to generate an optical mm-wave with a double repetitive 
frequency of the RF signal when they are detected by an optical receiver. The baseband 
down-link data is added on the optical mm-wave by using additional external intensity 
modulator. The separated optical carrier and the second order sideband signals are further 
separated by the second interleaver. After this, we can obtain a pure optical carrier. The 
pure optical carrier will be combined with the downlink optical mm-wave signal by using a 
3dB optical coupler. In the base station, we use the third optical interleaver to separate the 
downlink optical mm-wave and the pure optical carrier. The separated downlink optical 
mm-wave signal is received by a high-speed detector, then, it is boosted by a narrow-band 
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electrical amplifier before it is broadcasted by an antenna. The received uplink data from the 
antenna firstly are down-converted by using an electrical mixer. The down-conversion can 
be realized by using an electrical mixer without LO. The baseband uplink data is used to 
drive an external modulator to generate optical uplink data before it is transmitted over the 
fiber to reach the central office. Since the optical interleaver has periodic characteristic, this 
scheme for this ROF architecture including optical mm-wave generation and wavelength 
reuse for uplink connection can be used to generate the DWDM optical mm-wave and 
deliver them by sharing the same interleavers.  
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Fig. 22. Principle of DWDM optical mm-wave generation using phase modulator and optical 
interleaver. IL: Interleaver, IM: intensity modulator, OC: optical coupler, O/E: 
optical/electrical converter, LO: local oscillator. 

In real network implementations, the diplexer connected with the antenna would act as a 
circulator to handle the up- and down-stream signals at the BS. The baseband upstream 
signals would be obtained after down-conversion of the end user’s information coming from 
the diplexer in the BS. In this experiment, the same fiber length is used for both up-and 
down-streams. The uplink signal is detected by a low-frequency response receiver which 
also filters out the residual part of mm-wave signals.  

5.2 OCS for downstream and reuse for upstream 
The schematic diagram is shown in Fig. 23. OCS scheme is employed to generate optical 
mm-wave and up-convert baseband data signal simultaneously for the downstream. The 
original carrier is split prior to OCS operation and then coupled with optical mm-wave 
signal before they are transmitted to the BS. At the BS, a fiber Bragg grating (FBG) is used to 
reflect the carrier while passing the optical mm-wave signal to downlink receiver. The 
reflected carrier is acted as the CW and re-modulated with the symmetric upstream signal, 
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Fig. 22. Principle of DWDM optical mm-wave generation using phase modulator and optical 
interleaver. IL: Interleaver, IM: intensity modulator, OC: optical coupler, O/E: 
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then transmitted back to CO, where a low-cost receiver with low-frequency response detects 
the upstream signal. 
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Fig. 23. A full-duplex ROF system based on OCS and reuse. 

The experimental setup for the full-duplex ROF system is shown in Fig. 24. At the CS, a CW 
is generated by a TL at 1549.1 nm and split into two parts via a 50:50 optical PS. The first 
part is modulated via an M-Z modulator driven by 2.5-Gb/s signals. Optical mm-wave 
signals are generated by using OCS scheme. The optical spectrum and eye diagram after 
OCS are measured at point A, B and inset (i), (ii) in Fig. 24, respectively. Then the generated 
optical mm-wave is amplified by an EDFA to get a power of 6 dBm for transmission. The 
second part is sent directly for amplification by an EDFA to obtain a power of 9 dBm and 
then combined with the first part via OC before they are transmitted over SMF. 
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Fig. 24. Experimental setup for full-duplex ROF system based on optical carrier suppression 
and reuse. 

At the BS, the FBG is used to take on two roles: one is to reflect the optical carrier to provide 
CW light source for uplink connection; the other is to pass the two sidebands generated by 
OCS simultaneously and as a consequence, it increased the carrier suppression ratio up to 30 
dB due to sharp notch characteristics. This FBG filter has a 3-dB reflection bandwidth of 0.2 
nm and reflection ratio larger than 50 dB at the reflection peak wavelength. The eye 
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diagram, the spectrum of passing part and reflected part are measured at point C, D, E and 
inset (iii), (iv) and (v) in Fig.24. Then we use the identical O/E and down-conversion to 
retrieve the downstream signals. Fig. 25 shows that the evolution of dispersion impact on 
different distances for two directions signals. It is clearly seen that the eye still keeps open in 
despite of transmission over 40-km SMF, which is long enough for access network coverage. 
But the uplink might transmit longer distance because most of the component of high 
frequency is removed already by FBG filter before it is sent back to the CO. For the uplink, 
the reflected signal is amplified by an EDFA to compensate the insertion loss of the filter 
before it is modulated by symmetric 2.5-Gb/s electrical signal. 
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Fig. 25. Electrical eye diagrams after different length transmission. 

5.3 PM with subsequent filter for downstream and directly modulated SOA for 
upstream 
Fig. 26 shows the schematic diagram of full-duplex optical-wireless system architecture by 
using PM and SOA. An optical PM is driven by small RF signal (1/4 half-wave voltage of 
the PM) to create first-order sidebands while suppress the second-order components for 
increasing dispersion tolerance. An interleaver is employed to separate the optical carrier 
from the first-order sidebands to generate optical mm-wave carrier. After modulation by 
downlink data, the up-converted optical signal is combined with the original optical carrier 
and transmitted over the SMF. At the BS, an FBG is used to reflect the optical carrier while 
pass the optical mm-wave signal to O/E conversion. Then, the boosted electrical mm-wave 
signal is broadcasted by an antenna through a duplexer acting as a circulator to handle up- 
and down-stream signals at the BS. On the other hand, the upstream signals are down-
converted through a mixer and tunable delay (TD) line without the need of LO signal. 
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Fig. 26. Architecture of a full-duplex optical-wireless system by using PM and SOA. 
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Fig. 26. Architecture of a full-duplex optical-wireless system by using PM and SOA. 
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The reflected optical carrier is considered as the CW source and directly modulated by 
baseband upstream signals in the SOA and sent back to the CS, where a low-cost and low-
frequency response receiver is used for detection. In this scheme, the SOA performs the 
function of both amplification and modulation, which eliminates the requirement of optical 
amplifier and external modulator at the BS. 
Fig. 27 depicts the experiment setup for the full-duplex optical-wireless system by using 
wavelength reuse and directly modulated SOA. At the CO, A CW is generated by a DFB-LD 
at 1534.4 nm and modulated by an optical PM driven by a 20-GHz RF sinusoidal wave with 
amplitude 1 V (half-wave voltage of the PM is 4 V). The optical spectrum (measured at point 
a) after modulation is shown in Fig. 27 as inset (a). A 50/25-GHz optical interleaver with 35-
dB channel isolation is used to separate the remained optical carrier from the first-order 
sidebands. The generated optical mm-wave is then amplified and modulated by an IM 
driven by 2.5-Gb/s PRBS 231-1 electrical downstream signals. The separated optical carrier is 
directly sent to combine with up-converted baseband signals via OC before its transmission 
over 40-km SMF-28 with 8-dBm input power. The optical spectra of the separated optical 
carrier, optical mm-wave signal and combined signals are shown in Fig. 27 as inset (b), inset 
(c) and inset (d), respectively. At the BS, a FBG is used to reflect the optical carrier and 
transmit the optical mm-wave signals simultaneously. The FBG filter has a 3 dB reflection 
bandwidth of 0.2 nm and reflection ratio larger than 50 dB at the reflection peak wavelength. 
The spectra of reflected carrier and transmitted optical mm-wave signals are shown in Fig. 
26 as inset (e) and inset (f).  The downstream signals are down-converted through a mixer 
and TD line without requiring any LO signal. 
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Fig. 27. Experimental setup for the full-duplex optical-wireless system by using wavelength 
reuse and directly modulated SOA.  The optical spectra measured at point a, b, c, d, e, f are 
all inserted as insets. 

For the uplink, the reflected optical carrier is directly modulated in an SOA driven by a 250-
Mb/s (PRBS 27-1) electrical signal with amplitude 3.1-V and 165-mA bias. The gain is 10 dB 
in the 34-nm spectral width and the polarization sensitivity is smaller than 0.5 dB. In this 
experiment, the same fiber length is used for both up- and down-streams. The uplink signal 
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is detected by a low-frequency response receiver which also filters out the residual part of 
the high-frequency mm-wave signal due to imperfect filtering by the FBG. 
Fig. 28 shows the optical eye diagrams in B-T-B configuration and after the 40 km 
propagation in the SMF. The power fluctuations of the 40-GHz modulation arise from the 
chromatic dispersion in the fiber. The power penalty is measured.  For the downlink, the 
power penalty at the given BER of 10-10 is 2.0 dB after 40-km transmission. For the uplink, 
the power penalty for the re-modulated optical carrier is around 0.5 dB over the same 
transmission distance. The eye diagrams of B-T-B configuration for both directions are also 
inserted in Fig. 28. 
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Fig. 28. Optical eye diagrams for downstream signals at (i) B-T-B and (ii) after 40km 
transmission. 

5.4 Integrated modulator for optical mm-wave and baseband generation and 
wavelength reuse 
The experimental setup for integrated 60-GHz bidirectional ROF and WDM-PON system 
using a single I/Q (nested) modulator is shown in Fig.28. At the central office, a CW 
lightwave is generated by a tunable laser (TL) at 1557.1nm. The I/Q modulator integrates 
two intensity Mach-Zehnder modulators and a phase shifter. The intensity modulator at the 
upper arm is driven by 10-Gb/s electrical signals with2Vpi (half-wave voltage of 5V) and 
PRBS length of 231-1. The modulator is biased at the null point to generate phase modulated 
optical signal (DPSK signal). The intensity modulator at the bottom arm is driven by a RF 
signal mixed with 30-GHz clock and 2.5-Gb/s baseband signal with the same PRBS length. 
This modulator is also biased at the null point. Through adjusting the DC bias on the phase 
shifter, we generate 90 degree phase difference between the upper and bottom arm optical 
signal. In this way, coherent crosstalk is reduced between the two arms. Optical signals are 
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then boosted to 16 dBm before they are launched into the 20-km standard SMF-28. The 
optical spectrum before the EDFA is shown in Fig. 29 inset (a). After transmission, a 25-GHz 
optical interleaver is used to separate the optical wired signals (baseband signals) from the 
wireless signals (60-GHz optical mm-wave). The optical spectra of the two output ports of 
the IL are shown in Fig. 29 insets (b) and (d). The wired optical signal is divided into two 
parts. One is detected by a standard DPSK balanced receiver. Another part is reused for 
upstream connection. The eye diagram of this downstream DPSK signal at the BS is shown 
in Fig. 29 inset (i)., Another 50-GHz optical interleaver is employed to further suppress 
wired signal as shown in inset (c). The 60-GHz optical mm-wave signals are pre-amplified 
by a regular EDFA with a small-signal gain of 30 dB, and then filtered by a tunable optical 
filter (TOF) with the bandwidth of 0.8 nm to suppress ASE noise before O/E conversion via 
a PIN PD with a 3-dB bandwidth of 60 GHz. The converted electrical signal is then 
amplified by an electrical amplifier (EA) with a bandwidth of 10 GHz centered at 60 GHz. 
An electrical LO signal at 60 GHz is generated by using a frequency multiplier from 15- to 
60- GHz. We use the electrical LO signal and an electrical mixer to down-convert the 
electrical mm-wave signal to the baseband. The optical eye diagrams of the 60-GHz optical 
mm-wave signals before and after down-conversion are shown in Fig. 29. The power 
penalty is negligible at a BER of 1x10-10. The wired BPSK optical signals are detected by a 
standard balanced receiver, which includes a one bit M-Z delay interferometer (MZ-DI, 
demodulator) and a balanced detector. There is no power penalty after transmission over  
 
 
 
 

 
 
 

Fig. 29. Experimental setup. ECL: external cavity laser, MZM: Mach Zehnder modulator, IL: 
interleaver, TOF: tunable optical filter, EA: electrical amplifier, OS: optical splitter, MZDI: 
Mach Zehnder delay interferometer, resolution: 0.01nm.            
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20-km SSMF-28. The optical DPSK signal is re-modulated for upstream reuse by one 
intensity modulator driven by symmetric 2.5-Gb/s PRBS electrical signals with a word 
length of 231-1. In real networks, the diplexer connected with the antenna would be used to 
circulate the transmitting and receiving signal at the BS. The baseband upstream signals will 
be obtained after down-conversion of end user’s information coming from the diplexer in 
the BS. In this experiment, after transmission over the same length SMF-28 as the downlink 
channel, the upstream optical signals are detected by a commercial APD receiver. The 
optical spectrum of the upstream optical signal after transmission over 20-km uplink fiber is 
shown in Fig. 29(e). The eye diagrams of optical upstream signals are shown in Fig. 30.  Fig. 
30 (e) is detected by a 60-GHz photodiode, in which the transit peak of the downstream 
DPSK signal exists. After detected by a 2-GHz photodiode, the transit peak of DPSK signal 
is removed as Fig. 30(f). Negligible power penalty is observed after transmission for the 
upstream signal. 
 

(a) Optical eye diagram at B-t-B

(b) Electrical eye diagram at B-t-B

(c) Optical eye diagram after 20-km SMF

(d) Electrical eye diagram after 20-km SMF

(e) Uplink: broadband detection

(f) Uplink: narrow-band detection

 
Fig. 30. Measured eye diagrams of downstream (a-d) and upstream (e-f) over 20-km SMF-28. 

