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Scope of Symposium

This symposium provides a platform for academics, scientists, technologists and industrial players to present innovations, 
exchange views, share results and discuss opinions and thoughts in the field of optical fiber. Specifically, the symposium 
shall focus on some novel optical fiber devices and applications, such as microstructured optical fiber, nano fiber 
and specialty fiber. Moreover, both theoretical and experimental investigations in fields like linear/nonlinear optics, 
amplification systems, sensing, plasmonic waveguides, high-power systems etc, will be covered.
 
Best Paper Award will be sponsored by Singapore DSO National Laboratories

Symposium Topics

• Microstructured optical fibers 
• Nano fibers 
• Gratings and grating-based devices 
• Plasmonic sensors 
• Acousto-optic devices 
• Optical fiber amplifiers and fiber lasers 
• Non-linear and polarization effects in fibers 
• Fiber measurement techniques 
• Splices, connectors, and fiber coupling 
• Silicon photonics and polymer waveguides 
• Device packaging, testing and reliability 
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Abstracts

  A00066-04952 

Silicon Raman Laser using Bi-directionally 
Pumped Mach-Zehnder Interferometer (MZI) 
cavity 

Ying HUANG; Ming TANG; Ping SHUM; Chinlon LIN 
School of EEE, Nanyang Technological University, 
Singapore

We propose and demonstrate numerically a novel bi-
directionally pumped Mach-Zehnder cavity silicon Raman 
laser to suppress FCA loss for output power enhancement. 
Output Stokes power enhancement of 100% is achieved at 
4W pumping level.

  A00158-00325 

A Novel Design of Highly Nonlinear, Polarization-
Maintaining Photonic Crystal Fiber with Near-
Zero Flattened Dispersion

Huai Yu MENG; Dora Juan Juan HU; Ping SHUM 
Electrical and Electronic Engineering, Nanyang 
Technological University, Singapore

Photonic Crystal Fibers (PCFs) have attracted wide attention 
from researchers in recent years, as they have promising 
applications as transmission media or optical devices 
such as sensing elements. Also known as micro-structured 
fibers, PCFs have great design flexibility for manipulating 
the waveguide properties, such as high/low nonlinearity, 
high/low birefringence and tailored dispersion, etc. Highly 
nonlinear PCFs are capable of effectively broadening the 
spectrum of optical pulses, and leading to super-continuum 
generation applications with carefully designed dispersion 
profile, which can be realized by waveguide structure 
design. Fibers with high birefringence are polarization-
maintained, which is an essential feature for applications 
which are polarization sensitive. As shown by the 
literature, large numbers of designs have been created to 
achieve these features respectively, while few researches 
have been done regarding fibers of all these three features 
simultaneously. In this report, a novel design of an index-
guiding polarization-maintaining highly nonlinear PCF 
with near-zero flattened dispersion is presented. Five 
layers of air holes with triangular lattice in the cladding 
were used. The Ge-doped solid core results in small mode 
area and hence high nonlinearity. A central elliptical 
defect air hole was introduced within the Ge-doped 
core to enhance the birefringence as well as to tailor the 
dispersion property. Other parameters, such as the lattice 
pitch, the dimension of the cladding air holes and the 
defect air hole in the doped-core was adjusted to achieve 
near-zero and flattened dispersion. Numerical simulation 
results shown that, the nonlinearity coefficient at 1.55 μm 

is 17.56 W-1km-1, while the birefringence is 1.374 x 10-3. 
The dispersion is between 0 and 0.18 ps/km/nm between 
1.5 to 1.6 μm and the dispersion slope at 1.55 μm is 1.433 
ps/km/nm2. 

  A00244-00563 

Shape- and Size-Dependent Refractive Index 
Sensitivities of Gold Nanostructures and Their 
Optical Fiber-Based Sensing

Huanjun CHEN; Weihai NI; Zhi YANG; Jianfang WANG 
Physics, The Chinese University of Hong Kong, Hong 
Kong SAR, P. R. China, Hong Kong

Gold nanostructures exhibit rich optical properties that 
result from the localized surface plasmon resonance. Their 
surface plasmon resonance wavelength is ultrasensitive 
to the change in the refractive index of the surrounding 
nanoenvironment, which forms the basis for localized 
surface plasmon resonance sensing. The refractive index 
sensitivity and figure of merit are the two most important 
parameters for applying noble metal nanostructures in 
plasmonic sensing. We have investigated the dependence 
of the index sensitivity and figure of merit on the shapes 
and sizes of gold nanostructures (Langmuir 2008, 
24, 5233). Surfactant-encapsulated, variously-shaped 
gold nanostructures have been synthesized, including 
nanospheres, nanocubes, nanobranches, nanorods, and 
nanobipyramids. They can be readily dispersed in water-
glycerol mixtures of varying compositions without 
aggregation, which allows for a systematic variation of 
the refractive index of the environment surrounding gold 
nanostructures. The refractive index sensitivities and 
figures of merit have been found to vary with the shapes 
and sizes of gold nanostructures. The index sensitivities 
generally increase as gold nanostructures become 
elongated and their apexes get sharper. Gold nanospheres 
exhibit the smallest refractive index sensitivity of 44 
nm/RIU (refractive index unit) and gold nanobranches 
exhibit the largest index sensitivity of 703 nm/RIU. Gold 
nanobipyramids possess the largest figure of merit, which 
increases from 1.7 to 4.5 as the aspect ratio is increased from 
1.5 to 4.7. We have further deposited gold nanostructures 
on optical fibers in order to combine the ultrasensitivity of 
plasmonic sensing together with the attractive features of 
fiber-based sensing, including compactness, light weight, 
minimal invasiveness, and multiplexing capability (J. 
Phys. Chem. C 2008, 112, 8105). The surface plasmon 
resonance of gold nanostructures deposited on the core 
surface of an etched optical fiber can be readily excited by 
the evanescent wave from the optical fiber when a white 
light is coupled in the fiber. The excitation of the surface 
plasmon resonance leads to the production of strong light 
scattering from individual gold nanostructures, which 
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readily allows for recording the scattering spectra of 
individual gold nanostructures attached on the optical fiber. 
A microfluidic channel has been fabricated and integrated 
with the fiber-based plasmonic sensor. The dependence 
of the scattering spectra on the refractive index and 
thus the index sensitivity and figure of merit have been 
characterized systematically by flowing water-ethylene 
glycol mixture solutions through the microfluidic channel. 
Moreover, the fiber-based plasmonic sensor also allows 
for the determination of the ensemble index sensitivity and 
figure of merit of gold nanostructures by measuring the 
intensity and spectrum of the light transmitted through the 
fiber. These results demonstrate the potential for combining 
the ultrahigh index sensitivities of gold nanostructures 
together with the attractive sensing features of fiber-based 
sensors to develop real-time, low-cost, ultrasensitive, and 
multiplexed sensors.

  A00295-01926 

Surface Plasmon Resonance in Slotted 
Microstructured Polymer Optical Fibres

Anna WANG; Maryanne LARGE; Boris KUHLMEY; 
Felicity COX 
School of Physics, The University of Sydney, NSW, 
Australia

Surface Plasmon Resonance (SPR) is widely used for 
chemical sensing, due to its sensitivity to changes in the 
surface state, and its requirement for only small sample 
sizes. The most commonly used SPR systems use the 
Kretschmann (prism) geometry which is bulky and 
unsuitable for in vivo use. This has driven an increasing 
interest in fibre-based SPR, exploiting fibre’s robustness 
and small size. Approaches that have been explored include 
metal coated fibre tapers and D-fibres. These methods 
allow for a suitably large evanescent field for efficient 
coupling to the surface plasmon but at the cost of increased 
fragility. Metal coating of the holes of microstructured 
optical fibres (MOFS) has also been explored. MOFs have 
a larger parameter space for optimising the evanescent field 
while maintaining their roustness. However producing a 
metal coating of the holes of sufficiently low roughness 
to support SPR is extremely demanding and has not so far 
been demonstrated experimentally.

Here we numerically and experimentally investigate the 
use of polymer side slotted microstructured fibres for SPR 
sensing. These microstructured fibres allow metal to be 
directly deposited on the core by sputtering from the side 
rather using techniques which require deposition from 
fluids passing along the length of the holes.  The use of 
polymer fibres brings some additional advantages as they 
are less fragile than glass and can be made in a wider 
range of geometries. Transparent fluorinated polymers are 
available with refractive indices that are similar to water. 
No optical glass has a refractive index that is comparably 
low.

The geometry under investigation is a mPOF made from 
PMMA with slots periodically providing access to the 
10µm core.  The exposed core sections of this fibre were 
sputtered with a 37nm layer of gold. The wavelengths at 
which the fibre’s core mode and the surface plasmon are 
phase matched critically depend on the thickness of the gold 
layer. Numerical simulations using an adjustable boundary 
condition method show that the fundamental core mode 
can couple to the SPR if the gold layer is surrounded by 
aqueous solutions between 500nm-600nm for a 40nm gold 
film, but could not couple to an SPR in aqueous solutions 
with gold coatings of 20nm and 10nm.

We characterized the fibre using a supercontiuum source 
coupled into the core, and measured transmission spectra 
in two cases: first with the gold coated core exposed to 
air and second to water. While initial experimental results 
are promising, the thickness and length of coating require 
further optimisation to maximise coupling to the SPR. Our 
first results also show that surface roughness needs to be 
minimized by adjusting the drawing conditions, and in 
particular by maintaining a high tension. 

Acknowledgements to
Dr Richard Lwin for fibre drawing
Dr Alexander Argyros for insights
Dr Andrew Docherty for mode solving

  A00322-00760 

The Q-switch Mode-locking of an Erbium 
Doped Fiber Ring Laser Using Acousto-optic 
Modulation

Kai Rong HUANG; Ming Chang SHIH 
Department of Electrical Engineering, National 
University of Kaohsiung, Kaohsiung, Taiwan

High output energy pulsed fiber laser sources in the eye-
safe wavelength region have important applications in 
environmental remote sensing, civil engineering structure 
monitoring, medical laser operations, nonlinear optic, and 
long distances optical signal communications.  In this paper, 
we demonstrate a Q-switching erbium doped fiber ring 
laser system and its output characteristics with different 
Q-switching methods.  The fiber ring laser includes a 15 
m long erbium doped fiber (EDF) which is pumped by a 
980nm laser diode at 160 mW, a fiber Bragg grating (FBG) 
at 1557 nm with a line width of 0.2 nm, and an acoustic-
optic (AO) modulator as the Q-switching control of the ring 
resonator.  A pulse width of 6 us is achieved at Q-switching 
frequency from 3 kHz to 30 kHz.  It is found that a stable 
Q-switch mode-locking (QML) with a pulse width of 10 
ns was achieved at 3.29 MHz.  In addition, the FBG can be 
fixed on a PZT stage and tuned the wavelength of the fiber 
ring laser for multi-channels signal processing.
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  A00338-00754 

Multi-channel 80-GHz RZ Pulse Train Generation 
Based on XPM and FWM in a Nonlinear Optical 
Loop Mirror

Jing YANG1; Junhao HU1; Changyuan YU1;2; 
Yong Kee YEO2; Yixin WANG2 
1. Electrical and Computer Engineering, National 
University of Singapore, Singapore
2. RF and Optical Department, A*STAR Institute for 
Infocomm Research, Singapore

As wavelength division multiplex (WDM) system plays 
a major role in optical communications, high-speed 
multi-channel pulse train generation is demanded. Such 
a generator can be used as an optical clock, for optical 
sampling, or to imprint optical data bits.  In this paper, we 
demonstrate a scheme which can generate multi-channel 
wavelength-tunable high-speed return-to-zero (RZ) pulse 
train. The scheme is based on cross phase modulation 
(XPM) and four-wave mixing (FWM) in a nonlinear 
optical loop mirror (NOLM) using a highly nonlinear 
fiber (HNLF). In our experiment, 6-channel 80-GHz pulse 
trains with nearly the same pulse width are generated by 
this scheme.