6. Optical OFDM signals over GI-POF 
Perfluorinated graded-index polymer optical fibers (GI-POFs) can provide large bandwidth 
and low attenuation (60dB/km) at 850–1300nm, so it is a good replacement and a low cost 
alternative to traditional glass. With ease of use and affordability, GI-POFs make an 
excellent choice for the installation of high performance fiber networks. In addition, GI-
POFs provide a higher transmission bandwidth than any other type of plastic optical fiber. 
Recently, a few 40Gb/s transmission experiments have been demonstrated. Until recently, 
all commercially available POFs have been fabricated from non-fluorinated polymers such 
as PMMA and, as a result, have had a refractive index that changes in steps. Although 
inexpensive, these fibers are characterized by large modal dispersion and typically operate 
at 530nm or 650nm, which is well outside of standard communication wavelengths (850nm 
or 1300nm), which is where high-speed transceivers are readily available. Due to the high 
attenuation in the near infrared, these fibers are restricted to low performance (<100Mb/s), 
short range (<50m) applications in the visible region. With the advent of an amorphous 
perfluorinated polymer, polyperfluoro-butenylvinylether (commercially known as 
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CYTOP®), the limitations presented by step-index POFs have been overcome. 
Perfluorinated fiber exhibits very low attenuation in the near infrared (~10dB/km) as shown 
in Fig. 5. Moreover, since the perfluorinated optical fiber can be constructed with a graded 
refractive index, it is capable of supporting bandwidths that are 100 times larger than those 
provided by conventional POFs. This is due to the interplay between high mode coupling, 
low material dispersion, and differential mode attenuation. Unlike conventional glass fibers, 
which suffer from high interconnection and receiver costs, perfluorinated GI-POFs are easy 
to install. To add a connector to a glass fiber, the fiber needs to be cleaved using an 
expensive, specialized tool. Then, epoxy is used to attach the fiber to the connector 
hardware. Finally, the assembled connector must be polished. In contrast, the GI-POF can be 
terminated using simple and inexpensive tools, connectors are crimped on, and polishing 
occurs in mere seconds, leading to a high quality optical link in a fraction of the time. 
Moreover, GI-POFs are compatible with standard multimode glass fiber transceivers.  As an 
example, Table 2 lists the specification of the commercial GI-POF from Thorlabs. 
Since 2006, a few world records by employing GI-POF have been achieved. The optical fiber 
communication conference (OFC) 2006, Georgia Tech’s researchers reported that 30Gb/s 
on/off keying (OOK) signals are transmitted over 30m GI-POF. In ECOC 2007, Schollmann 
et al., reported the 40Gb/s OOK signals are delivered over 50m GI-POF with new designed 
multi-mode high-speed receiver. In OFC 2008, Yu in NEC Labs America reported 42.8Gb/s 
optical signal generated by chirped managed laser transmission over 100m GI-POF. In 
ECOC 2008, Yu in NEC Labs America demonstrated 16Gb/s OFDM signal transmission 
over 50m GI-POF. In OFC 2009, Yang reported 40Gb/s signal transmission over 100m GI-
POF based on discrete multimode modulation. By using the new spectral efficiency 
modulation format, such as CML and OFDM, can furthermore increase the bandwidth of 
the GI-POF. 
 

Fiber model 50SR 62SR 120SR 
Attenuation at 850nm <60dB/km 
Attenuation at 850nm <60dB/km 
Bandwidth at 850nm >300MHz.km 
Numerical aperture 0.190+0.015 0.190+0.015 0.190+0.015 
Macrobend loss <0.25dB <0.35dB <0.60dB 
Zero dispersion wavelength 1200~1650nm 
Dispersion slope <0.06ps/nm2.km 
Core diameter 50+5um 62.5+/-5μm 120+/-

10μm 
Cladding diameter 490+/-5μm 
Temperature induced attenuation at 
850nm (-20 to +70°C) <5dB/km 

Table 2. Specification of Thorlab’s GI-POF. 

In this section we will experimentally demonstrate the transmission of upconverted 
16Gbit/s OFDM signals on 24GHz microwave carrier over 50m GI-POF at 1310nm. The 
experimental setup of the proposed OFDM signals transmission over GI-POF is shown in 
Fig. 31. The lightwave from the DFB laser-diode (LD) at 1310nm with the output power 
around 10dBm is modulated by an intensity modulator (IM) driven by up-converted OFDM 
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signals. The 16Gbit/s OFDM signals are generated by OFDM transmitter and then up-
converted to 24GHz to realize RF-OFDM signals via an electrical mixer. The up-converted 
spectrum is inserted in Fig. 29. We can see that the bandwidth of the OFDM signal is 8GHz. 
The OFDM baseband signal is generated offline and uploaded into a Tektronix AWG7102. 
The waveforms produced by the arbitrary wave generator (AWG) are continuously output 
at a sample rate of 20GHz (8bits DAC, 4GHz bandwidth). The FFT size is 256, from which 
200 channels are used for data transmission, 55 channels at high frequencies are set to zero 
for over-sampling, and one channel in the middle of the OFDM spectrum is set to zero for 
DC in baseband. 10 training sequences are applied for each 150 OFDM-symbol frame in 
order to enable phase noise compensation. At the output of the AWG, the low-pass filter 
(LPF) with 5GHz bandwidth is used to remove the high-spectral components. Subsequently, 
the RF-pilot tone is created by inserting a small DC offset before an analogue I/Q mixer is 
used to up-convert the OFDM signal from the baseband to an 8.5GHz intermediate 
frequency (IF). The electrical spectrum of the original signal is shown in Fig. 32(a) that was 
measured at the point (a) in Fig. 31. The IM is driven by the OFDM signals to create double 
sideband (DSB) optical signals. The bias and the power of the RF signals are carefully 
adjusted to obtain proper power ratio between the optical carrier and the first-order 
sideband signals. After IM, the signal was launched into 50m of commercially available GI-
POF for transmission. The core of the GI-POF is 50 μm with 60dB/km attenuation at 
1300 nm. The signal power launched and output of GI-POF was 5.5 and 2.5dBm. A PIN 
receiver is used in the receiver side with the bandwidth of 29GHz and a 50 m multimode-
coupled input. Before low pass filter (LPF), a 24GHz electrical LO signal is mixed to down-
convert the electrical signal to its baseband form. The down-converted signals are sampled  
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Fig. 31. Experimental configuration for 16Gb/s OFDM transmission over GI-POF. EA: 
electrical amplifier; IM: intensity modulator; GI-POF: graded-index plastic optical fiber; PIN: 
receiver; LPF: low pass filter. Inset: electrical spectrum of the OFDM signal after up-
conversion. 
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Fig. 32. Received electrical spectra: (a) after arbitrary waveform generator, (b) after LPF; 
received optical spectra with 0.01nm resolution.   

-2 -1 0 1 2

 

6

5

4

3

2

-lo
g(

B
ER

)

Input power (dBm)

 Back-to-Back
 After 50m GI-POFTime

A
m

pl
itu

de

-1.5 -0.5-1.0 0 0.5 1.0 1.5
-1.5

-1.0

-0.5

0

0.5

1.0

1.5
After 50m GI-POF

 
Fig. 33. Measured BER curves and the constellation figure of back-to-back and after 50m GI-
POF. 
with a real-time oscilloscope (Tektronix 6154C) and processed off-line. The electrical 
spectrum of down-converted signals is shown in Fig. 32(b). The measured BER of back-to-
back and after transmission is shown in Fig. 33 and the constellation figure after 50m GI-
POF is inserted. One million bits have been evaluated for all values of BER reported in this 
work. We can see that there exists signal degradation after 50m GI-POF. But the BER is still 
lower than 1x10-3, which is below the limitation of forward error correction (FEC) at 2x10-3. 
The main reason is the degradation of optical signal-to-noise- ratio (OSNR) from the fiber 
with an insertion loss of 3dB and modal dispersion. 

7. Testbed implementation for delivery of wired and wireless services 
simultaneously 
Currently, the wired and wireless services are separately provided by two independent 
physical networks. Wired networks based on fiber-to-the-home (FTTH) access technologies 
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provide huge bandwidth to users but are not flexible enough to allow roaming connections. 
On the other hand, wireless networks offer mobility to users, but do not possess abundant 
bandwidth to meet the ultimate demand for video services with HDTV quality. Therefore, 
seamless integration of wired and wireless services for future-proof access networks will 
lead to convergence of ultimate high bandwidth for both fixed and mobile users in a single, 
low-cost transport platform. This can be accomplished by using our developed hybrid 
optical-wireless networks, which can not only transmit wireless signals at the BS over fiber, 
but also simultaneously provide the wired and wireless services to the end users due to the 
cascaded modulation scheme for downstream signals. Optical mm-waves can be generated 
by several all-optical up-conversion schemes that we have discussed in Section 2. No matter 
what kind of all-optical up-conversion scheme, one chooses, a part of base-band signal still 
exists in the whole electrical spectrum after all-optical up-conversion. To illustrate this point, 
we simulate the process of all-optical up-conversion schemes based on FWM in HNL-DSF 
and OCS modulation. As depicted in Fig. 34, it shows the electrical spectra after all-optical 
up-conversion. The LO frequency for all-optical up-conversion scheme based on FWM in 
fiber is 40 GHz and the baseband signal is 2.5-Gb/s NRZ signal. Fig.33 shows that there are  
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Fig. 34. Electrical spectra after all-optical up-conversion schemes. (a) FWM in HNL-DSF : LO 
signal is 40 GHz, (b) OCS modulation: RF driving frequency is 20 GHz. 
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Fig. 34. Electrical spectra after all-optical up-conversion schemes. (a) FWM in HNL-DSF : LO 
signal is 40 GHz, (b) OCS modulation: RF driving frequency is 20 GHz. 
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two components of electrical signals after all-optical up-conversion, one part occupies the 
base-band, the other occupies high-frequency band near 40 GHz. Hence we propose a novel 
ROF network architecture to use the baseband signals for broadband optical access at 2.5 
Gb/s at low cost and RF frequency for wireless connection. 
Fig. 35 illustrates the architecture for concurrently providing super broadband wireless and 
wired services. The content providers or upstream networks send the data to the CO, where 
the multi-channel mm-wave carriers are generated through external modulator based on 
our developed all-optical up-converter. This up-conversion technique posses many 
advantages that allow data to be transmitted over wired and wireless medium in a single 
platform. First, the generation of the mm-wave carrier and the up-conversion of the original 
data channel are performed simultaneously in the optical domain. Second, as a result of this 
process, two identical data signals are generated concurrently: one at the electrical baseband 
and another at the RF-carrier frequency. The up-converted signals are multiplexed before 
they are transmitted over fiber to the BS where an AWG in WDM- PON is used to route the 
signals to customer premise. At the customer premise, the signal is divided by a PS into two. 
The first part is detected by a high-speed receiver and then electrically amplified using a 
narrow-band RF amplifier before broadcasted by an antenna as a wireless signal. The other 
part is sent directly to a wall-mounted optical port via fiber access, and a user can utilize a 
simple, low-cost receiver to detect the baseband data signal by filtering out the high 
frequency mm-wave signal. This newly hybrid system can allow wired and wireless 
transmission of the same content such as high-definition television, data and voice up to 100 
times faster than current networks. The same services will be provided to customers who 
will either plug into the wired connection in the wall or access the same information 
through a wireless system. The customer premise can be conference centers, airports, hotels, 
shopping malls and ultimately homes and small offices. 
 

 
Fig. 35. Novel network architecture for providing dual-service in optical-wireless networks. 
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The experimental testbed setup for delivering wired and wireless services simultaneously is 
shown in Fig. 35. At the BS, the optical mm-wave is divided into two parts. The wired part is 
sent to a low-speed avalanche photodiode (APD) that has a 3-dB bandwidth of 2 GHz. Since 
the bandwidth of the APD receiver is limited at 2 GHz, the RF signal at high frequency is 
filtered out. In the case of the wireless part, the converted electrical signal is boosted by a RF 
electrical amplifier before it is broadcasted through a double ridge guide antenna with a 
gain of 19.2 dBi at frequency range of 18 to 40 GHz. After wireless transmission, the signal is 
received by another identical mm-wave antenna. The signal is down-converted through a 
mixer and TD line by using part of the incoming signal as the LO signal. The receiver 
sensitivities and eye diagrams at different air distances are shown in Fig. 37. The power  
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Fig. 36. Testbed setup for delivering wired and wireless services simultaneously. 
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Fig. 37. Receiver Sensitivity for 2.5-Gb/s signal at different air distance. 
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penalty after transmission over 25-km SMF is less than 1.5 dB. The receiver sensitivity 
degrades quickly when the wireless signals are transmitted beyond 10-m indoor air space 
because the antenna as an isotropic point source in its radiation direction spreads its energy 
over a certain angle of surface area as the wave propagates in air space. The path loss is 
proportional to the reciprocal of distance square. Signal degradation via multiple reflections 
from the wall is a key factor that limits the maximum transmission distance for 2.5-Gb/s 
wireless signal in our testbed environment of office building hallway. 
Fig. 38 shows the system implementation of the first field demonstration of delivering dual 
service uncompressed 270-Mbps standard definition (SD) and uncompressed 1.485-Gbps 
high definition (HD) video content using 2.4-GHz microwave and 60-GHz mm-wave radio 
signals, respectively, over Georgia Institute of Technology (GT) Campus fiber backbone 
network from Centergy Research Lab at 10th Street to Aware Home Residential Lab at 5th Street. 
The transmission distance is 2.5 km standard single-mode fiber (SMF-28). At the transmitter 
(Centergy building), all optical up-conversion method is used to perform simultaneous 
generation of 60-GHz mm-wave and up-conversion of 1.485-Gbps HD signals at wavelength 
1554.0 nm. The all-optical mm-wave generation at 60-GHz is realized by using an optical 
phase modulator driven by 30-GHz sinusoidal electrical clock signal and an optical de-
interleaver as described in the previous section. The HD signal at 1.485-Gbps is generated 
from the component output of commercially available Sony Blue-Ray Disc player and an 
analog-to-digital converter. For 2.4-GHz radio signal, we used electrical mixing and double-
sideband optical modulation to up-convert 270-Mbps real-time SD video content generated 
from a commercially available Canon Camcorder before optically transmitted at wavelength 
of 1550 nm. At the receiver (Aware home), direct detection of optical 60-GHz mm-wave 
signal is performed by a 60-GHz bandwidth PIN photodiode to realize optical-to-electrical  
 