An 80-GHz pulsed pump light as the control wave is 
generated by 10-GHz short pulse train from mode lock 
fiber laser (MLFL) multiplexed by a 3-stage of optical 
time division multiplexing (OTDM). 3-channel continuous 
waves (CWs) from tunable external cavity lasers sever 
as probe signals.  They are coupled into a NOLM which 
consists of a 1 km HNLF and a polarization controller 
(PC). The probe signals are amplified and 3-channel idlers 
are generated via FWM by the pump with an average 
pump power of 22 dBm. The signal and idler lights are 
also phase modulated by the pulsed pump through XPM, 
and the phase modulation is further converted to intensity 
modulation by the loop mirror. The generated 6-channel 
80-GHz pulse trains are monitored by an optical spectrum 
analyzer (OSA) and an auto-correlator.

The optical spectrum at the output of the NOLM shows that 
both the probe signals and generated idlers are modulated 
by the 80-GHz pulsed pump. The 3-channel probe signals 
have the same amplitude and the amplitudes of the idlers 
are less than that of probe signal, which is due to the low 
efficiency of FWM.  The waveforms of the modulated 
signals and idlers are measured by an auto-correlator 
with a resolution of 5 fs. It is shown that the generated 
pulse trains at different wavelengths have nearly the same 
pulse width of 4 ps.  More channels of pulse source can 
be obtained if the lasers at the required wavelengths are 
available. This scheme can be extended for multi-casting 
if the pulsed pump is modulated by data.

This project is supported by Singapore MOE’s AcRF grant R-263-
000-354-112/133.
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Polarization Insensitivity Optic Distributed Strain 
Sensing System Based on Stimulated Brillouin 
Scattering 

Jing YANG1; Changyuan YU1;2; Zhihao CHEN2; 
Junhong NG2; Xiufeng YANG2 
1. Department of Electrical and Computer Engineering, 
National University of Singapore, Singapore
2. RF and Optical Department, A*STAR Institute for 
Infocomm Research, Singapore

The Stimulated Brillouin Scattering (SBS) based optical 
distributed sensing systems have been studied extensively 
in recent years. As SBS is a polarization sensitive process 
and the polarization induced signal fluctuation degrades 
the performance of the system drastically, many schemes 
have been proposed to suppress the polarization sensitivity. 
However, the proposed methods are either complicated or 
using active components. In this paper, we propose and 
demonstrate a novel method to suppress the polarization 
sensitivity in SBS based optical distributed strain sensing 
system. It is experimentally shown that the polarization 
induced strain fluctuation is suppressed from >±300 µε 
(which cause measurement fails) to ±50 µε by introducing 
a polarization diversity scheme, which contains only two 
polarization beam splitters (PBSs) and a piece of single 
mode fiber (SMF). 

Time domain analysis of SBS involves the interaction 
between a pulsed pump beam and a counter propagating 
probe beam. In the experiment a pulse train with a pulse 
width of 80 nm is used as pump and a continuous wave 
(CW) modulated at around 10.8 GHz (Brillouin shift of 
SMF) severs as probe beam. The interval time of pump 
pulse and modulation frequency of probe can be tuned 
by a computer via a data acquisition (DAQ) and a RF 
synthesizer, respectively. If the frequency offset between 
the two waves is within the local Brillouin gain spectrum 
(BGS), a power will transfer from the pulsed pump to the 
probe wave. By scanning the modulation frequency of the 
probe beam, the BGS can be obtained and the Brillouin 
shift signifies the strain along the fiber. However, in the 
system without polarization diversity scheme, Brillouin 
gain varies with the relative polarization state between 
pump and probe waves, and the measured strain has a large 
fluctuation. In our proposed system, the pulsed pump wave 
is split equally into two beams with orthogonal polarization 
states by PBS1. One of the two states is delayed by 80 ns 
(the pulse width of the pump) using a 16m SMF and then 
combined with the other state by PBS2. Since the pump 
pulse contains two orthogonal polarization states, the 
probe wave is efficiently amplified by the sub-pluses of 
the pump regardless of its polarization state. Therefore, the 
Brillouin gain remains constant and the Brillouin shift can 
be detected accurately. 
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The proposed scheme does not need any feedback control 
and the measurement time is only 3s. Besides, it is cost 
effective as only two PBSs and a piece of SMF is used. 
The polarization induced strain fluctuation is suppressed 
from >±300 µε to ±50 µε and stable distributed strain 
measurement is demonstrated along a 1.2 km SMF.

  A00357-01179 

Plastic Optical Fibers Doped with Luminescent 
Polymers to Achieve Gain and Ultrafast Optical 
Switching 

Ana MENDONçA1; Ana CHARAS1; Jenny CLARK3; 
Guglielmo LANZANI3; Luca BAZZANA4; 
Alessandro NOCIVELLI4; Jorge MORGADO1;2 
1. Tecnologia e Materiais, Instituto de Telecomunicacoes, 
Lisbon, Portugal
2. Dep. Eng. Química e Biológica, Instituto Superior 
Tecnico, Lisbon, Portugal
3. Dipartimento di Fisica, Politecnico di Milano, Milano, 
Italy
4. Luceat S.p.A., Dello, Italy

Plastic Optical Fibers, POFs, are becoming increasingly 
important for applications in local area networks and 
automotive applications, as, comparing with glass (silica) 
optical fibers, they allow low production costs, easier 
optical coupling and higher flexibility.

Poly(methylmethacrilate), PMMA, is one the most used 
materials for POFs. However, their significant attenuation 
strongly limits the transmission distances.

Following previous findings that, upon dilution in a 
PMMA matrix, the stimulated emission of poly(9,9-
dioctylfluorene), PFO, is shifted to longer wavelengths and 
that the stimulated emission could be switched off upon 
use of a second short pulse, prompted us to explore the 
use of these concepts in POFs and other optical devices. 
This could provide not only an amplification process but, 
in addition, an ultrafast optical modulation.

In this communication we report on the synthesis and 
characterisation of various conjugated polymers and 
oligomers that were dispersed in PMMA films and POFs, 
on the photophysical characterisation of the blend and 
copolymerised systems and on POFs fabricated with 
them. This investigation of new dopants was driven by 
i) the search of conjugated polymers showing gain in 
wavelength regions where PMMA attenuation is low, and 
ii) increase of dopant load while, based on the previous 
results, maintaining the dopant chains isolated from each 
other. 

Acknowledgments: 
This work was partially supported by EU under the contract 
FP6-026365 (POLYCOM) and Instituto de Telecomunicações..
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Nanowire Drawing and Nanodevice Assembly 

Baojun LI 
State Key Laboratory of Optoelectronic Materials and 
Technologies, Sun Yat-Sen University, Guangzhou, China

The development of nanotechnology in photonics offers 
significant scientific and technological potentials. It 
fosters the substantial efforts for exploring novel photonic 
materials, developing easy device fabrication techniques, 
reducing the size of photonic devices, improving device 
integration density, and fabricating low-cost nanodevices. 
Since nanometer-scale photonic wires are highly desirable 
for applications in high density and miniaturized photonic 
integrated circuits, so subwavelength-diameter wires 
were fabricated in silica fiber, bulk glass, compound-glass 
fiber, etc. Meanwhile, miniaturization of photonic devices 
is being intensively focused because they drive great 
developments in the fields of optical communications, 
biophotonics, engineered structures, and photonic 
integrations. In this work, we found that poly(trimethylene 
terephthalate) (PTT) material exhibits good transparency 
from visible lights to near-infrared and fine performance 
for advanced nanowires and nanophotonic devices. 
Subsequently, flexible and elastic nanowires with diameters 
down to 60 nm and lengths up to 500 mm were drawn 
by a one-step drawing process from the molten PTT. A 
number of devices (such as: nanosplitters, nanocouplers, 
nanorings, nanoresonators, nanotweezer, nanoscissor, 
nanoscrewdriver, nanobird’s nest, etc.) and nanophotonic 
device arrays were assembled by the PTT nanowires. 
Experiments demonstrate that the nanophotonic devices 
exhibit good guiding properties with low optical loss from 
visible to near infrared region.

  A00489-02931 

Physical and Bio-chemical Sensor Research at 
The University of Québec Using Conventional 
and Microstructured Optical Fibers

Wojtek J. BOCK 
Centre de Recherche en Photonique, Université du 
Québec en Outaouais, Québec, Canada

An interesting novelty in fiber optics - the Microstructured 
Optical Fibers invented only about ten years ago - are 
no longer based on a simple index-guiding principle 
like classical optical fibers. They are characterized by 
a regular structure of periodic air holes made along 
their central longitudinal axis, giving rise to one of two 
possible guiding mechanisms: a photonic band-gap effect 
or an index averaging effect. Consequently, they are often 
referred to as Holey Fibers, Photonic Band-gap Fibers 
(PBFs) or Photonic Crystal Fibers (PCFs). Some of the 
MOFs can even guide light through a central air hole, 
surrounded by an appropriately designed microstructure, 
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or display a host of unusual optical properties, such as low 
loss and single-mode operation over a large wavelength 
range, or unusually flat dispersion characteristics. Due to 
these qualities, these fibers open up many possibilities for 
inventing new types of photonic sensors. 

The potential of MOFs for sensing applications is under 
investigation world-wide. Scientists have proposed 
different types of sensors making use of the commercially 
available MOFs, and other silica and polymer fibers 
developed on a prototype basis specifically for sensing 
applications. Some of them include an application for high 
resolution refractive index sensing through a MOF taper, 
an intermodal interferometer (II) or a long period grating 
(LPG), a fluorescence measurement by filling tiny air 
holes of a polymer and a silica MOFs with a liquid analyte, 
a fluorescent light collection enhancement by using a 
variety of techniques, a strain, pressure and temperature 
measurement by writing a Bragg grating or an LPG into 
a microstructured fiber core, a strain-insensitive high 
temperature measurement using an LPG in a MOF with 
a periodic stress relaxation technique without geometrical 
deformation and elongation of the fiber, and a high 
precision temperature-independent pressure measurement 
using an LPG. 