 

 
 
 

Fig. 38. Field trial demonstration setup of the SD/HD video content delivery using 2.4-GHz 
and 60-GHz mm-wave radio-over-fiber in the Georgia Tech (GT) campus fiber network. 
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conversion. The converted electrical mm-wave signal is then amplified by an electrical 
amplifier (EA) with 5 GHz bandwidth centered at 60 GHz and 3.55 before it is broadcasted 
through a double-ridge guide rectangular horn antenna with a gain of 25 dBi, frequency 
range of 50 to 75 GHz and 3 dB beam width of 7o. After the wireless transmission, the 60-
GHz mm-wave signal is received by the end mobile terminal in order to perform the down-
conversion and recover the 1.485-Gbps HD video signal. The down-conversion is performed 
by a 60-GHz balanced mixer using self-reflective mixing technique. Similarly, the 2.4-GHz 
radio signal is received by a 2.5-GHz PIN receiver at the BS and distributed over the 
wireless to the receiver antenna. The 270-Mbps SD signal is then recovered by down-
conversion process. Fig. 39 shows the transmitter and receiver modules at two separate 
locations. We did not measure any BER in the field-trial, since we do not have any available 
electrical clock recovery module that is required to recover the clock at the distantly located 
receiver. However, the video quality displayed at the remote receiver TV screens located at  
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conversion. The converted electrical mm-wave signal is then amplified by an electrical 
amplifier (EA) with 5 GHz bandwidth centered at 60 GHz and 3.55 before it is broadcasted 
through a double-ridge guide rectangular horn antenna with a gain of 25 dBi, frequency 
range of 50 to 75 GHz and 3 dB beam width of 7o. After the wireless transmission, the 60-
GHz mm-wave signal is received by the end mobile terminal in order to perform the down-
conversion and recover the 1.485-Gbps HD video signal. The down-conversion is performed 
by a 60-GHz balanced mixer using self-reflective mixing technique. Similarly, the 2.4-GHz 
radio signal is received by a 2.5-GHz PIN receiver at the BS and distributed over the 
wireless to the receiver antenna. The 270-Mbps SD signal is then recovered by down-
conversion process. Fig. 39 shows the transmitter and receiver modules at two separate 
locations. We did not measure any BER in the field-trial, since we do not have any available 
electrical clock recovery module that is required to recover the clock at the distantly located 
receiver. However, the video quality displayed at the remote receiver TV screens located at  
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receiver at residential lab. 
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the residential lab (2.5 km away from the transmitter at Centergy building) indicates the 
very good BER performance of the received signal. 
ROF-based optical-wireless access networks have been considered the most promising 
solution to increase the capacity, coverage, bandwidth, and mobility as well as decreasing 
cost for next-generation access networks. This hybrid system explore the converged benefits 
of the optical and wireless technology to serve both fixed and mobile end users. However, 
there are many issues that still need to be addressed. The media access control (MAC) is a 
promising direction for future research. Although the analog nature of ROF links offers 
transparency for the transmission of the wireless protocol stack, the additional propagation 
delay introduced by the fier in the end-to-end logical link connection limits the maximum 
fiber lengths that can be accommodated to guarantee sufficiently low latency for adequate 
protocol performance. Another research area would be the FDM design for optical-wireless 
systems. OFDM is a good choice for wireless transmission, but the OFDM-ROF system has 
the stringent requirement of orthogonality between the sub-carriers. Since there are 7-GHz 
license-free spectrum, the traditional FDM can be used in the optical-wireless system to 
reduce the complexity of signal processing and increase the tolerance towards the frequency 
drift. 
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1. Introduction 
Photonic crystals (PhCs) are periodic dielectric structures. They are called crystals because of 
their periodicity and photonic because they act on light. They can occur when the period (the 
separation of the periodic dielectric materials) is less than the wavelength of the light. If the 
choice of lattice geometries and compositional dielectric materials are suitable, it is possible 
all those reflection and refractions will cancel not only the light scattered sideways, but the 
light moving forward as well. Then, because the light has to go somewhere (energy is 
conversed), it has no choice but to go back, which in this case it is forbidden from entering 
the photonic crystals. This happens no matter what direction the light is coming from, in a 
certain range of wavelengths which called photonic band gap.  
Fundamentally, PhCs are based on a concept of extended from conventional diffraction 
gratings and have unique analogy to solid state crystals. Thus the solid state physics theory 
is used for the analysis of PhCs. For example, one can calculate photonic band gaps (PBGs), 
impurity, defects and surface states, for PhCs structure. This allows the manipulation of 
light in dielectric mediums. For example, by carving a tunnel through the material, an 
optical “wire” can be created which no light can be deviate in the “wire”. Also, by making a 
cavity in the center of the crystals, the beam of light could be caught and held which created 
an optical “cage”. The abilities to trap and guide light have many potential applications in 
optical communications and computing, where one would like to make tiny optical 
“circuits” to help manage the ever-increasing traffic through the world’s optical 
communications networks. Other devices, too, are made possible by this increased control 
over light: from more-efficient lasers and LED light sources, to opening new regimes for 
operating optical fibers, to cellular phones.  

2. Application and fabrication of photonic crystals devices 
2.1 The application of photonic crystals 
Photonic crystals are attractive optical materials for controlling and manipulating the flow 
of light. One dimensional photonic crystals are already in widespread use in the form of 
thin-film optics with applications ranging from low and high reflection coatings on lenses 
and mirrors to colour changing paints and inks. Higher dimensional photonic crystals are of 
great interest for both fundamental and applied research, and the two dimensional ones are 
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beginning to find commercial applications. K. Inoue have summarizes the relation of PhCs 
with other optics and various applications now being developed as shown in Fig.1. 
Considering that PhCs exhibit their functionalities by multidiffraction and multiscattering, a 
PhC can be said to be a kind of hologram in a broad sense. A novelty of PhCs, compared 
with conventional holograms, is the precise design method, namely the photonic band 
calculation, which is very effective for estimating their functionalities and performance. 
 

 
Fig. 1. Photonic crystal optics and various applications (Source: K. Inoue et al. 2004) 

Many applications of two dimensional photonic crystals are directed towards integration of 
photonic devices. It is important to evolve into the photonic and electronics circuits, which 
will require high-density photonic and electronic circuits. The example of photonic crystals 
devices is LED, waveguide, resonator and photonic crystal fiber. 
The introduction of defects into photonic lattices results in generation of a defect level and 
light is confined to be localized defect state. This high quality factor selection of one 
wavelength within the band gap can be used to make devices which combine advantages of 
thresholdless light emission and high reliability of LEDs with coherence and high efficiency 
of lasers. PhCs have also been used just as confining regions for lasers. Lasers have been 
fabricated with a 2D photonic lattice as mirrors instead of cleaved facets.  
Artificial defects in PhCs and related formation on defect state within the band gap has been 
used in the realization of the devices such as filters and resonators. The confinement 
properties along with the defect properties can be used in various other applications such as 
sharp waveguide bends, fabry-perot cavity and reflection type lens. 
Waveguiding of light within a photonic lattice with a defect region guiding light has been 
widely reported with near perfect transmission. The property is can be particularly useful 
for applications which need data transmission through bends whose feature size are in the 
nano meter rangers. 
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PhC also have been used as a clad of optical fibers for better confinement. One type of such 
a fiber uses the low effective refractive index of the PhC for optical confinement. Other such 
fibers use bragg reflection of PhCs or bragg reflection of a coaxial multilayer mirror. All 
such fiber predominantly use an air core and single mode PBG guidance has been 
demonstrated. 
Anomalous dispersion and anistropic properties of PhCs have been used to fabricate optical 
components like prisms and polarizers. Wavelength dependent angular dispersion of PhCs 
is about hundred times more than in an ordinary prism. This phenomenon is termed as 
superprism phenomenon  and is expected to be very useful in applications such as 
wavelength division multiplexing. A Si/SiO2 multilayer with a zigzag cross section was 
fabricated and was found to work  
The photonic band diagram indicates that there are three different frequency ranges for light, 
which can be utilized for real applications, as shown in Fig 2. The first one is the lowest 
frequency range below the first zone folding of the photonic band. The gradient of the lowest 
straight photonic band is determined by the effective refractive index n of the PhC and it is 
different for different polarizations. Classically, this characterization is called form 
birefringence. Since the PBG calculation precisely predicts the effective index for each 
polarization, the index is artificially controlled by the PhC structure. The second one is 
photonic band gap, which means the omni-directional stop band. It is one of the most unique 
properties of PhCs, and actually it was the main topic at the early stage of PhC research.  
The photonic band gap can be used as a reflector for light that is to enter the PhC from 
arbitrary directions. It is applied to reflection-type devices, e.g., lasers and waveguides. The 
third one is the higher frequency range above the photonic band gap where complex 
photonic bands exist. The slope of a photonic band is proportional to the group velocity of 
the light. Therefore, the horizontal band at a band-edge means zero vg and the localization 
of light energy. In 2D and 3D PhCs, such a zero velocity group or a small velocity group 
appears not only at the band-edge but in many bands. They will be effective for the 
enhancement of various interactions of light with materials of the PhC. In addition, the 2D 
or 3D distribution of bands, the so called dispersion surface, provides unique light 
propagation in PhCs. Thus, this frequency range can be used in transmission-type functional 
devices. 
 

 
Fig. 2. Photonic band diagram for 2D PhC of holes in a triangular lattice and three frequency 
ranges for different application targets. (Source: K. Inoue et al. 2004) 
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2.2 Fabrication of photonic crystals waveguide 
Fabrication of two dimensional photonic structures requires one to mark the planar pattern 
of unwanted areas on the surface of the semiconductor, and remove the material from these 
areas, thus creating holes and it is vice versa for creating pillars. Dry etching by reactive ions 
or wet electrochemical etching are most often employed for this purpose. Dry etching allows 
accurate control over the hole size and arrangement (with nanometer precision), but has 
limited maximum depth of etching. It is therefore used to fabricate low aspect ratio 
structures, such as thin waveguides. Electrochemical etching allows one to obtain very deep 
holes, and is suitable for fabricating high aspect ratio structures, but the size of etched holes 
can be controlled somewhat less predictably. 
Marking of the unwanted areas is usually done by lithography. Since the most promising 
structures are those having photonic band gaps near-infrared and visible ranges, they must 
have features of comparable size, and conventional lithography cannot be applied. Thus, 
electron beam lithography (EBL) is used, which normally employs a scanning electron 
microscope with resolution around 1 nm, equipped with an electron beam drawing stage to 
transfer preset patterns on the surface of a semiconductor wafer, covered by photoresists, 
e.g. a layer of PMMA with 200-400 nm thickness. The pattern resulting after the photoresist 
development is used as a mask for subsequent etching.  
The etching is done by reactive ions, accelerated towards the sample surface in a plasma 
discharge, and reacting with the material in the unmasked areas, thus destroying it. 
Typically, chlorine-based (SiCl4 and Cl2), or fluorine-based (CHF3, CF4, C2F6 and SF6) 
reactive gases are used. For etching GaAs and AlGaAs structures, use of clorine-based gases 
has become standard, while fluorine-based etching chemistry is preferred for silicon. 
Reactive ion etching is highly anistropic, and therefore the initial mask pattern does not 
spread out laterally with increasing etching depth, and deep holes with almost parallel walls 
are obtained. The etching also destroys photoresists, albeit it is slower rate, which depends 
on the details of the etching process and photoresists parameters. Since etching must be 
stopped before mask becomes unrealiable, this factor limits the maximum achievable aspect 
ratio to about 10. To increase the aspect ratio, masks highly resistant to reactive etching 
(typically Au, Cr, SiO2 or Si3N4) are deposited and patterned on the surface using 
lithography, and etching is carried out with fluorine gases. As a result, photonic crystal 
structures with aspect ratios up to 20 were successfully fabricated. 

3. Photonic band gap in 2-D photonic crystals 
One of the most important features in photonic crystals is the photonic band gap (PBG), 
which is analogous to band gaps or energy gaps for electrons travelling in semiconductors. 
In the case of semiconductors, a band gap arises from the wave-like natures of electrons. 
Electrons as waves within a semiconductor experience periodic potential from each atom 
and are reflected by the atoms. Under certain conditions, electrons with certain wave vectors 
and energy constitute standing waves. The range of energy, named “band gap” in which 
electrons are not allowed to exist, appears. This phenomenon differentiates semiconductors 
from metal and insulators. In the similar manner, standing waves of electromagnetic waves 
can propagate through a periodic structure whose minimum features are less than the 
wavelength of light. In this case, the medium expels photons with certain wavelengths and 
wave vectors. Such a structure acts as an insulator of light, and this phenomenon is referred 
to as “photonic band gap”. 
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Fig. 3. (a) The photonic band structure for a triangular lattice of holes in a high index 
material. The frequencies for the two polarizations (TE modes in light gray, TM modes in 
dark gray) are plotted around the boundary of the irreducible Brillouin zone (shaded 
triangle in the inset). (b) The magnet field pattern of the TE mode corresponding to the 
second band at the first Μ point. (c) The magnetic field pattern of the TE mode 
corresponding to the first band at the Κ point. The grey levels indicated the amplitude of the 
magnetic field (dark-negative, light-positive). There is a band for the TE guided modes only. 