In this presentation we will discuss the most recent progress 
in photonic sensing based on a variety of above mentioned 
techniques and approaches involving a number of different 
MOFs, LPGs and IIs. We will describe and evaluate three 
novel types of fiber-optic sensors based on MOFs which 
have been developed recently at our Photonics Research 
Center at Université du Québec en Outaouais (PRC-UQO). 
Three different sensing mechanisms and, correspondingly, 
three different types of MOFs were employed to fabricate 
these devices one of which is a fiber-optic sensor for 
remote detection of explosives. All three sensors displayed 
far superior performance than similar conventional sensors 
developed using standard optical fibers.

  A00508-00933 

Stable Operation of Multiwavelength Fiber Lasers 
Based on Versatile Gain Media 

Young-Geun HAN 
Department of Physics, Hanyang University, Seoul, South 
Korea

Multiwavelength fiber lasers have been intensively 
investigated in optical communication systems 
and biomedical optical imaging technologies. 
Various techniques, based on erbium-doped fiber 
(EDF), semiconductor optical amplifier (SOA), 
and Raman amplifier, have been proposed and 
demonstrated. Among them, Raman amplifier based 
on multiwavelength fiber laser has a lot of advantages 

like stable operation at room temperature, lasing 
wavelength flexibility corresponding to a pumping 
wavelength, high extinction ratio, and so on. In 
this paper, we propose and experimentally demonstrate 
functional multiwavelength light sources such as continuous 
tunability of the wavelength spacing, lasing wavelength 
tunability, high extinction ratio, and stable operation at 
room temperature. The homogeneous line broadening of 
erbium ions can be mitigated by using a four-wave mixing, 
self saturation effect based on a semiconductor optical 
amplifier (SOA), etc. We introduce techniques to obtain 
the stable operation of the multiwavelength EDF laser at 
room temperature. The distinctive characteristics of the 
SOA like nonlinear gain compression can be also used to 
induce the tunability of the lasing wavelength. Since the 
ring cavity is mainly formed by the use of 90:10 coupler, 
90 % of the optical power is feedback into inside of the 
ring cavity and the SOA is highly saturated. Consequently, 
the reduction of the carrier density of the SOA induces 
gain compression of the SOA and the shift of its gain peak 
into the longer wavelength. Another method to alleviate 
the homogeneous line broadening of erbium ions is 
based on four-wave mixing effect. The four-wave mixing 
process can effectively degrade the homogeneous line 
broadening of erbium ions and assist stable operation of the 
multiwavelength EDF laser output at room temperature. 
In addition, the specially designed devise is proposed to 
induce the symmetrical modification of the chirp ratio in 
order to continuously control the wavelength spacing of 
the proposed multiwavelength fiber laser. Two translation 
stages with gears and a sawtooth wheel can simultaneously 
induce the tension and compression strain along the 
superimposed chirped fiber Bragg grating (CFBG) attached 
onto a flexible cantilever beam, which corresponds to the 
moving direction of translation stage. The FSR of an all-
fiber FP filter based on the superimposed CFBG can be 
continuously controlled by the variation of reflection chirp 
bandwidth because the tension and compression strain 
can effectively controls the chirp ratio along the grating. 
Based on the proposed technique, we achieve continuous 
FSR tunability of the all-fiber FP filter and the functional 
multiwavelength light sources.
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  A00525-01059 

Surface Plasmonic Resonance Sensor Using 
Side Polished Fibers

Tianyuan XIAO1; Xia YU2; Ping SHUM1; 
Yehuda LEVIATAN3 
1. Network Technology Research Centre, Nanyang 
Technological University, Singapore
2. Singapore Institute of Manufacturing Technology, 
Singapore Institute of Manufacturing Technology, 
Singapore
3. Department of Electrical Engineering, Technion - 
Israel Institute of Technology, Israel

An experimental method for the study of surface plasmonic 
resonance (SPR) sensor using side polishing technique is 
presented. Different fibers such as single mode fiber (SMF), 
multimode fiber (MMF) and photonic crystal fiber (PCF) 
have been deployed to achieve evanescent field based 
refractive index sensing. Fiber embedded in a silica block 
is side polished to a depth close to the core to enhance 
the leaky evanescent field. Nanometer-sized metallic layer 
such as gold is then adhesive onto the polished fiber surface. 
SPR spectrum can be directly observed from the optical 
spectrum analyzer by launching a broadband laser source 
into the fiber. Refractive index oil is used to determine 
the sensitivity of the sensors through the corresponding 
shift of the spectrum wavelength as well as the resonance 
depth. This method is simple to implement and adaptable 
in different harsh environments.

  A00533-01833 

Cr Doped Crystal Fibers for Laser, Optical 
Amplifier, and Biophotonic Applications 

Kuang-Yu HSU1; Chien-Chih LA1; Yu-Ta WANG1; 
Chien-Chung TSAI1; Yen-Sheng LIN1; 
Kuang-Yao HUANG1; Ping-Hui YEH2; 
Sheng-Lung HUANG1 
1. Institute of Photonics and Optoelectronics, National 
Taiwan University, Taipei, Taiwan
2. Department of Electronic Engineering, National 
Taiwan University of Science and Technology, Taipei, 
Taiwan

Chromium ion doped laser gain media have broadband nature 
because of the non-screened electronic configurations. For 
future ultra-broadband fiber communication system, a 
broadly tunable laser and amplifier are essential to offer 
wavelength-on-demand, dynamic wavelength ports, and 
simplified inventory managements. Among all the Cr4+ 
doped gain media, Cr4+:Y3Al5O12 (Cr4+:YAG) has been 
shown high concentration of tetrahedrally coordinated Cr4+ 
ions and high emission cross section in fiber communication 
bands, although most reports of bulk Cr4+:YAG lasers 
showed lasing actions at low temperature or with rather 
high thresholds from 0.4 to 4 W. The threshold pump power 

increases as bulk temperature rises due to the decrease in 
fluorescence lifetime. Fiber waveguide offers better heat 
dissipation because of the high surface-to-volume ratio of 
the gain medium. Of particular importance, with Cr4+:YAG 
as the core and silica as the cladding, it has been shown 
that the near-infrared ultra-broadband emission from 1.2 
to 1.6 µm generated by the core can be easily guided due 
to the large fractional index change at the core/inner-clad 
interface. I will describe our work on the development of 
a Cr4+:YAG double-clad crystal fiber (DCF) laser grown 
by the co-drawing laser heated pedestal growth method 
with a lasing threshold of 96 mW and a slope efficiency of 
6.9% at room temperature operation. With fiber structure, 
a wide range of applications can be realized because of 
its compactness, distributed heat dissipation, and ease of 
mass production.

Broadband light source is also crucial for optical coherence 
tomography (OCT) to have high axial resolution. Cr4+:YAG 
DCF can generate 265-nm CW broadband emission at 
milliwatt level at near infrared (NIR) wavelength. It is 
eminently suitable to achieve cellular resolution OCT. We 
have demonstrated a 3.6-mm axial resolution OCT in air 
and 1.84-mm resolution in TiO2 with a 73-dB S/N ratio. 
To cover the wide ranges of OCT applications I will also 
describe the development of various crystal fiber based 
broadband light sources ranging from visible to NIR 
wavelength ranges.
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Microstructured Optical Fibers for the Fiber 
Optics Sensors

Sergey NIKITOV; Yury CHAMOROVSKIY; 
Nikolay STAROSTIN; Maksim RYABKO; 
Sergey MORSHNEV; Vladimir MORSHNEV; 
Igor’ VOROB’EV 
Kotel’nikov Institute of Radio Engineering and 
Electronics of Russian Academy of Sciences, Moscow, 
Russian Federation

In the recent years the research interest in microstructured 
optical fibers (MOFs) has rapidly increased. In part 
the interest is connected with the possibility to yield 
unique polarization properties of these fibers, e.g. high 
birefringence and dichroism, high stability of polarization 
properties to mechanical and thermal stresses. Due to a 
number of variable parameters such as holes diameter, 
holes arrangement and different refractive indices which 
can easily be changed during fabrication, we can vary fiber 
characteristics over a wide range.

We demonstrate for the first time to our knowledge the 
simple structure of 6 air holes with extremely high value 
of the group birefringence 6.7*10-3 at 1600 nm and passive 
losses as low as 2 dB/km. The high value of birefringence 
can be used for delay line fabrication, increase modulation 
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efficiency in fiber optic current sensor etc. Also we 
show that multipole calculation method is suited for the 
numerical investigation of polarization properties of 
nonsymmetrical structures with even non cylindrical air 
holes. Good coincidence of numerical and experimental 
results can allow to produce the polarizer structures with 
good characteristics, previously predicted numerically, to 
estimate the value of the phase birefringence of such MOFs 
structures, which is of urgent importance in different fiber 
optics sensors. 

As the one example of the MOF application in the sensors 
we have investigated theoretically and experimentally the 
magneto-optic Faraday effect in a miniature coil based on 
a microstructured optical spun fiber. We have shown that a 
coil made from such a fiber preserves its high magneto-optic 
sensitivity with a winding radius as low as 2.5 mm and 100 
turns. The experimental results are in good agreement with 
the results of simulation. The results of this study show 
that MOF technology allows the fabrication of miniature 
fiber coils with turns numbering  up to 103 – 104 for highly 
sensitive magneto-optic devices such as current sensors. 
All this along with good immunity of MOFs to mechanical 
and temperature influence provide a good perspective for 
different sensor applications.

The work is supported by the Russian Academy of Sciences  
through the Programmes of Basic Research such as “Femtosecond 
optics and new optic materials - new optic materials”, “Laser 
systems based on new active materials” and “Development of 
basis for scientific distributed information medium based on 
GRID Technologies”.
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Fiber-Optic Interferometer Formed by a Section 
of Small-Core Fiber Spliced between Standard 
Fibers 
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Fiber-optic interferometers are of great importance for 
many applications, e.g., they are used for sensing due 
to their high sensitivity to various parameters. Recently, 
increasing interest is attracted to the study of fiber Mach-
Zehnder interferometers based on interference of the 
fundamental core mode with another modes. In such an 
interferometer, the second mode can be excited by coupling 
from the core mode at some defect in the fiber structure 
such as a long-period fiber grating, a misaligned splicing 
point, a nonadiabatic taper, and a splice of standard fiber 
with graded-index multimode fiber or two-mode fiber. A 
combination of two such defects with a section of fiber 

between them is then used for obtaining interference of 
two modes. 

When a standard fiber is spliced with a few-mode or 
multimode fiber having a larger core, the power of the core 
mode propagating from the standard fiber is distributed 
between several modes of the other fiber, because the 
fundamental mode profiles of the two fibers are different. 
There exists another option — to splice the standard fiber 
with a fiber having a smaller core. Then the mode profiles 
are also unmatched and coupling to cladding modes is 
expected.

In this paper, we demonstrate a new method to excite 
cladding modes at a splice of two single-mode fibers with 
different working wavelengths: one is standard SMF-28 
fiber with operation wavelength 1550 nm and the other 
one is SM630 fiber with operation wavelength 630 nm. 
The second fiber has a smaller core and is single-mode at 
wavelengths above 612 nm. Two splices are then used to 
form a Mach-Zehnder interferometer. 

The measured transmission spectrum of the interferometer 
exhibits oscillations, whose period is inversely proportional 
to the interferometer length. The main contribution to the 
interference is made by the core mode and the low order 
cladding modes. With increasing wavelength, less power 
is transferred into the core mode and more power goes to 
the cladding modes. 