A first characteristic optical property of PhC is the PBG. A two-dimensional triangular 
lattice with a hexagonal Brillouin zone exhibits a very high symmetry in the plane. 
Therefore, this structure is convenient for the formation of forbidden bands in all directions 
with the plane of periodicity. Fig. 3 shows the photonic band structure or dispersion 
diagram with the eigensolutions for a triangular lattice of holes in a high refractive index 
material. Both TE and the TM band structures are shown. The in-plane wavevector k// goes 
along the edge of irreducible Brillouin zone, from Γ to Μ to Κ as shown in the inset in Fig. 3 
(a). It is conventional to plot the frequency bands only extrema almost always occur along 
these boundaries. For TE modes (light gray lines in Fig.3 (a), there is no photonic band gap 
exists.  
In order to understand in more detail the formation of photonic band gap for TE modes, the 
field patterns (magnetic field) at the lower and upper band edges corresponding to the high 
symmetry points Κ and Μ of the irreducible Brillouin zone was analyzed. At the lower band 
edge, the field associated with the lowest TE mode at Κ is strongly concerted in the high 
index material (Fig. 3 (a)) giving it a lower frequency. In contrast, the field pattern of the 
second mode at Μ, the upper band edge, has a nodal plane cutting through the high index 
material and therefore its energy is more concentrated in the air holes (Fig. 3(b)) giving it a 
higher frequency. For this reason, the bands above and below PBG are also referred to “air 
band” and “dielectric band”, respectively. The PBG arises from this difference in field 
energy distribution. The higher the dielectric contrast in the periodic structure the larger is 
the PBG. Therefore, high index materials are essential for the realization of PhC structures. 
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Fig. 4 shows example of gap map plot for square, hexagon and circular scatterers pillars in 
honeycomb lattice. A gap map is a plot of the locations of the photonic band gaps of a 
crystal, as one or more of the parameters of the crystal are varied. The red and blue gaps 
show the TE band gap and TM band gap, respectively. Meanwhile, the green gaps show the 
absolute band gap which the TE and TM band gap overlap. As can be seen all three 
structures in honeycomb lattice have absolute band gap and the gaps all decrease in 
frequency as the filling fraction increases. 
 

 
Fig. 4. Gap map for (a) Square scatterer pillars, (b) Hexagon scatterer pillar and (c) circular 
scatterer pillar in honey comb lattice 

4. Defect engineering in photonic crystals waveguide 
In the same way as for solid-state crystals, two main types of defects exist: cavities defects 
and extended defects. Cavities defects are associated to very local disruptions in the 
periodicity of the crystal, and their presence is revealed through the appearance of 
electromagnetic modes at discrete frequencies, which may be seen as analogous to isolated 
electronic states. Likewise, extended defects can be seen as analogous to dislocations of the 
crystal, and they may result in the appearance of transmission bands in spectral regions 
where a photonic band gap existed in the case of a perfectly periodic crystal.  
Fig. 5 show the schematic illustration of possible defects in PhC. A single pillar from the 
crystal can be remove, or replace it with another whose size, shape, or dielectric constant is 
different than the original. Cavities and extended defects can be used to create a basic 
waveguiding component such as waveguide and bend waveguide. 
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Fig. 5. Schematic illustrations of possible defects in PhC. Perturbing the line of pillar (red) 
might allow a localized state to exist. Perturbing one pillar in the bulk of the crystal (yellow) 
might allow a localized defect state to exist. 

4.1 Cavities defects 
Cavities defects can be created by locally modifying the refractive index, by changing the 
size of the patterns (substitution defect), by displacing one of the periodic patterns 
(interstitial defect) or by inserting a different pattern (dopant). Here again, the presence of a 
point defect may lead to discrete energy levels within the photonic gaps. Point defects in 
two-dimensional photonic crystals, correspond to localized electromagnetic modes in the 
case where the band gaps are omnidirectional, be it only for certain polarization. If this 
condition fulfilled, the electromagnetic field is actually found to be concentrated in the 
region of the defect and evanescent in the surrounding regions. By contrast, in the case 
where the band gap is not omnidirectional, a fraction of the electromagnetic energy will 
constantly leak away from the region of the defect towards directions along which the 
propagation is allowed. In this case, the presence of a point defect essentially leads to a peak 
in the density of electromagnetics states. 
By removing a pillar from the lattice, we create a cavity that is effectively surrounded by 
reflecting walls. If the cavity has the proper size to support a mode in the band gap, then 
light cannot escape and we can pin the mode to the defect. In fact, a resonant cavity would 
be useful whenever one would like to control radiation within a narrow frequency range.  
The important questions to address when designing a defect mode are how the defect shall 
be introduced into the structure, and which frequencies it will support as localized modes. 
First, one obvious way to introduce defect is allow one of the pillars of the rectangular lattice 
to grow or shrink in radius, calling the radius of the defect pillar is rdef, the possibilities range 
from rdef = 0, corresponding to missing pillar in the structure, to around rdef = 0.5a μm, 
corresponding to an pillar that envelops one entire unit cell. 
Next, we would like the defect to harbor modes of light that have frequencies within the 
band gap of the crystal. Fig. 6 shows the defect frequencies as the defect radius varies across 
the entire range in silicon rectangular pillars. The defect pillar is surrounded by perfect 
lattice at r = 0.18a. The photonic band gap is a white space between upper and lower green 
block which around frequency 0.30 to 0.445. From the plot, it shows that the bigger the 
defect pillar, the great quantity of defect modes occurred. 
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Fig. 6. A plot of the TM modes in rectangular silicon pillars in air with r= 0.18a. The photonic 
band gap is the white space between green block. The localized modes are shown as blue 
dotted lines. We create the defect cavity filling in a single silicon pillar. 

Note that it is possible not only to create a defect mode with a frequency in the band gap, 
but also that the defect frequency sweeps continuously across the band gap as rdef is varied. 
In other words, we can “tune” the defect frequency or later called resonant frequency to any 
value within the band gap with a judicious choice of rdef. This complete tenability is an 
important feature of PhCs, it would be analogous to the ability to tune the properties of 
solids by somehow adjusting the radii of single dopant atoms. 
Fig. 7 show the defect characteristics when a single missing pillar is involved at the centered 
of perfect circular pillar-type in rectangular lattice of PhC. Fig. 7 (a) represents the field 
distributions calculated for a defect created in a two-dimensional square lattice formed by 
dielectric pillars in air. The defect was created here by removing one pillar. The incident 
wave is assumed to be TM polarized. Removing one pillar introduce a peak into the crystal’s 
density of states. In fig. 7 (b), the peak happens to be located in the photonic band gap which 
located in the yellow gap, then the defect-induced state must be evanescent-the defect mode 
cannot penetrate to the rest of the crystal, since it has frequency in the band gap. In this case 
a single missing pillar emits the resonant wavelength of 1.47 μm. 
When several point defects of the same nature are present in a photonic crystal, and when 
the distance between these defects is large enough, their mutual influence can be neglected. 
In this case, everything happens as if an energy degeneracy of the system occurred several 
times. Indeed, while the electromagnetic modes associated to the different defects are 
localized in different region of the crystal, their field distributions are identical. By contrast, 
when the distance between the defects decreases, the coupling between these defects leads 
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Fig. 7. Defect in a rectangular missing single pillar (rdef = 0). (a) The electric field patterns of 
the defect modes with defect frequency of 0.386. The panel at the most right side of (a) 
indicate the strength of the field. (b) The resonant frequency spectrum found from impulse 
simulation of the defect structure. The peak at 0.387 ωa/2πc represents a wavelength of 
1.47μm. 

to the formation of electromagnetic modes with different field distributions: in this case, the 
energy degeneracy is lifted. Fig.8 illustrates the effects induced by such a coupling through 
spectral measurement performed using FDTD. Two were introduced by removing two 
dielectric pillars. The transmission spectrum of the crystal was then measured for two 
different distances between the defects. 
 

  
Fig. 8. Coupling between two point defects in a two-dimensional photonic crystal with a 
square symmetry. The crystal here is formed by a lattice of silicon pillars extending in the 
air. Left. Transmission spectrum measured in weak coupling regime. Right. Transmission 
spectrum measured in strong coupling regime. 
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When the two defects are distant from one another, as in the case in the left part of Fig. 8, a 
single transmission peak is observed at the high-frequency side of the TE band gap. This 
corresponds to an air defect, according to the terminology used in (Joannopolous, 1995). 
When the defects are at close distant from one another, the transmission maximum splits 
into two peaks, thereby revealing the existence of two different electromagnetic modes. 
Assuming the origin to be at the centre of the structure, the low-frequency mode presents a 
symmetric field distribution, while the high-frequency mode presents an anti-symmetric 
field distribution. This phenomenon is quite analogous to the situation occurring when a 
particle is released in a quantum well (Cohen-Tannoudji, 1973): the wave function of the 
fundamental state is symmetric whereas the wave function of the first excited state is anti-
symmetric. 

4.2 Extended defects 
We can use cavities defects in photonic crystals to trap light, as we have seen in point defect. 
By using extended defects or line defects, we can also guide light from one location to 
another. The basic idea is to carve a waveguide out of an otherwise-perfect photonic crystal. 
Light that propagates in the waveguide with a frequency within the band gap of the crystal 
is confined to, and can be directed along the waveguide. 
In Fig.9 (a) we show the band structure for the guide created by removing a row of pillars in 
the direction of the crystal, as shown in the inset. We find a single guided mode inside the 
band gap. The electric field of the mode has even symmetry with respect to the mirror plane 
along the guide axis. The mode itself bears a close resemblance to the fundamental mode of 
a conventional dielectric waveguide: it has sinusoidal profile inside the guide and decays 
exponentially outside. 
In Fig.9 (b) the waveguide is made by removing three rows of pillars in the direction of the 
crystal (see the inset). There are now three guided modes inside the gap that can again be 
classified according to their symmetry with respect to the mirror plane along guide axis. The 
first and the second modes are even, whereas the third mode is odd. 
It is generally true that the number of bands inside the band gap equals the number of rows 
of pillars removed when creating the guide. This can be understood from a simple counting 
of states in the crystal. If we decrease the dielectric constant of a single pillar in a prefect 
crystal, we pull up one defect state from the dielectric band. If we repeat this for a whole 
row of pillars, we pull up N localized states in an N x N crystal: one state at each k point for 
k along the guide. Analogously, when M rows of pillars are removed, we pull up M guided 
modes at each k from the dielectric band. Nevertheless, at some k’s the modes may have 
frequencies outside the band gap and the entire band may not be contained in the gap, as is 
the case, for instance for the lowest guided mode band in Fig.9 (b). 
Next we want to see what happen if we removed single row of pillar and then we put defect 
along the waveguide as shown in Fig.10 (a) which also known as couple cavity waveguide. 
Fig. 10 (b) shows the transmission spectra of couple cavity waveguide over the wavelength 
as the radius of the cavity defect is varied. The radius is varied from 0.1a to 0.4a. Obviously 
from the graph we can see that this structure can be made as filter. For example if we want 
to filter wavelength 1.31 μm and 1.55 μm separately, we can include radius defect of 0.3a 
along the waveguide to block wavelength 1.31 μm from entering the waveguide and 
wavelength 1.55μm is allow to enter the waveguide. The wavelength of 1.55 μm can be 
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block from entering the waveguide by include the radius defect 0.2a. It can be noticed that 
when defect radius increases, the guided frequencies shift towards higher wavelengths. As 
the defect increases, the miniband is nearer to the dielectric band and also the modes can 
interact with in the bulk modes and, as a result of that, the transmission loss increases 
slightly. 
 

 
Fig 9. The projected band structure of TM modes for a waveguide in a square lattice of 
silicon pillars in air. The green region contains continuum of extended crystal states. The 
photonic band gap is colored yellow. The black dotted point is the band of guided modes 
that runs along the waveguide. (a) The waveguide is formed by removing one row of silicon 
pillar as shown in the inset. (b) . The waveguide is formed by removing three row of silicon 
pillar as shown in the inset. 
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Fig. 10. (a) Couple cavity waveguide. (b) Transmission spectra of couple cavity waveguide 
as radius of the cavity are varied. 

Fig.11 shows the projected band structured and dispersion curve for (a) coupling of two 
waveguide and (b) coupling of three waveguides. The PhC bands are shaded green and the 
bandgap is the gap between the two shaded green. In contrast to the waveguide modes in 
single missing row as shown in Fig.11 (a), there is at most one guided mode for all 
frequencies in the band gap. This is a property of common to most single line defect 
waveguides. In Fig.11 (a) there are two guided modes for coupling of two waveguide 
structure. At the small wavevector the guided modes is not couple together but as the 
wavevector increase, the two modes seem to couple together. The figure at the right inset of 
Fig.11 (a) show the enlarge point at the wavevector of 0.37 to 0.41. we can seen clearly that 
the two guided modes separate at wavevector 0.37, couple at point 0.385 and decouple back 
at point 0.39. 
Fig.11 (b) shows the characteristics of guided modes for coupling of three waveguides. The 
right inside of Fig.11 (b) shows the two guide modes not couple to each other along the 
wavevector. A conclusion can be made, when two parallel identical PhC waveguides are 
brought close enough to have defect modes well coupled, the defect modes will split into 
two eigenmodes. The smaller the separation of waveguides, the larger the coupling and the 
more splitting in dispersion of the eigenmodes. 
In this next section we want to show that photonic crystal can be use to guide light around 
the tight corners. In rectangular lattice, we can carve out a waveguide with a sharp 90 
degree bend as shown in Fig. 12. Here we plot the displacement field of propagating TM 
mode as it travels around the corner. Even though the radius of the curvature of the bend is 
less than the wavelength of the light, very nearly all the light that goes in one end comes out 
the other. 
Fig. 13 shows the loss over wavelength for 90°. The transmission loss for 90° bend along the 
telecommunication regime can be achieved less than 5 dB. The reflectivity at this sharp 
corner is around 0-15 dB. This figure proved that the PhC is a suitable material to guide light 
in very sharp corner with very small loss compare to conventional waveguide which loss 
usually 13-40 dB. 
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Fig. 11. Geometries and band structures for one (a) and three rows of dielectric pillars 
between two parallel waveguides. Enlarged parts of the band structures are shown in the 
insets of (a) and (b) to illustrate that the bands cross in (a) but do not cross in (b). 
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Fig. 12. The displacement field of a TM mode traveling around a sharp bend in a waveguide 
carved out of a rectangular lattice of dielectric pillars. Light is coming in from the bottom 
and exiting at the right. 
 

 
Fig. 13. Loss over wavelength for 90° bend. 

5. Photonic crystals multiplexer/demultiplexer devices 
A PhC with photonic band gap is a promising candidate as a platform on which to construct 
devices with dimensions of several wavelengths for future photonic integrated circuits. 
PhCs are particularly interesting, in all-optical systems to transmission and processing 
information due to the effect of localization of the light in the defect region of the periodic 
structure. Among the most important application areas of PhCs is low threshold single 
mode lasers (where PhCs are used as the optical confinement factor), wavelength filters, 
optical waveguide structures, WDM system devices, splitters and combiners. Wavelength 
filters of optical range based of two dimensional PBG structure can be created by the correct 
selection of geometrical and physical parameters.  
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In this subchapter, two wavelength demultiplexer/multiplexers (DEMUX/MUX) are 
designed. These DEMUX/MUXs consist of circular pillars in rectangular lattice surrounded 
by air with radius of circular scatterers is 0.18a. Device A which is 1310 nm / 1550 nm 
DEMUX/MUX device is based on splitting the wavelength channel using wide band filters. 
Finally, device B which split 1310 nm and 1550 nm wavelength channels was using MMI 
splitting mechanism.  

5.1 Device A: 1310 nm /1550 nm Demultiplexer/Multiplexer 
Fig. 14. shows the schematic diagram of 1310/1550 nm demultiplexer for rectangular lattice 
of silicon pillars. Two filters with radius defect inside it is placed at the T-junction. Filter 1 
has radius defect of r1 = 0.11a which only filter wavelength 1310 nm and filter 2 has radius 
defect of r2 = 0.25a and absolutely only emit wavelength 1310 nm inside it. 
 
 

 
 

Fig. 14. Schematic diagram of the optical DEMUX/MUX based on a PhC waveguide with 
filter 1 and filter 2  

The characteristics of defect pillars in filter 1 and filter 2 is investigated. The effect of number 
of pillar towards transmission power and reflectivity inside the filter was studied 
intensively. The output monitor of filter 1 is placed at left side of filter 1, meanwhile output 
monitor of filter 2 is placed at the right most of the waveguide and finally monitor for 
reflectivity is placed at the back of input signal as shown in fig. 14.  
Fig. 15 shows the transmission characteristics at filter 1, filter 2 and reflectivity at varies 
number of defect pillars at input wavelength of 1310 nm. Basically when the wavelength of 
1310 nm propagates inside the device A, it penetrate the filter 1. At filter 2, the maximum of 
40% power is detected at monitor 2 and maximum power of 38% was reflect back at 
reflectivity monitor. 
Fig. 15 (b) shows the normalized power inside the filter 2. Power occurred inside this filter is 
called crosstalk. For ideal case, power should be zero at this monitor 2 meanwhile power 
should transmit 100% at monitor 1. Unfortunately it did not happen in our device A because 
small amount of power dissipate into filter 2 and reflect back. The minimum number of 
defect pillars inside the filter caused the maximum crosstalk inside the device A. 
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Fig. 15. Transmission characteristics inside filter 1, filter 2 and reflectivity when wavelength, 
λ of 1310 nm propagate inside device A. 

A small amount of power was reflected back when all the pillars is occupied inside both 
filters as shown in fig.15 (c). Average of 24% power is reflected back when the wavelength 
of 1310 nm propagate inside device A. 
Fig. 16 shows transmission characteristics at monitor 1, monitor 2 and reflectivity monitor 
when wavelength 1550 nm propagates inside device A. As can been seen, the filter at each 
arms work correctly because the power detected at monitor 1 is minimum meanwhile the 
power is maximum at monitor 2. This situation is vice versa when wavelength of 1310 nm 
propagates inside device A.  
A maximum of 85% of power is transferred inside monitor 2 when wavelength 1550 nm 
propagates inside device A. The transmission graph in figure 16 (b) seem random and not 
depend on the number of defect pillars. This is because two pillars defect gave the most 
minimum power meanwhile the three single pillar give highest transmission. 
The power that reflect back when wavelength 1550 nm propagates inside device is higher as 
shown in figure 16 (c). 78% of power is reflect back when the defect pillars inside the 
monitor is equal to two and five pillars. 
From the investigation and analysis of the transmission characteristics when wavelength 
1310 nm and 1550 propagates inside device A, an optimum design is proposed to split 
two wavelengths into two different output channels. The proposed design for splitting the 
wavelength 1310 nm and 1550 nm is using full defect pillars with diameter 124 nm in filter 
1 and three pillars defect pillars with diameter of 285 nm in filter 2. With this design, it 
was found that it help to reduce reflectivity and boost up the power transmission in the 
device. 
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Fig. 16. Transmission characteristics inside filter 1, filter 2 and reflectivity when wavelength, 
λ of 1310 nm propagate inside device A. 

The computed electromagnetic field distribution for device A is shown in Fig. 17 for two 
transmitted signals with wavelength 1310 nm (Fig. 17 (a)) and 1550 nm (Fig.17 (b)). Filter 1 
has full defect pillars inside it and the diameter of defect pillars is smaller compare to 
diameter of surrounding pillars (d1<d) in the left arm. The filter1 only permit wavelength 
 

 
Fig. 17. Results of FDTD simulation of wavelength channel splitting for (a) source 
wavelength 1310 nm, and (b) source wavelength 1550 nm for device A 
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1310 nm to go through inside it and very small crosstalk was detected at monitor 2. 
Meanwhile filter 2 with diameter of defect pillars is bigger than the surrounding pillars 
(d2>d) and three defect pillars inside it. Filter 2 in the right arm permit wavelength 1550 nm 
and reflects the wavelength of 1550 nm. Thus made the wavelength 1550 nm to turn to the 
left arm. 

5.2 Device B: 1310 nm / 1550 nm demultiplexer/multiplexer based on Multimode 
Interference (MMI) 
MMI based device is using the concept of interference phenomenon in it devices. Since the 
length of the device using an interference phenomenon is determined to be a common beat 
length for the multiple wavelengths, however, the device is quit long. To resolve this 
problem, in 2004, Kim et al. demonstrated that self imaging phenomenon also was valid in 
the PhC waveguide as well as in the dielectric waveguide (L.B. Soldano et al. 1995). 
Self imaging is a property of multimode waveguides by which an input field profile is 
reproduced in a single or multiple images at periodic intervals along the propagation axis 
(L.B. Soldano et al. 1995). From the above definition, an input image can be reproduced in 
single or multiple images but, for the sake of simplicity, reproduction of only a single image 
is considered here. As shown in Fig.18, if an input field ψ(0,y) is introduced into a 
multimode waveguide at x=0 with an asymmetric displacement d from the plane y=0, two 
kinds of images are reproduced at x=Lm and x=Ld, depending on self-imaging conditions: 
one is a replica of the input field mirrored with respect to the plane y=0 at x=Lm and the 
other is a direct replica of the input image at x=Ld. 

 
Fig. 18. Schematic illustration of a multi-mode waveguide. Input image is reproduced at 
x=Lm and x=Ld. 

For conventional waveguide, like the one presented above, self-imaging can be accepted 
without doubt or it may well be taken for granted. However, for a multi-mode PhC 
waveguide (PhCW), self imaging phenomena can still be observed. In order to prove that 
self imaging phenomena still valid in PhCW, a simulation which is similar to Fig.18 is 
simulate except that the conventional multi-mode waveguide is replaced with a PhC 
equivalent, as shown in Fig.19. In this structure, five consecutive rows are removed in 
otherwise perfect crystals to form a multi-mode PhCW.  
As an access waveguide, a one-line defect PhCW is introduced into the multi-mode PhCW 
as shown in Fig.19. This access PhCW supports single-mode, and ensures that a well-
confined input field is injected into the multi-mode PhCW for practical analysis. 
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Fig. 19. Computational setup for observation of self imaging phenomena. The red dots 
represent dielectric rods (n=3.4) in air and their radius is 0.18a, where n is the refractive 
index of the rods and a is the lattice constant of the PhC. 

 
Fig. 20. (a) The dispersion curve for the access PhCW and the computational super-cell 
(inset). The access PhCW ensures single-mode operation from 0.312 (a/λ) to the top band 
gap. (b) The dispersion curve for the multi-mode PhCW and the computational super-cell 
(inset). The multi-mode PhCW supports 4 guided modes at 0.37(a/λ) and 5 guided modes at 
0.43(a/λ) 

Before launching an input field into the multi-mode PhCW, the property of guided modes in 
the PCWs should be understand because self-imaging is attributed to the multi-mode 
interference, which strongly depends on the number of modes, propagation constants, and 
modal field patterns. To confirm the number of guided modes supported by the access 
PhCW and by the multi-mode PhCW, the dispersion curves for two PhCWs are presented in 
Fig. 20. The dispersion curves are calculated by the plane wave expansion (PWE) method. 
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In this crystal, the band gap opens for the frequency range of 0.303-0.445(a/λ) for E-
polarization (electric field parallel to the pillars), where λ is the wavelength in free space. 
While the frequency range of single-mode operation for the access PhCW extends from 
0.312(a/λ) to the top of the band gap, as shown in Fig.20 (a), the multimode-mode PhCW 
supports from three to five guided modes for the same frequency range (Fig.20(b)). In the 
frequency range, the operating frequency of 0.3677(a/λ) is chosen where the multi-mode 
PhCW supports more than three guided modes (higher than 0.35(a/λ)), as presented in 
Fig.20 (b). 
 
 

 
 

Fig. 21. Modal patterns of electric field in z-component for each mode at the operation 
frequency 0.37(a/λ) as presented in Fig.19. (a) Input image for access PhCW, (b) the 0th 
mode, (c) the 1st mode, (d) the 2nd mode, and (e) the 3rd mode at 0.37(a/λ). 

To identify field patterns of guided modes in the access PhCW and the multi-mode PhCW, 
the modal field distribution are calculated at the opening frequency by the PWE method. 
Fig. 21 shows the y-component of the electric field at each calculation point, which are 
marked on dispersion curves in Fig. 20. The modal patterns have their own symmetry, even 
or odd, with respect to the propagation axis, hence the modal patterns can be selectively 
excited depending on the input position. However, in our case, since the access PhCW is 
introduced into the multi-mode PCW with an asymmetric position of y=2/a, as shown in 
Fig. 19, all the modes of the multi-mode PCW at the frequency of 0.37(a/λ) are excited by the 
input field (Fig. 20 (a)), which is confirmed by the overlap integral. Therefore, they all 
contribute to self-imaging. 
The configuration of Fig. 19 is directly transferred to the FDTD computational domain for 
numerical experiment. The domain is surrounded by perfectly matched layers to absorb the 
outgoing waves. A continuous wave at the frequency of 0.37(a/λ) is launched into the access 
PhCW as shown in Fig. 22. The propagation shape inside the PhCW when 5 rows of pillar is 
removed is more likely to sinusoidal shape. It is likely that two kinds of images are 
reproduced by self imaging; one is expected to be mirrored replica at x=10a (Lm) and the 
other to be a direct replica at x=14a (Ld).  
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Fig. 22. Steady-state electric field distribution at 0.3677(a/λ). 

 
Fig. 23. Steady-state electric field distribution at 0.3677(a/λ) (upper) and at 0.43(a/λ) (below). 
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Fig. 23 shows steady-state electric field distribution at two different frequencies. As can be 
seen in both figures, the image inside the Ld box at 0.3677(a/λ) (upper) and at 0.43(a/λ) 
(below) is at different position but has same distant, Ld which is 31a. From this picture, a 
DEMUX/MUX based on MMI can be designed. If arms are placed at 31a, the two 
wavelengths can be guided inside two different output arms. 
Fig. 24 shows a PhC DEMUX/MUX is designed by using self-imaging conditions. The 
objective is to separate two wavelengths (1310 nm and 1550 nm) so that a 1-to-2 structure is 
required for routing each wavelength to a corresponding output. As shown in Figure 23, 
two output PhCWs are added to the structure and the length, Ld of the multi-mode PhCW is 
set around 31a, since the direct replica at 0.3677(a/λ) and 0.43(a/λ) are imaged at that 
position.  
 

 
Fig. 24. The designed PhCW DEMUX/MUX MMI based. 

This wavelength at 0.3677(a/λ) is intended to be routed to output port 1. Scanning 
computation of several frequency points on dispersion curves in Fig. 20 (b) makes it possible 
to determine another appropriate operating point of 0.43(a/λ) at which a mirrored replica is 
image at almost the same position as the direct replica is imaged (Fig. 23).  
This design is directly applicable to a 1550/1310 nm DEMUX/MUX by setting the lattice 
constant, a, as 570nm. Unlike the previous situation at 0.37(a/λ), here there are five guided 
modes at 0.43(a/λ) to be considered-one more guided mode than at 0.37(a/λ), as shown in 
Fig. 20. However, the 4th mode is not excited, since it has odd symmetry with respect to the 
input field. Hence, four out of five modes are considered. Table 20 shows the final design 
parameters for device B with optimize value of Lm 
Fig. 25 shows the steady-state electric field distributions as obtained by FDTD calculations 
after continuous waves at λ =1550 nm (Fig. 25 (left)) and λ=1310 nm (Fig.25 (right)) are 
launched into the access PhCW. 
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Fig. 25. Steady-state electric field distributions in the designed PhC wavelength 
DEMUX/MUX MMI based at 1550 nm (left) and at 1310 nm (right). 