In addition to oscillations, the spectra have another feature. 
The envelopes of the spectra have two broad dips: one 
smaller dip having a width of ~30 nm is located at 1185 
nm, and another larger dip having a width of ~50 nm is 
at 1450 nm. The positions and widths of both the dips are 
independent of the interferometer length. 

The interferometer described in this work can be used in 
various sensing applications: sensor of temperature, strain, 
or refractive index. We expect that the interferometer 
should be sensitive to the external refractive index due to 
the fact that the cladding modes guided by the outer surface 
of the cladding of SM630 fiber have their evanescent field 
penetrating to the external medium.

The work is supported by the RAS through the Programmes of 
Basic Research such as “Femtosecond optics and new optic 
materials - new optic materials”, “Laser systems based on 
new active materials” and “Development of basis for scientific 
distributed information medium based on GRID Technologies”.
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Surface Plasmonic Resonance Sensor Using 
Microstructured Optical Fibers 

Shanshan PAN1; Xia YU2; Ping SHUM1; Ying ZHANG2; 
Yehuda LEVIATAN3 
1. Network Technology Research Centre, Nanyang 
Technological University, Singapore
2. Singapore Institute of Manufacturing Technology, 
Singapore
3. Department of Electrical Engineering, Technion - 
Israel Institute of Technology, Haifa, Israel

Two designs of microstructured optical fiber (MOF) based 
surface plasmonic resonance (SPR) sensors are presented 
and compared theoretically. The sensors consist of gold-
coated analyte-containing channels emplacing plasmons 
and central air holes, which enhanced the phase matching 
between the plasmonic mode and the core-guided mode. 
Good sensitivity in terms of refractive index unit (RIU) 
can be achieved in both structures. Compared with the 
entirely-coated structure, the selectively-coated sensor 
design demonstrates narrower resonance spectral width 
which will give better sensing resolution, and deeper 
resonance depth which will have better performance in 
terms of signal-to-noise ratio. 
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Recent Advances in Fibre Grating Devices and 
their Sensing Applications

Lin ZHANG 
Photonics Research Group, Aston University, 
Birmingham, United Kingdom

Over the last twenty years, we have been continuously 
seeing R&D efforts and activities in developing optical 
fibre grating devices and technologies and exploring 
their applications for telecommunications, optical signal 
processing and smart sensing, and recently for medical 
care and biophotonics. In addition, we have also witnessed 
successful commercialisation of these R&Ds, especially 
in the area of fibre Bragg grating (FBG) based distributed 
sensor network systems and technologies for engineering 
structure monitoring in industrial sectors such as oil, energy 
and civil engineering. Despite countless published reports 
and papers and commercial realisation, we are still seeing 
significant and novel research activities in this area. This 
invited paper will give an overview on recent advances 
in fibre grating devices and their sensing applications 
with a focus on novel fibre gratings and their functions 
and grating structures in speciality fibres. The most 
recent developments in (i) femtosecond inscription for 
microfluidic/grating devices, (2) tilted grating based novel 
polarisation devices and (3) dual-peak long-period grating 
based DNA hybridisation sensors will be discussed. 
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Fiber Bragg Grating Structures Inscribed Using 
800nm Femtosecond Laser in Single- and Multi-
core Mid-IR Glass Fibers with Their Spectral, 
Thermal and Strain Properties 
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3. Physics Department, School of Engineering and 
Physical Sciences, Heriot-Watt University, Edinburgh, 
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Single- and multi-core passive and active germanate and 
tellurite glass fibers represent a new class of fiber host 
for in-fiber photonics devices and applications in mid-IR 
wavelength range, which are in increasing demand. Fiber 
Bragg grating (FBG) structures have been proven as one 
of the most functional in-fiber devices and have been 
mass-produced in silicate fibers by UV-inscription for 
almost countless laser and sensor applications. However, 
because of the strong UV absorption in germanate and 
tellurite fibers, FBG structures cannot be produced by UV-
inscription. In recent years femtosecond (fs) lasers have 
been developed for laser machining and microstructuring 
in a variety of glass fibers and planar substrates. A number 
of papers have been reported on fabrication of FBGs 
and long-period gratings in optical fibers and also on the 
photosensitivity mechanism using 800nm fs lasers. 

In this paper, we demonstrate for the first time the 
fabrication of FBG structures created in  passive and active 
single- and three-core germanate and tellurite glass fibers 
by using 800nm fs-inscription and phase mask technique. 
With a fs peak power intensity in the order of 1011W/
cm2, the FBG spectra with 2nd and 3rd order resonances at 
1540nm and 1033nm in a single-core germanate glass fiber 
and 2nd order resonances between ~1694nm and ~1677nm 
with strengths up to 14dB in all three cores of three-core 
passive and active tellurite fibers were observed. Thermal 
and strain properties of the FBGs made in these mid-
IR glass fibers were characterized, showing an average 
temperature responsivity of  ~20pm/°C and a strain 
sensitivity of  1.219±0.003pm/µε.
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Synergistic Integration of Microring Resonator 
with Mach-Zehnder Interferometer and 
Its Applications: Two-ring Mach-Zehnder 
Interferometer

Stevanus DARMAWAN; Landobasa Y. M. TOBING; 
Ting MEI 
Microelectronics/Photonics, Nanyang Technological 
University, Singapore

In this work, we present the conceptualization of novel 
microring-based MZI device, namely the Two-ring 
Mach-Zehnder interferometer (2RMZI), and discuss its 
attractive merit and its applications. This device combines 
the novel phase response of the coupled resonators with 
the simplicity and flexibility of MZI to give unique 
transmission properties not achievable by the individual 
components. The 2RMZI is composed of a loaded-ring 
(two-ring) structure which is coupled with the MZI. The 
two-ring configuration alone is designed to highly localize 
the light in the outer-ring (i.e., anti-resonance in the inner-
ring), resulting in a significant resonance narrowing. By 
combining the two-ring configuration with the MZI, it is 
possible achieve a more complete destructive interference 
off the narrow resonance due to the additional interference 
contributed by the optical pathway in the MZI, thereby 
giving improved resonance characteristic in terms of 
finesse, contrast ratio (CR), and modulation depth (MD), 
where the CR (MD) is defined as the ratio (difference) 
between the maximum and minimum transmissions. 

In collaboration with IMEC of Belgium, and with assistance 
from CEA LETI (France), the 2RMZI device were 
fabricated and demonstrated on silicon-on-insulator (SOI) 
material using complementary metal-oxide-semiconductor 
(CMOS) based deep UV lithography. By taking account of 
the intrinsic phase imbalance between the MZI arms, good 
agreement is obtained between theory and experiment 
verifying the analysis and the assumptions used. 

The authors acknowledge Dr. Pieter Dumon and Prof. R. 
Baets for the fabrication of SOI devices in Interuniversity 
Microelectronics Center (IMEC) and Commissariat à  l’Énergie 
Atomique –Laboratoire d’Electronique de Technologie de 
l’Information (CEA-LETI). This work was supported by the 
Ministry of Education (MOE), Singapore under Research Grant 
No. ARC 16/07.

  A01034-01803 

Brillouin Distributed Fibre Sensing: State of the 
Art and Perspectives 

Luc THEVENAZ 
Institute of Electrical Engineering, Swiss Federal 
Institute of Technology, Lausanne, Switzerland

Developed societies require more and more information for 
their safety and for their economic development. Recent 
disasters due to landslides, fires in tunnels and collapses 
of bridges are a source of serious concern on the part of 
the public which seeks for more safety and for an efficient 
prevention of these frequent recurrences of dangers.

Sensing in adverse environment and extreme conditions 
requires dedicated techniques. Quite recent technologies 
may offer novel valuable solutions and give rise to a 
strenuous research effort. Optical technologies are an 
essential actor owing to their tremendous capability 
to transmit and process a high density of information. 
Optical fibre is a key component for these technologies 
and its potential for optical processing and for collecting 
information as sensing probe is still widely unexplored. 
The development and the popularity of telecommunications 
have entirely screened the fact that optical fibres may be 
efficiently used for sensing purposes.

In this paper we present applications of a novel technique 
using optical fibres to monitor large structures for safety 
purpose. The fibre is used as sensing element and can 
provide distributed measurements of quantities like 
temperature or strain. In other words a value of temperature 
and/or strain can be obtained for any point along the fibre. 
This is made possible by using a nonlinear optical effect in 
the fibre called Stimulated Brillouin Scattering (SBS).

Optical fibre sensors based on stimulated Brillouin 
scattering have now clearly demonstrated their excellent 
capability for long-range distributed strain and temperature 
measurements. The Brillouin interaction causes the 
coupling between optical and acoustic waves when a 
resonance condition is fulfilled. It turns out that this 
resonance condition is strain and temperature-dependent, 
so that determining the resonance frequency directly 
provides a measure of temperature or strain.

The resonance frequency is an intrinsic property of the 
material that may be observed in any silica fibre. This is 
very attractive since the bare fibre itself acts as sensing 
element without any special processing or preparation 
on the fibre. Standard optical cables may thus be used, 
resulting in a low-cost sensing element that may be left in 
the structure. Since the optical effect only depends on the 
fibre material, it is absolutely stable in time and independent 
of the instrument. Different measurements performed over 
a long-term period are thus fully comparable.
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The latest developments in this class of sensors will be 
shown, such as the possibility to measure with a spatial 
resolution of 10 cm and below, while preserving the 
full accuracy on the determination of temperature and 
strain. Illustrative examples of site measurements will be 
presented and future prospects will be discussed.

  A01089-01883 

Theoretical Investigation of Surface Plasmonic 
Resonance Sensor Based on Spectral Detection 
Technique

Lei YANG1; Xia YU2; Ping SHUM1; Ying ZHANG2; 
Yehuda LEVIATAN3 
1. Network Technology Research Centre, Nanyang 
Technological University, Singapore
2. Singapore Institute of Manufacturing Technology, 
Singapore
3. Department of Electrical Engine, Israel Institute of 
Technology, Israel

This paper presents the analysis on surface plasmon 
resonance (SPR)-based refractive index sensor using 
spectral detection technique. The theoretical simulation 
uses a multi-layer Kretschmann configuration model 
which consists of prism, gold layer, liner layer, sample 
layer and buffer. Wavelength dependence of the materials 
has been included in the model. A better understanding of 
the effects from different parameters is essential for the 
sensor design and system optimization. The effects of the 
gold film, the linker and the sample are firstly analyzed by 
numerical simulation. The results show that for spectral 
detection, the optimal range of gold thickness is 40 nm to 
60 nm and thickness for linker layer should be small within 
1 nm to 20 nm. Thermal effects are also considered in the 
simulation. Temperature causes the change of material 
thickness and dielectric constant. The results show that 
change in temperature will cause linear shift of resonance 
spectral. Based on our design using prism based system, the 
theoretical refractive index sensitivity of spectral detection 
can reach up to 10-6 refractive index unit (RIU). 

  A01091-03822 

Large Area Anodized Aluminium Templates for 
Nano-Imprinted Optical Fibre Probes

Gorgi KOSTOVSKI1; Udayakuma CHINNASAMY1; 
Sasani JAYAWARDHANA2; Paul STODDART2; 
Arnan MITCHELL1 
1. Microelectronics and Materials Technology Centre, 
RMIT University, Melbourne, Australia
2. Centre for Atom Optics and Ultrafast Spectroscopy, 
Swinburne University, Melbourne, Australia

The recent application of nanoimprint lithograpy (NIL) 
to optical fibre end-faces demonstrates a platform for 
NIL that allows for the automatic optical interrogation of 
the imprinted surface. The potential applications of this 
partnership are elucidated by NIL’s ability to replicate 
arbitrary planar patterns with nanoscale resolution, 
providing an economical means to subwavelength and 
plasmonic structures amongst more traditional diffractive 
elements. In sensing applications, the length of the 
optical fibre inherently allows for remote interrogation. 
Additionally, the diminutive scale of the fibre endface, 
particularly in relation to the typical imprinted substrate, 
implies the potential for massive device throughput. To 
date, EBL diffractive structures and large-area although 
non-planar nanoscale biological structures have been 
transferred successfully. 

In this paper we examine the application of nanostructured 
anodized aluminium films as templates for imprinting 
optical-fibre endfaces. Anodizing aluminium provides an 
accessible means of patterning exceedingly large substrate 
areas with semi-regular nanoscale pores. A high density of 
~20nm pores is easily achievable. These structures can be 
used to fulfil subwavelength, antireflective, plasmonic and 
surface-enhanced Raman scattering (SERS) requirements. 

Here, the fine features of anodized aluminium allow us to 
test the resolution and stability of our imprinting processes, 
while the large surface area of this template allows us to 
explore the potential for the mass-imprinting of optical 
fibres. 

Aluminium films are deposited onto transparent substrates 
by electron beam evaporation, and once anodized, their high 
melting points and adequate transparency at submicron 
thicknesses are exploited to enable both the thermal and 
ultraviolet imprinting of several common polymers. Anti-
adhesion layers of <10 nm PDMS are found to be essential 
for the clean release of the imprinted fibres. 

As an application of these imprinted fibres, we demonstrate 
their performance as SERS probes and compare them with 
previous biotemplated work. 
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  A01200-02047 

Ultra Low Power Silicon Photonic Crystal-based 
Chromatic Dispersion Compensator

Ching Eng PNG1; Soon Thor LIM1; Er Ping LI1; 
Danner AARON J.1;2; Ogawa KENSUKE3; 
Yong Tsong TAN3 
1. Computational Electronics and Photonics, Institute of 
High Performance Computing, Singapore
2. Department of Electrical and Computer Engineering, 
National University of Singapore, Singapore
3. Optics and Electronics Laboratory, Fujikura Ltd., 
Japan

This work demonstrates 3D simulation of a novel silicon 
photonic crystal chromatic dispersion compensator 
(CDC) with photonic crystals (PhC) patterned on a 
silicon (Si) substrate, by exploiting a device structure 
where electrical and optical properties can be individually 
designed. The PhC-based CDC was simulated using three-
dimensional (3D) electrical and optical means with a 
power consumption of 114nW. The device operates at a 
wavelength of 1550nm.

The novel nanostructured electro-optic (EO) waveguide 
consists of a low-loss Si3N4 rectangular core and a 2D Si/
SiO2 PhC layer controlled by voltage bias. The importance 
of the electrical characteristics is underpinned by the 
z-direction of the CDC having alternating refractive index 
(RI) due to the PhC. Due to a thin layer (100nm) of Si/PhCs 
for electronic transport and a separate Si3N4 core for the 
bulk of the optical waveguiding, the electrical and optical 
properties can be individually tailored. This may enable 
low-cost and highly efficient CDCs. The low-loss Si3N4 
waveguide is 1µm wide and 400nm thick, and the PhC 
consists of a 2D triangular lattice of 242nm-diameter SiO2 
pillars embedded in a host Si layer. The lattice pitch is 400 
nm.  The 100nm-thick Si layer serves as host medium for 
the PhC layer, and a 1µm-thick buried oxide layer provides 
a lower cladding. The length of the CDC is 1.35µm. 

The anode and cathode dopant windows are 1µm wide 
and doped to a concentration of 1020/cm3 with Boron and 
Arsenic respectively with an intrinsic spacing of 400nm 
in between, creating a p-i-n structure. The host Si’s RI 
is controlled by the plasma dispersion effect which then 
influences the effective guiding RI of Si3N4. The CDC 
cannot be studied using 2D methods due to non uniformity 
in the propagation direction created by the PhC pattern. 
Thus, a 3D device simulator from SILVACO was utilized 
to model the induced charge density as a function of the 
drive voltage, incorporating physical models to account 
for carrier statistics, doping and field dependent carrier 
mobility, and doping dependent carrier recombination 
lifetimes.

According to the simulated CDC direct current 
characteristics, the ON state resulted in injected carriers 

with a concentration of ~3 x 1017/cm3, which in turn 
translates to a RI change of ∆n~10-3, and the OFF state 
corresponds to no carrier injection state, i.e., no carrier 
injection. The current and voltage required to achieve the 
ON state are 0.92V and 114nA respectively; giving a turn 
on power of approximately 114nW. 

In conclusion, we utilized 3D device simulation of highly 
efficient Si-based PhC CDC, with power consumption in 
the nano-watt regime. Simulating in 3D is extremely critical 
especially for active optical devices with structures that are 
non-homogenous in the light propagation direction. 

  A01225-02094 

Performance of Microfiber Ring Resonators

Guillaume VIENNE1; Aurelien COILLET2; 
XuFeng KOU1; Philippe GRELU2; Limin TONG1 
1. Department of Optical Engineering, Zhejiang 
University, Hangzhou, China
2. Institut Carnot de Bourgogne, UMR 5209 CNRS - 
Universite de Bourgogne, Dijon, France

In recent years microfiber ring resonators have been 
demonstrated in different geometries such as loops, coils, 
simple knots, and reef knots. Here, we study the performance 
of different microfiber ring resonators function of key 
structural parameters such as fiber diameter, ring size, and 
coupler geometry. The results are both extracted from fits 
to measured transmission spectra and from resolution of 
the Maxwell equations in structures close to the fabricated 
samples. The performance of different resonators in 
the nonlinear regime will also be evaluated and pulse 
shaping experiments in microfiber ring resonators will be 
presented.   

  A01331-02327 

Fibre-integrated, High Average Spectral Power 
Density Supercontinuum Sources 

John TRAVERS; Sergei POPOV; James Roy TAYLOR 
Physics, Imperial College London, United Kingdom

The high power fibre laser in its many and varied formats, 
integrated with a non linear optical fibre provides a 
versatile source of radiation that has been both a scientific 
and commercial success. Although the underlying physics 
of the processes utilized in these devices has been 
well established for twenty-plus years, it has been the 
dramatic steps forward in technology and the control of 
the nonlinearity that has led to the rapid uptake of these 
integrated devices. 

In addition to the fibre laser, and several systems will be 
described here although the emphasis will be placed on 
cw pumping to achieve the greatest average powers, it 
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clearly has been the introduction of the photonic crystal 
fibre that has been a strong influence on the particular 
success of the supercontinuum source. The flexibility of 
the waveguide dispersion and the ability to place the zero 
dispersion at effectively any wavelength allows matching 
of pump source to fibre, while the ability to enhance or to 
effectively eliminate the nonlinearity has uniquely placed 
the PCF as an indispensable element in the control of non 
linear optical processes. 

Accompanied by improved modeling techniques 
permitting excellent agreement between theory and 
experiment, improved fibre geometries have been 
suggested and introduced, some of which will be described 
here, to allow wavelength extension and power scaling of 
supercontinuum sources. The power scaling of cw pumped 
supercontinua will  be described, achieving in excess of 
100mW/nm in the infrared and also to be reported is the 
observation of short wavelength extension in 1 micron cw 
pumped systems to 600nm where up to 2mW/nm has been 
measured. Techniques to extend the wavelength extent and 
several fibre laser systems will be described.

  A01361-02372 

Relaxation of Critical Coupling Condition in Two-
ring Resonator Systems

Landobasa Y. M. TOBING; Stevanus DARMAWAN; 
Ting MEI 
Electrical and Electronics Engineering, Nanyang 
Technological University, Singapore

Ring resonator has been shown to be a good candidate 
for photonic integrated circuit (PIC), where by tailoring 
its resonant properties, passive and active functionalities 
from add-drop filter to optical switching can be realized. 
In this conference, theoretical study and experimental 
measurements of two-ring systems coupled to one optical 
waveguide are conducted. We show that transmission 
properties of the two-resonator system depend strongly on 
the relative size of one ring to the other, where the light 
localization in each ring can be controlled. This may offer 
advantages over the one-ring systems, for example in 
relaxing the critical coupling condition which has been a 
difficulty in one-ring system.  Critical coupling is a simple 
concept where the light coupled into the cavity is exactly 
absorbed or dissipated within one round trip, which gives 
a resonant-absorption that has a very high contrast, which 
is suitable for bio-chemical sensing or switching related 
applications. In practice, however, matching coupling 
strength and round-trip cavity loss is difficult because (1) 
the information on cavity loss can only be obtained after 
the fabrication and (2) the coupling strength needs to be 
very weak in the low loss rings, which is difficult to control 
for it sensitively depends on gap separation. 

In the two-resonator system, the light from optical 
waveguide excites two resonant optical pathways. The 
interference of these optical pathways can be tailored 
by adjusting the relative cavity sizes and thus can give 
significant enhancement in resonance finesse (cavity 
lifetime). Such enhancement can be used to increase the 
effective cavity loss in the system, and therefore ease 
the condition to achieve critical coupling. The advantage 
that the two-ring offers is that the near critically coupled 
transmissions can be obtained within a broad range of 
coupling strengths and cavity loss, which cannot be 
obtained in one-ring alone.  Experimentally, the two-ring 
systems with different coupling strengths and relative-
sizes are fabricated in silicon-on-insulator (SOI) using 
deep-UV lithography (DUV), where the ring radius is 
varied from 5µm to 15µm. We demonstrate that a high 
contrast transmission is obtained for two-ring structure 
with a moderately strong coupling and length tolerance of 
~1µm. This illustrates the broad range of coupling strength 
in the two-ring systems. Apart from critical coupling, we 
also observe the second-order effects such as the coupling 
induced frequency shift (CIFS) in the two-ring systems. 
We show that such coupling-induced splitting depends on 
the coupling strength between the two rings. 