6. Conclusion 
Several of frailty has been identified in designing the DEMUX/MUX in PhC. For example, 
the power transfer inside the device not transfers 100% at the output arms. Light propagates 
inside the devices might dissipate along the waveguide. To minimize this losses, the design 
need to be alter, such as incorporate the defect pillar inside the space between two pillars so 
that the light will reflect back when the light incident with the defect pillar. 
Development of planar lightwave circuit (PLC) devices by combining the conventional 
waveguides and PhCW need to be study. One of the mechanisms how to minimize the 
coupling loss between conventional waveguide and PhCW is by introduces taper 
waveguide at the end of PhCW. By introducing taper waveguide, the bigger spot size from 
conventional waveguide will slowly shrink when enter the taper waveguide at the PhCW.  
Most of the work in this thesis focuses on optical communication PLC technology. 
Application area of photonic crystal devices can be extends into other applications. PhC can 
also be implemented in other applications such as bio-sensing, imaging, illumination, etc. 
The investigation on how the existing devices can be used for such applications and new 
devices/materials will have to be developed to address these areas. 
In the future, PhC components will by widely used in optical telecommunications. Since the 
invention of the concept of PhC in the end of of the 80’s, their properties have been studied 
intensively. New applications have been proposed and realized. The only components that 
are so far in commercial use are the photonic crystal fibers. They have many extraordinary 
properties that cannot be achieved using conventional fibers and thus will have a profound 
effect on the fiber optics industry. In the near future, other PhC components, such as fiber 
lasers, will also be brought into market. 
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1. Introduction 
In an optical CATV system, the signal was directly or externally modulated with lightwave 
before communicates. Directly modulating signal with LD is an economic method, but the 
transmission distance and performance are significantly limited by laser chirping issues. In 
another hand, the externally modulation schemes have been proofed to provide better 
outcomes by eliminating the laser chirping issue. Nevertheless, an expensive externally 
modulated transmitter is required causing an increased capital expenditures. In order to 
provide an economic structure with advanced transmission performance as in external 
modulation system, direct modulation method is often combined with other techniques or 
components to compose higher performance and lower cost CATV system. The split-band 
techniques for example have been proofed as a powerful assistant for direct modulation 
CATV systems. In this structure, the full channel loading is shared by additional LDs 
causing a wider optical linewidth to eliminate the SBS degradation. In addition, by 
increasing the wavelength numbers, major parts of CSO distortions from each transmission 
band are automatically removed from each channel. These outstanding techniques and 
impressive outcomes are consequently analyzed and discussed as parts of this chapter.  
In parallel with the effective of the SBS degradation, the CNR is in direct proportion to the 
optical power, as well as the second-order harmonic distortion-to-carrier ratio (HD2/C) and 
the third-order inter-modulation distortion-to-carrier ratio (IMD3/C) values are in inverse 
proportion to the laser resonance frequency. Improving the utilized LD characteristic is 
therefore another useful methodology to upgrade the optical CATV system. External light-
injection and optoelectronic feedback techniques in particularly have been experimentally 
proofed as efficient methods to enhance laser output power and laser resonance frequency 
(Lee et al., 2007; Lu et al., 2008). As a result, the CNR value will be proportionally increased 
with the enhanced LD intensity, as well as the HD2/C and IMD3/C will be proportionally 
reduced with the improved laser resonance frequency. The reduced HD2/C and IMD3/C 
values are subsequently leading to an improvement in CSO/CTB values.  
Following with the modifications of modulation schemes and lightwave characteristics, 
compensating fiber dispersions is another research direction to promote fiber optical CATV 
systems. Numbers of compensation methodologies such as eliminating parts of optical 
dispersion by optical filter and cascading systems with negative dispersion fibers are 
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demonstrated as useful techniques to upgrade system performance. Since there is no 
modulating information in the optical carrier, putting an optical filter to eliminate the 
redundant spectra not only can increase spectra efficiency by reducing the spectral 
linewidth but also can ameliorate the CSO/CTB performance by reducing frequency 
dispersion. Similarly, cascading a section of negative dispersion fiber with CATV systems is 
also an efficient method to eliminate the fiber chromatic dispersion. By combining a 
negative dispersion fiber with single mode fiber (SMF), the total fiber dispersion is able to be 
removed to improve the system performance. Consequently, the relative fiber dispersion 
compensation techniques as well as the possible extensions and the future directions of the 
CATV systems are also discussed in this chapter. 

2. Modulation promotion methods: split-band techniques 
Long-distance transmission of fiber AM-VSB 80-channel CATV systems has been widely 
spread throughout the cable industry. Nevertheless, the maximum transmission distance of 
such systems is still limited by RF parameters and it is difficult to obtain good CNR, CSO, 
and CTB performances due to full channel loading (Lu & Lee, 1998). In order to provide an 
economic structure with advanced transmission performance as in external modulation 
system, direct modulation method is often combined with other techniques or components 
to compose higher performance and lower cost CATV system. The split-band techniques for 
example have been proofed as a powerful assistant for direct modulation CATV systems. In 
this structure, the full channel loading is shared by additional LDs causing a wider optical 
linewidth to eliminate the SBS degradation (Lee et al., 2007). In addition, by increasing the 
wavelength numbers, major parts of CSO distortions from each communication band are 
automatically removed from each communication channel.  
Fig. 1 shows two AM-VSB 80-channel fiber optical CATV systems with two cascaded 
EDFA’s (Lu & Lee, 1998). Fig. 1 (a) (referred to as system I) shows the conventional 80-
channel fully loaded externally modulated system. Fig. 1 (b) (referred to as system II) shows 
a half-split-band directly modulated WDM system with 40 channels per transmitter.  
In system I, channel 5~78 (77.25–547.25 MHz) are fed into an external modulator as the 
modulation signal through an RF predistortion circuit. The interaction of the 1550 nm DFB 
laser light and the RF-generated electric fields leads to a phase modulation via the 
electrooptical effect. The phase modulation was then converted to intensity modulation 
within the external modulator. During this converting process, the linewidth is broadening 
by the phase modulation causing a reduced SBS effect. While in system II, channel 5~40 
(77.25–319.25 MHz; low bands) are fed into the first directly modulated transmitter, and 
channel 41~78 (325.25–547.25 MHz; high bands) are fed into the second one. Channel (55.25–
67.25 MHz) are removed from system II to obtain best CSO value.  
Fig. 2 (a)–(c) shows the measured CNR, CSO and CTB values under NTSC channel number 
for both system I and II respectively. Comparing with the system I, the CNR and CTB values 
in the system II are relatively degraded about 2 and 0.2 dB. Nevertheless, the CSO 
performance in the system II is much better than in system I especially at the high bands 
region. 
This improvement, resulted from the use of half-split-band and WDM techniques, is caused 
by the reduction of fiber nonlinear and dispersion effects. For example, when the carrier 
frequency for CH7 and CH13 is 175.25 and 211.25 MHz respectively, there will be a CSO 
distortion at: 
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Fig. 1. (a) Fully loading externally modulated transmitter system and (b) directly modulated 
transmitters using half-split-band techniques (Lu & Lee, 1998). 
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Fig. 2. (a) Measured CNR, (b) CSO and (c) CTB values for systems I and II. (Lu & Lee, 1998). 
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 175.25MHz (CH7) + 211.25MHz (CH13) = 386.25 MHz.  (1)  

Similarly, the CSO distortion caused by CH78 and CH50 is located at:  

 547.25MHz (CH78) – 379.25 MHz (CH50) = 168MHz.  (2) 

The above results present that the CSO distortions induced by low bands (CH5 ~ CH40) are 
located at high bands, and CSO distortions induced by high bands (CH41 ~ CH78) are located 
at low bands. The half-split-band technique is therefore can remove major part of CSO 
distortions in system II to improve the transmission performance. 

3. Lightwave enhancement schemes: light-injection techniques 
In contrast to transform the modulation techniques, boosting up LD performance is another 
valuable technique to be recoded in here. External light-injection techniques and 
optoelectronic feedback techniques in particularly have been experimentally proofed as 
efficient methods to improve optical fiber CATV systems (Lee et al., 2007). By externally 
injecting a master light source into a slave laser, the output power and laser resonance 
frequency of the injection-locked slave laser can be greatly enhanced (Kazubowska et al., 
2002; Lee et al., 2006). The CNR value is consequently proportionally increased with the 
enhanced LD intensity, as well as the HD2/C and the IMD3/C are proportion reduced with 
the laser resonance frequency. The reduced HD2/C and IMD3/C values in the light-injection 
optical CATV systems will lead to an improvement in CSO/CTB performance. As a result, 
the light-injection techniques can notably improve the lightwave features to transmit CATV 
programs. 

3.1 Local light-injection techniques 
Fig. 3 shows a directly modulated transport system employing external light injection 
technique to improve the overall system performance (Lu et al., 2003). The central 
wavelengths of the two DFB laser diodes are 1550.5(λ1) and 1555.7(λ2) nm respectively.  
In the system, the frequency response of the DFB laser diode with and without external light 
injection is very different. In the free running case, the laser resonance frequency is ~5 GHz; 
with 3 dBm light injection, the laser resonance frequency is increased to ~15 GHz; and with 
4.8 dBm light injection, the laser resonance frequency is further increased up to ~18.5 GHz. 
The 370% improvement in the laser resonance frequency has significantly demonstrated the 
advancement of the external light injection techniques to assist the fiber optical CATV 
systems.  
Fig. 4 (a) shows the measured CNR values under NTSC channel number with and without 
external light injection respectively. It can be seen that the CNR values are boosted up with 
the increasing of the injected power level. For long-haul lightwave transmission systems, the 
CNR values are dominated mainly from signal-spontaneous beat noise (Way, 1998):  

 1
2 2

1

8 1(1 )sp
sig sp

in

n hv
CNR

Gm c P
−

− = −  (3) 

where CNRsig-sp is associated with the EDFA, nsp is the population inversion factor, hν is the 
photon energy, m is the optical modulation index, c1 is the input coupling loss to the EDFA,  
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Fig. 3. Directly modulated transport system employing external light-injection technique (Lu 
et al., 2003) 
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Fig. 4. (a) Measured CNR values with and without light injection. (b) The theoretical derived 
and experimental measured CSO and (c) CTB values.(Lu et al., 2003) 



 Frontiers in Guided Wave Optics and Optoelectronics 

 

652 

Pin is the EDFA optical input power, and G is the saturated gain of the EDFA. From the 
above equation, it is clear that the CNRsig-sp value depends critically on the optical input 
power Pin. When the injection power is increased, the power launched into the EDFA-I is 
enlarged. This is attributed by a fact that the external light injection will reduce the laser 
diode threshold current and then increase the optical output power of the laser diode 
(Kazubowska et al., 2002). As a result, the CNR performance is upgraded by the techniques. 
In parallel with the CNR values, the CSO and CTB values can also be improved by using 
half-split-band and external light injection techniques. According to the analysis in (Lu & 
Lee, 1998), the CSO and CTB distortions can be expressed as: 

 CSO  =  HD2  +  10⋅log NCSO  +  6 (dB)  (4) 

 CTB = IMD3 + 10⋅logNCTB +  6 (dB)  (5) 
 

where HD2 is the second order harmonic distortion, IMD3 is the third order intermodulation 
distortion, NCSO and NCTB are the product counts of CSO and CTB respectively. Smaller NCSO 
and NCTB can be obtained from the smaller channel number. Therefore, the CSO and CTB 
values presenting in Fig. 4 (b) and (c) can satisfy the fiber optical CATV systems’ 
requirements (>65/60 dB) (Lu & Lee, 1998). 
In addition, it also can be observed that CSO and CTB improvements of ~2 and ~3 dB have 
been achieved with 3 and 4.8 dBm light injection respectively. This means that the external 
light injection technique not only can increase the laser resonance frequency, but also can 
reduce the HD2/C and IMD3/C. The HD2/C and IMD3/C can be expressed as (Helms, 
1991):  
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where FR(f) is the small-signal frequency response, f1 is the modulation frequency, f0 is the 
laser resonance frequency, S0 is the photon density, τn is the recombination lifetime of 
carriers, τp is the photon lifetime, and ε is the gain compression parameter with respect to 
photon density. It is clear from Eq. 6 and 7 that both HD2/C and IMD3/C can become very 
small when f1 << f0. The use of external light injection technique lets the laser resonance 
frequency increased, and results in system with lower HD2/C and IMD3/C. Furthermore, it 
can be obviously seen from Eq. 4 and 5 that to reduce HD2/IMD3 will lead to CSO/CTB 
performance improvement. To show a more direct association among Eq. 6, 7 and the 
experimental results, the electrical spectra of the received signals with and without external 
injection are given in Fig. 5 (a) and (b). We can see that the flatness of the system with 4.8 
dBm external injection is superior to that without external injection resulting in better CSO 
and CTB performances.  
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Fig. 5. (a) The electrical spectrum of the received signals with 4.8 dBm external injection and 
(b) without external injection into the laser (Lu et al., 2003). 