The authors acknowledge Pieter Dumon and Roel Baets for the 
fabrication of SOI devices in Interuniversity Microelectronics 
Center (IMEC) and Commissariat à  l’Énergie Atomique 
—Laboratoire d’Electronique de Technologie de l’Information 
(CEA-LETI). This work was supported by the Singapore National 
Research Foundation under CRP Award No. NRF-G-CRP 2007-
01.
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Ultra Compact SOI Tapered MMI

Shuh-Ying LEE; Landobasa Y. M. TOBING; 
Stevanus DARMAWAN; Yichen LI; Ting MEI 
Electrical and Electronics Engineering, Nanyang 
Technological University, Singapore

Multimode interference (MMI) couplers for ring resonators 
offer more relaxed fabrication tolerances compared to 
directional couplers (DC). It is our interest to optimize the 
design of compact silicon-on-insulator (SOI) 3dB MMI 
couplers which can surpass the performance and size of 
directional couplers and more conventional MMIs. Slightest 
reduction in MMI size or length will result in smaller race-
tracks and brings us closer to the possibility of having 
near-circular ring-resonators even with the MMIs and 
such ultra-compact resonators push the limit of resonator 
cavity size to enhance nonlinear optical interactions, and 
may also be required for future ultra-broadband DWDM 
applications and for dense photonic integration.

The key consideration in designing these MMIs is ensuring 
as little loss as possible while maintaining a compact size. 
Although the splitting ratios of MMIs are affected as the 
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size is reduced, there has not been a definite guideline to 
determine its limit. Here, we experimentally demonstrate 
fabrication-tolerant 50/50 MMIs with bandwidth of 
40nm.  The self-imaging principle which is ubiquitous 
to MMI devices and analysis on tapered MMIs that has 
been performed the past decade or so has been referred 
to in calculating the lengths of our devices. Numerical 
simulation based on finite-difference method, beam 
propagation method (BPM), and finite-difference time-
domain (FDTD) method have been utilized to confirm the 
lengths of the MMI and in simulating the waveguide losses 
of all the individual components.

We have demonstrated on silicon-on-insulator (SOI), 
fabricated using deep-UV (DUV) lithography, MMI 
devices as standalone passive components are able to 
perform splitting even with very compact sizes. These 
devices show that it is possible to achieve satisfactory 
splitting results for two different types of materials and 
dimensions. For the case of compact MMIs, a considerable 
reduction in size is obtained using high-contrast photonic 
wires with strong confinement and therefore sharp bends 
and high group index. Instead of the conventional Type 
I MMI or Type II restricted interference MMI, we have 
employed an MMI design, with the dimensions of 2x14µm2 
(width x length), which instead can retain the compactness 
of edge port coupling without erring in the 3dB splitting 
ratio that the miniaturization of such conventional design 
usually entails. We have also demonstrated a 3x8.8µm2 
80:20 wedge splitter which is possibly the smallest of such 
device to date.

This work was supported by the Ministry of Education (MOE), 
Singapore under Research Grant No. ARC 16/07.
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Optical Fibre Nanowires and Microwires 
Manufactured by the Modified Flame Brushing 
Technique: Extraordinary Properties and 
Applications 

Gilberto BRAMBILLA 
Optoelectronics Research Centre, University of 
Southampton, Southampton, United Kingdom

Until recently, surface roughness and inhomogeneity 
appear to have limited the use of optical wires with 
diameters ranging from tens of nanometers to few microns 
for optical applications. In the last few years, optical 
fibre nanowires and microwires (OFNM) have attracted 
increasing interest because of the wide range of optical and 
mechanical properties they offer, including: 

1) High confinement: light can be confined to a very small 
area over long device lengths allowing the observation 
of highly nonlinear interactions, such as supercontinuum 
generation or nonlinear switching, at relatively modest 
power levels.

2) Large evanescent fields: a considerable fraction of the 
power can propagate in the evanescent field outside the 
physical boundary of an OFNM. This allows for particle 
trapping/propulsion and for the fabrication of highâ€“Q 
resonators, sensors and resonating sensors, atom guides.

3) Extraordinary mechanical strength and flexibility: 
OFNM can have ultimate strengths in excess of 10GPa. 
They can also easily be bent with curvature radii of the 
order of a few microns. Because of the high confinement, 
high-Q resonator microcoils can be readily achieved with 
relatively low induced bend loss allowing for highly 
compact devices.

4) Extremely low-loss interconnection to other fiberised 
components: since OFNMs are fabricated by adiabatically 
stretching optical fibres, they preserve the original optical 
fibre size at their input/output allowing ready connection 
to standard fibres with losses smaller than 0.1dB.

In this talk a range of applications exploiting OFNMs will 
be presented, with a particular stress on confinement, large 
evanescent fields and transition regions.

Applications include mode filtering, supercontinuum 
generation, high-Q resonators, sensing and resonant 
sensing, optical trapping, optical propulsion and sub-
wavelength confinement.

GB gratefully acknowledges the Royal Society (London, U.K.) 
for his research fellowship.

  A01425-02467 

Ultrafast Nonlinear Optics on a Chip: Enabling 
Signal Processing at Terabits per Second 

Benjamin EGGLETON 
Physics, University of Sydney, Sydney/NSW, Australia

I review our recent progress in developing ultrafast 
photonic integrated circuits based on highly nonlinear 
materials. Recent highlights include OTDM switching 
at 640Gb/s and an all-optical RF spectrum analyzer with 
Terahertz bandwidth.
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  A01445-02509 

A Novel Bragg-like Chirped Clad Fiber: Design 
Issues 

Somnath GHOSH; Ravendra Kumar VARSHNEY; 
Bishnu Pada PAL 
Physics Department, Indian Institute of Technology, 
Delhi, India

Light guidance in a microstructured optical fiber (MOF) 
using photonic bandgap (PBG) is an emerging field of 
interest in recent years. The bandgap guided resonant 
designs find applications in various fields for example, 
integrated optical devices, medical diagnostics, and 
microwave photonics. In the last ICMAT’07 we reported 
how a chirp could be exploited as a design tool to tailor 
the propagation characteristics of a 1D PBG waveguide 
namely, Bragg reflection waveguide. Similar idea has 
been very recently applied in a paper on MOF by Skibina 
et al and reported in Nature Photonics 2008 to reduce 
detrimental effects of dispersion in short pulse propagation 
in such structures and also to enhance the width of 
the bandgap. The fabricated MOF however exhibited 
deviations from their optimized design due to certain 
fluctuations of geometrical parameters e.g. air hole size, 
along the longitudinal direction, which were difficult to 
control in the material system they had chosen. However, 
the end result was that their fabricated MOF yielded a 
flat dispersion spectrum better than the designed one, 
which the authors attributed to those fluctuations. Our 
contention here is that it is extremely difficult to control 
such parametric fluctuations in a holey kind of MOF with 
the current technology. 

In the present paper, we report for the first time a novel all-
solid Bragg-like PBG fiber structure. In our sample design 
we assumed the fiber to be soft glass-based, and it has a 
linearly index chirped claddings. Our choice of the glass 
system was driven by the fact that it is all-solid and also 
it supposedly yields reproducible MOFs. Our designed 
fiber yields an ultra-high transmission bandwidth. We 
show bandwidth enhancement on the longer wavelength 
range by as large as 80 nm for an index chirp ratio of 1.5. 
Furthermore, through a suitably chosen spatial chirp, the 
transmission bandwidth could be enhanced by about ~ 
100 nm on both long and short wavelength sides of the 
bandgap. Further it is shown that loss could be minimized 
in such structures through larger number of bi-layers while 
maintaining the same chirp ratio. The results of our study 
should be very useful to bandgap fiber designers and this 
technique could be exploited to design specialty fibers for 
short pulse propagation, fiber lasers and Bragg fiber-based 
devices.

  A01446-02523 

Modeling Endface Effects of Optical Micro/
nanofibers 

Shanshan WANG; Limin TONG 
Department of Optical Engineering, Zhejiang University, 
Hangzhou, China

Endface output patterns and reflectivities of micro/
nanofibers (MNFs) are simulated using a three-dimensional 
finite-difference time-domain (3D-FDTD) method. The 
FDTD simulations are performed using a freely available 
software package Meep. Silica, tellurite and semiconductor 
are used as typical materials in the simulation. The output 
patterns of freestanding single-/multi-mode MNFs with 
flat and angled endfaces in air and/or water are obtained. 
Our results show that for a subwavelength-diameter MNF, 
highly confined output beam can be obtained in the near 
field, and the beam width can be tuned by the ratio of fiber 
diameter and light wavelength with a minimum width 
smaller than the wavelength. Correspondingly, typical 
endface reflectivities (ERs) of freestanding single-/multi-
mode MNFs are obtained. It shows that, for a single-mode 
MNF, ER decreases monotonously with the increasing 
wavelength, decreasing index and diameter of MNF. For a 
multi-mode MNF, length-dependent periodical oscillation 
and polarization-dependent ER are revealed. These results 
may offer valuable references for practical evaluation 
and application of terminated MNFs with wavelength- or 
subwavelength-scale endfaces.

  A01446-02528 

Polymer Single-Nanowires for Optical Sensing 

Fuxing GU; Limin TONG 
Department of Optical Engineering, Zhejing University, 
Hangzhou, China

We report a general route to optical sensing with 
waveguiding polymer single nanowires. Functionalized 
polymer single nanowires, drawn from solvated polymers, 
are evanescently coupled to nanoscale fiber tapers 
for optical launching and signal collection. Based on 
pronounced changes in waveguiding behavior of the 
nanowire when exposed to specimens, functionalized 
polymer nanowires are used for humidity sensing with a 
response time of 30 ms and for NO2 and NH3 detection 
down to subparts-per-million level. By using spectral 
analysis in the visible/near-infrared region, we have also 
demonstrated highly selective detection of gas mixtures 
with a NH3 detection limit on parts-per-million level and 
relative humidity sensing ranging from 37% to 84%. The 
compact and flexible sensing scheme shown here may be 
attractive for very fast and highly selective detection in 
physical, chemical, and biological applications with high 
sensitivity and small footprint.
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Progress in Creating Second-order Optical 
Nonlinearity in Silicate Glasses and Optical 
Fibres through Thermal Poling 

Simon FLEMING; Honglin AN 
Institute of Photonics and Optical Science, School of 
Physics, University of Sydney, Sydney, Australia

Silicate optical glasses are technologically very important 
materials, especially in telecommunications, because of 
their excellent properties such as strength, the ability to 
be drawn into fibre and optical properties including high 
transparency over a wide wavelength range. Silica glass 
has now become the backbone of modern communications 
systems. But its use has been confined to mainly passive 
roles due to its low non-linearity.

In 1991, R.A. Myers et al. published the surprising result 
of creating a large second-order nonlinearity of the order 
of 1 pm/V in fused silica with a technique called “thermal 
poling”. Since then, extensive research efforts have been 
put into further developing this technique, understanding 
the underlying mechanism, and applying this technique to 
other optical glasses. Over the last decade, the mechanism 
has been steadily elucidated; however much still needs 
to be understood for the process to be applied reliably 
and optimally. The thermal poling process involves the 
migration of charges (mainly sodium ions) which are 
made mobile by the heat and applied electric field, and 
subsequent creation of an internal space-charge field with 
the migrated charges frozen into the glass after the heat is 
removed. The internal space charge field then acts on the 
third-order nonlinearity of the poled glass to give a second-
order nonlinearity to the otherwise amorphous glass.

This paper describes progress in characterising the 
distribution and localisation of the second-order 
nonlinearity induced in thermally poled silicate glasses 
and special fibres. It starts by describing the basics of the 
poling technique, especially the most commonly used 
“thermal poling” technique. Then results of systematic 
investigation of the distribution of the second-order 
nonlinearity in poled glass and special fibres with second-
harmonic microscopy are presented. Interesting issues 
such as poling-induced structural modifications are also 
discussed. The paper concludes with a discussion of the 
applications of poled silica fibre.

  A01538-02687 

Recent Progress on Ultrafast/ultrashort/
frequency-stabilized Erbium-doped Fiber Lasers 
and their Applications 

Masataka NAKAZAWA 
Research Laboratory of Electrical Communication, 
Tohoku University, Sendai-shi, Japan

There are many kinds of fiber lasers operating in the 1.5 
μm region using erbium-doped fiber amplifiers. Our group 
has been studying and developing advanced fiber lasers 
such as (1) 10-40 GHz harmonically mode-locked fiber 
lasers, (2) femtosecond fiber lasers that use single-wall 
carbon nanotube (CNT)-doped polymers as a saturable 
absorber (SA), and (3) frequency-stabilized fiber lasers 
that employ acetylene C2H2. We will describe recent 
progress on these fiber lasers and their applications. First, 
as regards (1), we describe 10-40 GHz regeneratively 
mode-locked, subpicosecond fiber lasers, and refer to 
an application to a new type of Cs atomic optical clock. 
Since regenerative mode-locking can simultaneously emit 
both a GHz optical pulse train and the corresponding 
microwave sinusoidal signal, the repetition rate can be 
stabilized to a Cs ground-state resonance between F=3 
and F=4, which has a resonance frequency of 9.1926 GHz. 
This enables us to provide an ultrastable clock through an 
optical fiber network as the laser emits a stable pulse train 
with the same stability as a Cs clock. We also report the 
application of these lasers to 160-640 Gbit/s ultrahigh-
speed optical time division multiplexing (OTDM) 
transmission. In the second topic (2), we describe 100-200 
fs pulse generation at 50 MHz using a CNT-doped fiber 
laser. CNT was used to dope PMMA, polystyrene (PS), 
and polycarbonate (PC). Of these, the PC-CNT exhibited 
the best temperature performance. We describe a very 
simple film-SA sandwiched by fiber connectors. Finally, 
we describe a frequency-stabilized fiber laser that has a 
frequency stability of greater than 10-11 and its application 
to coherent optical communication. We also refer to a 
frequency-stabilized, repetition-rate mode-locked fiber 
laser using a new PLL scheme, which makes it possible 
to realize independent control of the optical frequency and 
the repetition rate. 



22     Symposium P - Optical Fiber Devices and Applications

  A01632-02828 

Properties of Photonic Band-gap Mode due to 
a Topological Defect within a Photonic Crystal 
Fiber Cladding

Georges HUMBERT1; Fetah BENABID2; 
Peter ROBERTS3; Frederic GEROME1; 
Yingying WANG2; Phil LIGHT2; Jean-Marc BLONDY1 
1. Photonics, Universite de Limoges, Limoges, France
2. Centre of Photonics and Photonic Materials, 
University of Bath, Bath, United Kingdom
3. Department of Photonics Engineering, Technical 
University of Denmark, Lyngby, Denmark

Photonic Band-Gap (PBG) fibers, composed of a hollow 
or solid-core surrounded by 2-dimensional photonic 
crystal cladding, have been the subject to an ever growing 
interest over the past decade. Within specific wavelength 
and effective index ranges, some of the structural features 
in the cladding act as coupled resonating-waveguides. As 
a result allowed and forbidden photonic bands are formed 
within the mode spectrum of the photonic crystal cladding. 
Light guiding is then possible by introducing a defect area 
in the photonic crystal, provided that the defect supports 
guided mode within the forbidden band (i.e. band-gap). 
Generally, this is done by choosing a defect whose material 
index is lower than the fundamental index of the cladding 
photonic structure. This is motivated by the fact that the 
indices of the cladding band-gaps always lie below this 
cladding index. Here, we report on the existence of a PBG 
defect mode that is confined in and close to a topological 
defect whose material refractive index is as high as, or 
higher than, the index of all of the structural constituents 
of the photonic structure. 

Here, by topological defect, we mean that the introduction 
of a defect in a periodic photonic structure (e.g. an array 
of high index rods embedded in lower refractive index 
background) is achieved by only geometrically distorting 
one of the structural constituents (e.g. reducing the 
diameter of a rod) rather than removing it or introducing 
another material. 

Properties of the modes confined in and close to this rod 
defect are compared to the ones of mode guided in the 
same rod in an infinite low refractive index background. 
This comparison emphasizes the function of the PBG array 
in mode confinement. When guidance is weak (< 0.1 % of 
intensity in rod), stronger field confinement in the defect 
area results due to the presence of the band-gap cladding. 
In addition, this is accompanied by a deeply modified 
waveguide chromatic dispersion of the mode. 

The topological defect mode has been experimentally 
observed within a sub-micron scale silica-node of the 
cladding of a hollow-core photonic crystal fiber. In 
contrast with previous reported work, the properties of this 
silica-node are determined by guidance within the band 

gap. Despite the connecting silica-struts, the mode can be 
confined in the defect within the band-gap frequencies of 
the photonic crystal. Chromatic dispersion of the mode 
exhibits a zero dispersion wavelength within the band-
gap. In addition, at longer wavelength, in the anomalous 
dispersion regime, the dispersion decreases to zero leading 
to flattened curve which is due to the presence of the 
silica-struts. This rather unusual dispersion curve might be 
a rich platform for studying new non-linear interactions. 
Nonlinear experiments with a fs-pulsed laser in normal 
and anomalous dispersion regimes will be presented as 
well as the potential of this kind of mode for nonlinear 
optic applications. 

  A01634-02832 

Tip-induced Change in Polarized Raman 
Properties of Nanoribbons

Bin YAN; Chaoling DU; Yumeng YOU; Lei LIAO; 
Zhe ZHENG; Zexiang SHEN; Ting YU 
School of Physical & Mathematical Sciences, Nanyang 
Technological University, Singapore

This work demonstrates interesting effects of nanoribbon 
ends in Raman scattering. We investigate the spatial 
behavior of Raman scattering of V2O5 nanoribbons with 
polarized Raman imaging technology. The competition 
between the natural dependence of Raman tensors and 
the strong polarized local field, leads to different polar 
scattering patterns at the body and tips of the nanostructure. 
This gives rise to a pronounced intensity contrast along 
the sample for certain experimental geometry. Strong 
polarized local field at the ends of nanoribbon, results 
into the observed of ‘optical antenna effect’, which is 
further confirmed by polar plots for different Raman 
modes. Besides, the experiments further illustrate that the 
nanoribbon tips may be useful for the realization of future 
sub-wavelength photonic components such as polarized 
nano-emitter, etc.

  A01637-03002 

Small Fibers - Big Physics

John DUDLEY 
Institut FEMTO-ST, Universite de Franche-Comte, 
Besancon, France

Research in nonlinear fiber optics is currently undergoing 
dramatic expansion, motivated particularly by advances 
and developments in photonic crystal fiber design and 
application(PCF). This paper will present a survey of 
selected recent works in this field, focussing mainly on the 
ways in which studies of nonlinear pulse propagation in 
PCF has revealed unexpected links with important areas 
of fundamental physics. Results covered will include 
supercontinuum generation and its aplications, optical 
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self-similarity, nonlinearity in nanoscale waveguides, 
links with gravititional physics, and the recent observation 
of extreme value “optical rogue waves”.

  A01672-02890 

DWDM Channelized Pulsed Carrier Generated from 
Optical Injection Mode-Locked Weak-Resonant 
Laser Diode Based Fiber Ring Laser System

Gong-Ru LIN; Yu-Chieh CHI; Guo-Hsuan PENG 
Graduate Institute of Photonics and Optoelectronics - 
Department of Electrical Engineering, National Taiwan 
University, Taipei, Taiwan

This talk presents the investigation on characteristics of a 
newly proposed dense wavelength-division-multiplexing 
(DWDM) channelized pulsed carrier for optical time-
division-multiplexing (TDM) network applications, which 
is implemented by using optical injection mode-locking 
of a weak-resonant-cavity Fabry-Perot laser diode (WRC-
FPLD, with 10%-end-facet reflectivity) based fiber ring.  
The 10-GHz mode-locking WRC-FPLD fiber ring laser 
pulse-train was generated by using a 10-GHz dark-optical 
comb injection, while the 200-GHz DWDM channelization 
is achieved by using dual-cavity induced least common 
multiplication of the longitudinal mode frequencies of 
WRC-FPLD and fiber ring.  Some important features are 
discussed in this talk.  First, the optical injection mode-
locking of the WRC-FPLD fiber ring with an intra-cavity 
power controlled wavelength shift and a reducing chirp 
linewidth at high intra-cavity coupling ratio condition is 
demonstrated.  Both the strong dark-optical comb and 
strong feedback coupling contribute to the wavelength 
spectrum shift toward longer wavelength, a wavelength 
shift from 1536 to 1542 nm of the weak-resonant-cavity 
FPLD based fiber ring associated with its pulsewidth and 
linewidth also reduced from 27 to 19 ps and from 10 to 
6 nm, respectively, can be observed.  Furthermore, the 
peak-to-peak frequency chirp reduced from 3.5 to 1.8 GHz 
was caused by the shrink of linewidth.  Second, a novel 
optical TDM pulsed carrier from optically injection-mode-
locked WRC-FPLD fiber ring laser is demonstrated with 
tunable mode spacing matching ITU-T DWDM channels.  
The FPLD exhibits relatively weak cavity modes and 
a gain profile covering >33.5 nm with intracavity mode 
spacing of 1.6 nm.  The mode-spacing spacing was 
tunable by adjusting length of the fiber ring cavity.  The 
least common multiple between the longitudinal mode 
frequencies of the WRC-FPLD and the ring cavity results 
in 12 lasing modes with channel spacing of 200 GHz and 
a mode-locking pulsewidth up to 19 ps.  The operating 
wavelength can further extend from 1520 to 1553.5 nm.  
After channel filtering, each selected longitudinal mode 
component give rises to shortened pulsewidth of 12 ps due 
to reduced group velocity dispersion. By linear dispersion 
compensating with 55 m long dispersion compensation 
fiber (DCF), the pulsewidth can be further compressed 

to 8.5 ps with corresponding chirp reducing from 9.7 to 
4.3 GHz.  At last, the nonlinear soliton pulse compression 
of a backward dark-optical-comb injection harmonic-
mode-locked WRC-FPLD fiber ring laser is demonstrated.  
After channeling with a tunable bandpass filter, a shortest 
pulsewidth of 12 ps at 10 GHz is generated for a single-
channel pulsed carrier, which can further be compressed to 
1.4 ps after nonlinear soliton compression.  A maximum 
pulsewidth compression ratio for the fifth-order soliton 
compressed mode-locked WRC-FPLD fiber ring laser 
pulse up to 10 is reported.