3.2 Remote light-injection techniques 
In this section, remote light injection technique is discussed. As presented in Fig. 6 (Lee et 
al., 2007), a total of 77 random phase continuous wave carriers from a multiple signal 
generator were used to simulate analog CATV channels (CH2-78; 6 MHz/CH), and fed into 
two DFB LDs. The optical power was coupled into a 50-km SMF through an optical coupler. 
As to the remote light injection part, 1532.76 nm (λ’1) and 1535.94 nm (λ’2) lightwaves with 8 
dBm power level are accurately chosen to inject through 3-port optical circulators (OCs). At 
the receiver end, the power levels of two DFB LDs in the free-running case are decreased 
obviously due to fiber transmission loss. However, these two power levels are able to be 
significantly increased by 8 dBm remote light injection and the optical spectra are slightly 
shifted toward longer wavelengths. This is because that the optimal injection locking 
condition is found when the detuning between λ1 (λ2) and the λ’1 (λ’2) is 0.12 nm, and the 
chaotic phenomenon is found when the detuning between λ1 (λ2) and the λ’1 (λ’2) is larger 
than 0.26 nm. 
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Fig. 6. Remote light-injection direct modulation fiber optical CATV transport systems (Lee et 
al., 2007). 
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The measured CNR, CSO and CTB values in the free running case and with 8 dBm remote 
light injection are presented in Fig. 7 (a), (b) and (c) respectively. It is obvious that the CNR 
value (≥ 50 dB) is increased largely as 8 dBm optical power is remotely injected. The CNR 
value depends critically on the received optical power level:  

  ( )( ) 1111 −−−− ++= shotthRIN CNRCNRCNRCNR   (8) 

where CNRRIN results from the LD RIN; CNRth (due to thermal noise) and CNRshot (due to 
shot noise) are associated with the optical receiver. The summation of CNRth and CNRshot 
with 8 dBm remote light injection is higher than that in the free running case. This is due to 
a factor that the optical power is promoted by remote light injection causing a better CNR 
performance in the receiver end.  
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Fig. 7. Measured (a) CNR (b) CSO and (c) CTB values under NTSC channel number (Lee et 
al., 2007) 

As to the CNR performance, the CSO/CTB values (≥65/63 dB) of system with 8 dBm remote 
light injection are improved considerably. It can be observed from the results that large CSO 
and CTB improvements of about 6 and 5 dB have been achieved. The improvements are 
resulted from the use of the half-split-band and remote light injection techniques. CSO and 
CTB distortions are given by (Way, 1998):  
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where m is the optical modulation index, D is the dispersion coefficient, cλ  is the optical 
carrier wavelength, L is the fiber length, f is the RF frequency, ( )D Lτ λΔ = ⋅ ⋅ Δ  is the fiber 

chromatic dispersion ( λΔ  is the spectral width), and NCSO/NCTB are the product counts of 
CSO/CTB. By using half-split-band technique, smaller NCSO/NCTB can be obtained from 
smaller channel number; thereby, part of the CSO/CTB distortion will be removed 
dramatically in each split-band region. Moreover, the use of remote light injection technique 
decreases the frequency chirp of LD, letting system with lower fiber chromatic dispersion, 
and leading to an improvement of CSO/CTB performances. 

3.3 Lower-frequency side-mode injection-locked techniques 
In the early stage of developing light-injection techniques, researchers are firstly focused 
their eyes on main mode injection-locked. Nevertheless, this phenomenon was changed by 
the publications of low-frequency side mode injection-locked techniques (Lee et al., 2006; 
Seo et al., 2002), because the new method illustrates a much better improvement than main 
mode injection technique. Table 1 presents the SMSR values under lower-frequency side 
mode injection-locked of DFB LD at different wavelength detuning. It can be seen that the 
SMSR values of 40~48 dB are achieved when the locking range is -0.07 ~ +0.32 nm. As 
optimal injection locking happens, with a detuning of +0.12 nm, the maximum SMSR value 
of 48 dB is obtained. The injection-locked range for slave laser under light injection can be 
expressed as (Mondal et al., 2007): 

 ( )1in in

m m

I Ik k
I I

α ω
⎛ ⎞

− + ≤ Δ ≤⎜ ⎟⎜ ⎟
⎝ ⎠

 (11) 

where k and  denote coupling coefficient between injected field and laser field; Iin and Im are 
injected field and laser mode field intensity, and ∆ω is the locking range. Within the locking 
range, the frequency of slave laser is locked nearly to that of the master laser. Furthermore, 
with light injection, because of the coherent summation of externally injecting and internally 
generated slave fields, the phase adds an additional dynamic variable. Consequently, a new 
resonant coupling between the field amplitude and phase appears and can dominate the 
laser resonance frequency.  
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Table 1. The SMSR values under lower-frequency side mode injection-locked of DFB LD1 at 
different wavelength detuning (Lu et al., 2008). 
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Fig. 8 (a), (b) and (c) show the measured CNR, CSO and CTB values under NTSC channel 
number for free-running, with 4.8 dBm main mode injection, and with 4.8 dBm lower-
frequency side mode injection, respectively. The CNR value depends critically on the optical 
input power, so that the increased values between the scenarios of 4.8 dBm main and side 
modes injection are similar. Nevertheless, the performances of the measured CSO and CTB 
values are very different. According to the Eq. 6 and 7, the use of lower-frequency side 
mode injection locking technique can further increase the resonance frequency of the slave 
laser resulting in smaller values of HD2/C and IMD3/C. Consequently, better CSO and CTB 
performances are obtained in 4.8 dBm lower-frequency side mode injection scenario. 
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Fig. 8. Measured (a) CNR, (b) CSO and (c) CTB values under NTSC channel number 

3.4 Hybrid local light-injection and optoelectronic feedback techniques 
In parallel with the light-injection techniques, optoelectronic feedback technique has been 
used in high-speed digital optical communication systems to improve bit error rate (BER) 
performance (Attygalle & Wen, 2006). This technique, which can greatly enhance the laser 
resonance frequency (Li et al., 1995), is therefore can be integrated with light-injection 
methods to assist the transmission of fiber optical CATV systems as presented in Fig. 9 (Lu 
et al., 2006).  
Experimentally, with the assisting of main mode injection and optoelectronic feedback, the 
laser resonance frequency is further improved to 25.2 GHz. The laser resonance frequency, 
f0, is given by:  

 2 0
0 24

g Sf
ρπ τ

=  (10) 
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Fig. 9. Local light-injection and optoelectronic feedback techniques enhanced 100-km split-
band directly modulated optical CATV system (Lu et al., 2006).  

where g0 is the gain coefficient, S is the photon density, and τp is the photon lifetime. Since 
2

0f  is direct proportion to photon density, the increased photon density by the light-
injection power will lead to a promotion of laser resonance frequency. Additionally, 
optoelectronic feedback techniques will further increase the stability of the laser, resulting in 
out-of-phase carrier re-injection. The re-injection can therefore assist the effect of the light-
injection techniques, leading to an improvement of laser resonance frequency, as a result, 
presenting in an improvement of CSO/CTB values. The optoelectronic feedback techniques 
are hence an efficient method to enhance the performance of directly modulated optical 
CATV systems by promoting RF parameters. 

4. Dispersions compensation schemes 
Following with the modifications of direct modulation schemes and lightwave enhancement 
methods in fiber optical CATV systems, fiber chromatic dispersion is still another bottleneck 
needed to be solved out. Cascading CATV system with optical filter or a section of negative 
dispersion fiber (Lu et al., 2007) for example have been developed to overcome this issue. 
Since there is no useful modulating information in the redundant spectra, adding an optical 
filter to eliminate parts of these spectra not only can increase spectra efficiency but also can 
ameliorate the CSO/CTB performance. Similarly, cascading a section of negative dispersion 
fiber with a long-haul CATV system can also promote the system by eliminating the fiber 
chromatic dispersion. Consequently, the relative fiber dispersion compensation techniques 
are recorded and discussed in the following sections. 
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4.1 Downgrading dispersions by optical filter 
Over a long-haul fiber transmission, fiber dispersion accumulates rapidly and leads to a 
worse system performance. To overcome this issue, utilizing optical filter to change the 
broad spectral linewidth into a narrow one has been demonstrated as a useful method in 
fiber optical transport systems (Lu et al., 2008). As presented in Fig. 10, the downstream 
optical signal was sent through a tunable optical band-pass filter (OBPF) and a Fabry-Perot 
(FP) etalon filter before received. The OBPF is applied to select the appropriate wavelength 
and the FP etalon filter is employed to narrow down the spectral linewidth as well as to 
compensate fiber dispersion.  
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Fig. 10. Employing split-band technique and Fabry-Perot etalon filter to improve directly 
modulated fiber optical CATV system (Lu et al., 2008). 

By eliminating the redundant spectra of optical signal, the spectral efficiency is enhanced 
and the dispersion is ameliorated resulting in better CSO/CTB performance. This optical 
filter is then worth deployed due to excellent optical characteristics such as sharp cutoff in 
the transmission spectrum. However, the wavelength misalignment between the selected 
optical wavelength and the optical filter will change optical power level launched into the 
fiber and degrade system performances. To avoid the wavelength misaligned by thermal 
effect, the filter needs to be utilized in a thermal package.  

4.2 Dispersion compensated by special fiber 
Different with cascading an optical filter to cut off optical spectral linewidth, adding a span 
of negative dispersion fibers, such as photonic crystal fiber (PCF), chirp fiber grating (CFG) 
and dispersion compensation fiber (DCF), into an optical CATV systems is experimentally 
demonstrated as another efficient method to compensate fiber dispersion (Ni et al., 2004). 
Fig. 11 for example demonstrates a 100-km optically amplified AM-VSB transmission 
system cascading with a span (3.6-km) of PCF disperion compensation fiber.  
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Different with cascading an optical filter to cut off optical spectral linewidth, adding a span 
of negative dispersion fibers, such as photonic crystal fiber (PCF), chirp fiber grating (CFG) 
and dispersion compensation fiber (DCF), into an optical CATV systems is experimentally 
demonstrated as another efficient method to compensate fiber dispersion (Ni et al., 2004). 
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Fig. 11. A 100-km optically amplified AM-VSB transmission system with a length of PCF 
disperion compensation fiber (Lu et al., 2007). 

In this system, the optical link with a transmission length of 100-km SMF has a total positive 
dispersion of 1700 ps/nm (17 ps/nm/km × 100 km). However, a length of 3.6-km PCF has a 
negative dispersion of -1710 ps/nm (-475 ps/nm/km × 3.6 km). By combining these two 
pieces together, the total dispersion is nearly eliminated (-10 ps/nm) leading to lower fiber-
induced distortion and better CSO/CTB performance. 

5. Extending applications of directly modulated fiber optical CATV systems 
Following with an assistance of numerous techniques, the CATV service providers are able 
to offer high quality of CATV programs by cost effective optical fiber connection. 
Nevertheless, the potential of optical fiber is not fully utilized yet. Integrating other services, 
such as Internet access, WiMAX services and HDTV programs, with CATV transport 
systems would be quite useful to share the cost of deploying and maintaining optical fiber 
(Ying et al., 2007). Recently, passive optical networks (PONs) are promising way to obtain 
low cost and high capacity optical Internet access. DWDM in combination with PON has 
received considerable attentions due to its large capacity, network security, easy 
management, and upgrade- ability (Choi et al., 2005; Hann et al., 2004; Khanal et al., 2005). 
In parallel with the PON systems, radio-over-fiber (ROF) transport systems also present a 
potential to offer significant network flexibility, large transmission capacity and economic 
advantage to satisfy the increasing demand in wireless broadband services such as WiMAX 
(Masella & Zhang, 2006). Due to low attenuation and broad bandwidth characteristics of 
optical fiber, combining ROF and Internet access with CATV systems has subsequently 
attracted much attention to fully utilize the potential of optical fiber and to provide triple 
play services for clients. Fig. 12 for example presents a bidirectional HDTV/Gigabit 
Ethernet/CATV over DWDM-PON system. Services with 129 HDTV channels, 1.25 Gb/s 
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Gigabit Ethernet connection, and 77 CATV channels were successfully demonstrated over 40 
km SMF links. Good performance of BER, CNR and CSO/CTB were achieved in this system. 
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Fig. 12. HDTV/Gigabit Ethernet/CATV over bidirectional hybrid DWDM-PON (Lu et al., 
2007). 

6. Conclusion 
Fiber optical CATV systems are recently enhanced by the introduction of 1550 nm 
technology. However the maximum transmission distance of the systems is still limited by 
RF parameters. Literarily, numbers of techniques such as split-band schemes, light-injection 
methods and dispersion compensation skills have been developed to extend the bottleneck 
in fiber optical CATV systems. Sharing full channel load from one LD to multiple LDs in 
split-band schemes has been demonstrated as an efficiency way to eliminate major part of 
CSO distortion from each optical band. Furthermore, improving laser resonance frequency 
and output power by light-injection techniques as well as compensating fiber dispersion by 
optical filters or by negative dispersion fiber are also presenting an advanced assistance in 
such systems. All of these techniques make a possibility to deploy a long-haul and cost-
effective CATV system by direct modulation scheme. The main problem is that such 
systems do not fully utilize the potential of optical fiber. There is still plenty of capacity in 
fiber link waiting for people to dig out. As a result, combining fiber optical CATV systems 
with other applications, such as Internet access and WiMAX services, are discussed 
popularly in literature. The applications and characteristics of the mentioned techniques as 
well as the future directions of directly modulated fiber optical CATV system are 
consequently analyzed and illustrated in this chapter.  
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Fig. 12. HDTV/Gigabit Ethernet/CATV over bidirectional hybrid DWDM-PON (Lu et al., 
2007). 

6. Conclusion 
Fiber optical CATV systems are recently enhanced by the introduction of 1550 nm 
technology. However the maximum transmission distance of the systems is still limited by 
RF parameters. Literarily, numbers of techniques such as split-band schemes, light-injection 
methods and dispersion compensation skills have been developed to extend the bottleneck 
in fiber optical CATV systems. Sharing full channel load from one LD to multiple LDs in 
split-band schemes has been demonstrated as an efficiency way to eliminate major part of 
CSO distortion from each optical band. Furthermore, improving laser resonance frequency 
and output power by light-injection techniques as well as compensating fiber dispersion by 
optical filters or by negative dispersion fiber are also presenting an advanced assistance in 
such systems. All of these techniques make a possibility to deploy a long-haul and cost-
effective CATV system by direct modulation scheme. The main problem is that such 
systems do not fully utilize the potential of optical fiber. There is still plenty of capacity in 
fiber link waiting for people to dig out. As a result, combining fiber optical CATV systems 
with other applications, such as Internet access and WiMAX services, are discussed 
popularly in literature. The applications and characteristics of the mentioned techniques as 
well as the future directions of directly modulated fiber optical CATV system are 
consequently analyzed and illustrated in this chapter.  
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1. Introduction      
Being currently performed on highly complex and expensive equipments, active optical 
alignment of single mode 10 Gb/s transmitters and receivers is proving to be the bottleneck 
process for high volume manufacturing (epitaux2005). In order to alleviate this production 
burden, new integrated technologies are required to align micro-components like micro-
lenses and optical fibers with photonic devices. Although passive alignment using Silicon 
micro-machined V-grooves seems to be very attractive at first, it has only been successfully 
implemented for micro-lens which can tolerate up to several microns of misalignment 
(osenbach1998). Alternative solutions such as active MEMS alignment techniques have been 
employed mainly for switching applications. They are based on actuated micro-mirrors, 
causing incident collimated beams to be reflected onto another mirror or a focusing lens to 
illuminate a waveguide (syms2002, pezeshki2002). A feedback loop mechanism is usually 
employed to dynamically optimize the coupling. Mostly used to select optical channels, 
these micro-mirror active alignment methods require complicated collimator and pigtail 
configurations and lack the possibility of locking them at the optimal position. 
To resolve the latter issue, we propose a MEMS XY scanner mounted with a micro-lens to 
actively perform optical alignment of fiber optics modules by steering a beam. Although 
similar techniques have been demonstrated (toshiyoshi2003, sunghoon2002), we describe a 
unique technology using a 2x2.7 mm silicon bulk micro-machining chip characterized by 
±30 µm XY range of motion (petremand2004), electrostatic comb drives actuation and a 
silicon hybrid lens with alignment locking capability. 
Presently, transceivers are mainly assembled into TO can systems (epitaux2005b, 
petremand2005). In the described work, the MEMS device is dedicated to be assembled into 
a vertical silicon optical bench. In this system, the beam propagates vertically through a 
stack of micro-machined silicon devices which comprise substrate, RF feed-through, 
hermetic sealing and optical alignment functions. 
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This chapter will first present the system concept and the MEMS device. Secondly, design 
and simulations performed with CoventorWare and CoventorWare-Architect will be 
shown. Thirdly, the fabrication process will be presented. Finally, the packaging technology 
will be explained and characterization results of the fabricated MEMS device as well as a 
fully assembled and functional system will be discussed. 

2. Scanner design 
Fig. 1 shows the concept of the described application of the MEMS device. By placing a lens 
on the 2D movable platform of the actuator, it is possible to steer the light beam coming out 
of the laser diode and couple it into a single mode fiber. Working in the infrared region of 
the spectrum (wavelength usually used in telecommunications), all the MEMS components 
can be micro-machined out of silicon.  
 

 
Fig. 1. Optical scheme of the light coupling concept. 

Due to fabrication costs and available technology, it was chosen to assemble the silicon lens 
on top of the platform instead of integrating it directly on the MEMS. The advantages of 
such an assembly are the following: 
• The cost of the device is reduced as one can manufacture more microlenses per surface 

unit by using a dedicated wafer. 
• The cost of effective anti-reflecting coating on the lenses is reduced and facilitated. 
• The technology is simplified as there is no need to protect the microlens during the HF 

release step of the process. 
The principle of operation of the micromachined scanner is shown in Fig. 2. The 2D 
displacement of the hollowed platform of the device is provided by two pairs of electrostatic 
combdrive actuators (A, B, C and D, see Fig. 3) suspended by 4 springs to the chip 
base (petremand2004). The mobile platform is linked to the actuators by 4 compliant curved 
beams. These flexible arched beams are designed to convert two unidirectional (X) 
actuations into two dimensional (XY) displacements and as well as to amplify the movement 
in the direction orthogonal to the actuators by a factor of two. When the two actuators are 
moving accordingly by the same orientation and amount, the platform translates in the 
same orientation and by the same distance (displacement in X). Additionally when the two 
actuators are moving in opposite directions by the same amount, the platform translates in 
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Fig. 2. Principle of operation of the MEMS scanner. By combining these basic displacements, 
any point of the scanning area can be reached. 

 
Fig. 3. CAD image of the device showing the two pairs of electrostatic combdrive actuators, 
the compliant suspension springs and the movable platform. 

the orthogonal direction by either compressing or extending the compliant beams 
(displacement in Y). Fig. 2 shows the displacements along the two main axes (X) and (Y). 
With combining these basic displacements by applying different signal amplitudes to 
combdrive actuators, any off-axis points of the reachable area can be addressed.  
Once the desired position reached, the movable platform can be locked in place by applying 
a voltage between the movable platform and the base of the chip (Fig. 4). Depending on the 
electrical current and the voltage applied, the locking is either temporary or permanent. In 
case of a temporary locking, the platform is held in place as long as the licking voltage is 
applied. For the permanent one, the platform stays at the desired position even after all the 
voltages are set back to zero.  
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The backside of the chip includes a through hole under the platform to accommodate the 
movable lens and transmit light across the MEMS chip. 
 

 
Fig. 4. Locking mechanism principle. Device layer is pulled down to the handle by applying 
a voltage between these two layers. Depending on the voltage/current applied, the resulting 
locking mechanism can be either temporary or permanent. 

3. Simulations 
Simulations were carried out to optimize the size and the shape of the compliant beams. By 
comparing straight and curved beams, for a given deformation, the maximal stress occurs in 
the same region of the beam but its value is different. In case of a straight beam, a maximal 
stress of 160 MPa was obtained while the maximal stress of the curved beam was 110 MPa. 
The curved beam shape allows a reduction of the maximal stress of more than 30%, which is 
very positive as the stress can be the cause of fatigue or breakage of the device. 
In order to obtain a large enough scanning range in the Y direction even if the system is 
moved in the X direction, as the total displacement of the combdrives is limited, the shape of 
the curved springs was optimized to amplify the Y displacement with a factor of two. That 
way, if both actuators are displaced of a distance x in opposite directions, the corresponding 
perpendicular motion y of the platform is the following: 

xy 2≅  (1) 

This result was obtained with a beam given by the following equation (karthe1991): 

⎟
⎠
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where L is the length of the beam. 
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where L is the length of the beam. 

Optical Beam Steering using a 2D MEMS Scanner  

 

667 

Fig. 5 shows a schematic of the movement of the beam as force is applied on the movable 
end. Architect simulations results are shown in Fig. 6. For these simulations, a beam slightly 
simplified was used. In Architect, a model exists for the simulation of "freeform beams". 
These can be defined either by a polynomial equation or by points. The approximation of 
the shape described in equation 2 was performed with a set of 13 coordinates.  
 

 
Fig. 5. Schematic view of the movement of the free end of the compliant curved beam as a 
force is applied to. 

 
Fig. 6. Architect results of the simulation of the curved beam. In each graph, the linear and 
non-linear simulation modes are represented. The top image represents the displacement 
along the Y axis (∆y on Fig. 5) and the bottom one represents the displacement along the X 
axis (∆x on Fig. 5). 
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With such spring shape, one obtains the displacements of the platform shown on Fig. 7. This 
simulation visualizes the result of the shape of the beams but not their width. By changing 
the beam width, same behavior of the device was obtained but at different voltages. 

 

 
Fig. 7. Coventor simulation showing the displacement of the central platform in respect to 
voltages applied on two combdrives. This graph corresponds to one quarter of the total area 
reachable of the platform. 

4. Fabrication process 
For the fabrication four main process steps are performed: oxidation, metallization, DRIE 
with a delay mask process and etching of the sacrificial oxide layer. In between, to pattern 
the different layers, photolithographic steps have to be completed.  
After metallization, PECVD oxide deposition is performed to avoid any contamination of 
gold during the rest of the process. As gold is known to be highly contaminant, it has to be 
buried in order not to expose the equipment used later in the process.  
One challenge of this process is to perform a double bulk micromachining delay mask 
process. On the device layer side, shallow cavities are etched to allow the assembly of the 
lens on top of the MEMS. On the handle layer, deep openings on two levels had to be 
performed in order to create a cavity where the laser diode will be placed into.  
The chips are finally released and singulated using HF vapor phase etching. 

5. Packaging technology 
The packaging technology approach is depicted in Fig. 8. The configuration is similar to a 
TO-can package with a coaxial optical connector. The TO header is replaced by a vertical 
hermetic Silicon Bench sub-assembly. In contrast to TO package assembly, the receptacle is 
simply passively bonded to this sub-assembly without requiring complex active alignment 
and welding equipment. The silicon sub-assembly is further illustrated in Fig. 8 b). It 
consists of a system composed of two micromachined silicon layers and a silicon microlens.  
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The first chip carries the active optical elements such as the laser diode, monitoring 
photodiode and other miscellaneous electrical components. As an edge emitting laser is 
used, a turning mirror is placed on the substrate to deflect the laser beam towards the other 
silicon sayers and the connector. The 2D MEMS scanner with the pre-mounted lens is 
assembled on top of the laser diode and the turning mirror. It is electrically connected to the 
first layer by wire bonding. This silicon sub-assembly is then hermetically sealed with a 
glass lid and flip-chip bonded on a flexprint containing the contacts to connect the system to 
the external elements. 

 

 
(a) 

 
(b) 

Fig. 8. Model of the system based on Vertical Optical Bench. a) General view of the 
packaging with the device module and the fiber ferrule. b) Detailed view of the device 
module with the glass lid, the silicon chip, the silicon submount containing the laser diode, 
the turning mirror and electronic components. The MEMS chip is partially hollowed out on 
the backside to allow space for the laser diode and turning mirror. 

6. Experimental results 
Fig. 9 shows a SEM image of the fabricated device with the silicon lens assembled on top of 
the movable platform. The bright parts of the image correspond to the metal pads defined to 
be connected by wire bonding. 
Displacements of the platform were performed by applying voltages on the electrodes of the 
chips. Fig. 10 shows the maximal displacements achieved with a device with springs and 
compliant beams width designed at 3.5 µm. Depending on the width of the springs, the 
displacements obtained are the same but correspond to excitations with different amplitudes. 
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Fig. 9. MEMS device with a silicon lens assembled on top. This sub-assembly will be 
positioned on a submount over a laser diode (Fig. 8 b). 

 
Fig. 10. Maximal displacements achieved with the scanning platform. 

Resonance frequency was measured and compared to simulated values. Fig. 11 shows the 
resonance frequency calculated from the step response measurements performed with a 
Wyko DMEMS white light interferometer. It was performed by applying a Fourier 
transform (Fig. 11 b)) to the step response of the actuator (Fig. 11 a)). It gives a resonance 
frequency of 717.2 Hz. This measurement was carried out on a chip before assembly and 
packaging (i.e. without lens). This value can be compared to the simulated value shown in 
Fig. 12 where the resonance frequency was 698.83 Hz. These results are in very good 
agreement, the error between the measured and the simulated value being less than three 
percent.  
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Although the frequency values are very close, it is not the case of the damping coefficients. It 
can be seen on (Fig. 11 a)) that the measured damping value is very low. It is much lower 
than the simulated one. These differences are not understood yet and have to be further 
investigated. 
 
 

 
a) 

 
b) 

 

Fig. 11. Determination of the resonance frequency by measuring the step response in “-Y” 
direction (Fig. 2) of a fabricated actuator. a) Measured displacement of the actuator and 
voltage applied on the combdrives. b) Fourier transform of the obtained step response. 
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The assembly of a complete system was then carried out (Fig. 13) and optical measurements 
of beam steering were performed. A complete assembly process flow had to be developed to 
assemble the different components of the system. Fig. 13 a) shows this procedure. First 
subassemblies are performed to glue the lens on the MEMS device and to bond the 
electronic components including the laser diode on the submount. Both are then assembled, 
wire bonded and protected by a cover glass. The measured and simulated displacements of 
the platform and the beam steering measurement angle were compared. By plotting the 
optical measurements and the simulations performed previously in the same graph, a good 
agreement of both (normalized) data sets can be observed (Fig. 14). 
 
 

 
 

Fig. 12. Simulation of the step response of the actuator in “-Y” direction (Fig. 2). The fitted 
curve shows a frequency of 698.83 Hz. Excellent agreements between the simulated and the 
measured values (Fig. 11). 

7. Conclusion 
A bi-directional MEMS-based optical beam steerer was fabricated and assembled. The 
assembly of the different parts of the system was carried out. A displacement of several tens 
of micrometers has been demonstrated and optical beamsteering was shown with a system 
containing all the electronic and optical components. Resonance frequency and 
displacements measurements agree with the simulated ones. This displacement range is 
suitable for opto-electronic alignment applications.  
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a) 

 
b) 

Fig. 13. Assembly of the MEMS device. a) Flowchart of the assembly process. b) Fully 
assembled system comprising flexprint, MEMS, microlens, electronic components, laser 
diode and glass lid. 
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Fig. 14. Comparison between the simulated and optically measured data (both normalized). 
Both X and Y measured trajectory curves are very close to the simulated ones. 
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Fig. 14. Comparison between the simulated and optically measured data (both normalized). 
Both X and Y measured trajectory curves are very close to the simulated ones. 
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