  A01728-03011 

The Impact of Polymer Material Properties on 
Microstructured Optical Fibres 

Maryanne LARGE 
Physics, The University of Sydney, NSW, Australia

Polymer optical fibres (POF) have historically been 
regarded as a poor relation to their silica counterparts 
because of their higher attenuation, but they also have 
a number of advantages. In terms of their mechanical 
properties they are lighter, remain flexible at large core 
sizes and can be stretched well beyond 30% without 
breakage. They are also biocompatible, do not produce 
dangerous shards, and their low processing temperatures 
allow functionalised organic materials to be incorporated 
without decomposition. Other advantages for specific 
applications include better transmission properties (in the 
THz region) and the possibility of refractive indices that 
are close to that of water. 

The development of microstructured polymer optical 
fibres allowed these advantages to be explored much more 
fully than with conventional fibres. The wide range of 
processing options for microstructured polymer performs 
(including casting, drilling, stacking extrusion) allow us 
to produce a very large range of structures quite easily. 
The combination of these advantages is that, for the first 
time, we can independently design the geometry and the 
material properties.

Some of the opportunities presented by this approach 
are not at all exotic. For example, by making it simple to 
produce single mode POF- something that is very difficult 
by conventional means- the microstructured approach has 
made it possible to produce Bragg gratings that operate in 
the visible. This allowed the development of fibre strain 
sensors that can operate at strains of up to 30-45%. These 
are currently being tested for applications as diverse as 
breathing sensors and earthquake testing. 

The lower processing temperatures of polymers (about 
250ºC rather than 2000ºC for silica) make it possible to 
incorporate a wide range of organic dopants which degrade 
beyond 400°C. This opens up a design space substantially 
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larger than any previously explored for optical fibres. 
Dopants that have already been explored include chiral 
species for circularly birefingence, organic dyes and 
quantum dots for lasing and amplification. 

An area of potential impact is the control of the refractive 
index. While most polymers have refractive indices in 
the range 1.4-1.5 (similar to silica and other glasses), 
fluorinated polymers have refractive indices that are 
close to the refractive index of water, the main content 
bio materials. This enables efficient coupling between the 
optical field and aqueous solutions for sensing.

In this presentation I will explore the range applications 
for which the material properties of polymers offer unique 
opportunities.

  A01737-03022 

Plasmonics in the Context of Optical Fiber 
Sensing Devices

Aaron Ho-Pui HO 
Department of Electronic Engineering, The Chinese 
University of Hong Kong, Hong Kong

The so-called plasmonics - a field of study that deals with the 
interaction between optical radiations and metal surfaces - 
has made rapid progress in recent years. At the same time, 
the application of plasmonics in optical fiber sensors is 
relatively under-explored. This paper aims to present a 
review on the current situation in order to highlight possible 
directions for further investigation. The unique attributes of 
nano-sized effects from plasmonics and the waveguiding 
benefits of various types of fibers are discussed. Examples 
of surface plasmon resonance photonic sensors, including 
those using surface enhanced Raman scattering, and their 
possible novel applications in the context of optical fiber 
based devices are also presented.

  A01756-03071 

Hollow Optical Fibers and Their Applications in 
Photonic Devices 

Kyunghwan OH 
Physics Department, Yonsei University, Seoul, South 
Korea

During the last two decades, varieties of optical fibers have 
been developed for optical communications and sensors. 
Conventional single mode fibers are massively deployed 
in optical networks, and fibers to compete the chromatic 
dispersion have been added in the portfolio of transmission 
fibers. Furthermore specialty fibers for optical devices such 
as rare earth doped fibers, photosensitive fibers, attenuation 
fibers, as well as polarization maintaining fibers have been 
developed and put into commercialization. All of these 

fibers, however, do have a common structure, a solid core 
with a high refractive index and SiO2 cladding. 

Recently, there have been simultaneous attempts to radically 
modify the conventional fiber structure by introducing air 
holes in the waveguides. micro-structured holely fibers, 
Omniguide fibers, and hollow optical fibers have proposed 
unconventional guiding structures and subsequently 
demonstrated new applications. Hollow optical fiber 
(HOF), composed of central air hole, GeO2-SiO2 ring 
core, and SiO2 cladding, has shown excellent compatibility 
with conventional fibers due to its ability to transform 
the mode adiabatically, which could provide versatile 
applications. For example, HOF has been used to guide 
atom providingoptical funnel. In optical communications, 
on the other hand, HOF has demonstrated new feasibility 
to improve differential modal delay in Gigabit Ethernet, to 
compensate chromatic dispersion for a longer span, and to 
acousto-optically control the polarization of guided modes. 
In this paper, we focus on the optical communication 
applications of the HOF and will review the design 
philosophies, fabrication arts, device integration, and 
system demonstration.

This work was supported in part by the KOSEF (Program Nos. 
R01-2006-000-11277-0 and R15-2004-024-00000-0), the KICOS 
(Program Nos. 2007-8-0536, 2007-8-1864, and 2007-8-1867), 
the ITEP (Program No. 2007-8-2074), and the Brain Korea 21 
Project of the Ministry of Education
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Interferometer Based Fiber Sensor for Refractive 
Index Measurement

Wenting WEI1; Ping SHUM1; Li XIA1; Junqiang ZHOU1; 
Xinyong DONG2 
1. Electrical and Electronic Engineering, Nanyang 
Technological University, Singapore
2. Institute of Optoelectronic Technology, China Jiliang 
University, Hangzhou, China

A Mach-Zehnder interferometer (MZI) is a simple device 
in which the interference pattern changes with the optical 
phase difference between its two optical paths. If the 
phase difference is related to the refractive index (RI) of 
the fiber surrounding gas or liquid, the MZI could be used 
for RI measurement. Many MZI-based RI sensors have 
been proposed based on this technique, showing relatively 
high sensitivity. However, for most of them, the extinction 
ratio of their interference fringes is relatively low and 
the fabrication costs are relatively high. To solve these 
problems, a novel design of RI sensor based on a simple 
core-offset technique of two types of fibers is demonstrated 
in this paper. 

The proposed interferometer RI sensor composes three 
parts, a short length of photosensitive fiber being spliced 
between two single-mode (SM) fibers with their cores 
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being offset properly. When the light arrives at the first 
interface between the first SM fiber and the photosensitive 
fiber, some of the light escapes from the core and gets into 
the cladding region of the photosensitive fiber because of 
the core offsetting and its smaller core radius. As such, 
the phases and the velocities of the light coming from the 
cladding and core are different at the second interface. 
When the light components pass through the second 
interface, part of the light in the cladding of photosensitive 
fiber is guided into the core of the second SM fiber and 
combines with the core mode light components so that 
interference happens. If the RI of the ambient liquid 
increases, the effective RI difference between the core and 
cladding modes decreases and interference fringes shift 
towards shorter wavelength and vice versa. By inspecting 
the shift of the wavelength, we are able to determine the RI 
of the ambient liquid. 
              
To test the sensitivity of the proposed RI sensor, a tunable 
laser source and an optical spectrum analyzer were used 
to measure the spectrum. Sodium chloride solutions with 
refractive index ranging from 1.3330 to 1.3743 were 
used. There was about 1nm wavelength shift achieved for 
0.0413 change in refractive index, corresponding to a RI 
resolution of 8.26 x 10-4 -RI unit based on the wavelength 
resolution, 0.02 nm, of the optical spectrum analyzer. 
Compared with the result reported in a previous work, it 
is about twice higher. 

Besides the high sensitivity, the proposed interferometric 
RI sensor has many other advantages over previously-
reported RI sensors. Its advantages include the all-optical 
structure, good compatibility to optical fibers, ease of 
fabrication and installation, and the low fabrication cost. 
Most importantly, it has a larger interference cavity over 
short distance which results in a more stable and significant 
interference pattern and a much larger extinction ratio of 
over 10dB. 

  A01761-03085 

Novel Performance of Fiber Lasers: Tunable 
Operation in Visible Range 

Sergey BABIN 
Institute of Automation and Electrometry SB RAS 
/ Inversion Fiber Co. Ltd., Novosibirsk, Russian 
Federation

Fiber lasers become popular in applications such as material 
processing due to their extreme efficiency and reliability 
based on fiber specifics: high-quality beam guiding at 
low distortion/loss, LD pumping and air cooling, in-fiber 
reflectors and wavelength selectors (FBG), beam splitters 
etc. Typical rare-earth (RE) doped fiber lasers operate in 
near-IR on the lines centered at ~0.92, ~1.1 and ~1.55 µm 
for Nd, Yb and Er, correspondingly. Raman fiber lasers offer 
almost any wavelength in 1.1-1.7 µm range by conversion 

of the RE fiber lasers radiation. The nonlinear Raman 
process is very efficient even in conventional fibers due to 
the high intensity concentrated in the microns-sized core 
along km-long fiber. One of the attractive opportunities 
is frequency doubling of the RE-doped and Raman fiber 
lasers (RFLs) that offers operation in 450-850 nm range. A 
review of our developments towards visible/tunable fiber 
lasers is presented.

The main problem for the efficient frequency doubling is 
a large linewidth of fiber lasers (especially for RFLs) that 
is negative result of the nonlinearity. We have studied a 
spectral broadening in RFLs and clarified its mechanism: 
multiple four-wave mixing processes involving numerous 
longitudinal modes (up to 106 in ~1-km long cavity) 
induce stochastic evolution of their amplitudes and phases 
with a turbulence-like behavior. At high powers the RFL 
spectrum acquires wide exponential tails (1-3 nm) in spite 
of the narrow FBG reflection spectrum.  For RE fiber 
lasers having shorter cavity lengths the output spectra 
have similar shape but sufficiently smaller width (0.1-0.3 
nm). So, it is easy to satisfy phase-matching condition 
at frequency doubling. The more important problem 
for RE lasers is a random polarization. For an efficient 
doubling one can use polarization-maintaining fibers 
and periodically poled (PP) crystals, but we have applied 
simpler solution: type II phase matching in KTP crystal 
utilizing both polarization components of the fundamental 
wave. Moreover, in special KTP geometries it is possible to 
tune phase-matched wavelength by tilting the crystal that 
is difficult with PP crystals. To increase efficiency we have 
applied intra-cavity doubling of the Yb laser. As a result, 1 
W power level has been reached with wavelength choice in 
the range 515-560 nm. Besides, >20 nm continuous tuning 
with one KTP crystal has been demonstrated. 

For Raman fiber lasers, we try to increase doubling 
efficiency in spite of the broad spectrum. Utilizing PPLN 
in a single-pass scheme, 655-nm laser radiation with 
power of >60 mW is generated by frequency doubling of 
a broadband randomly-polarized 1.31-µm RFL with 50-
nm tuning. It has been shown that multiple sum-frequency 
mixing processes involving different RFL modes provide 
the main contribution to the red output. The doubling of 
multimode stochastic RFL spectra appears even more 
efficient than that for single mode. Thus, a platform for 
tunable fiber lasers operating in the whole visible range at 
~100 mW power for biomedical and other applications has 
been developed.

This work is supported by the Presidium and Department of 
Physical Science of the RAS, CRDF (grant RUP1-1509-NO-05) 
and Zecotek Photonics Singapore Pte Ltd. 
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  A01807-03158 

Design and Fabrication of Multi-channel and 
Identical-dual-bandpass Fiber Bragg Gratings 
and their Applications to Filters

Xueming LIU 
Xi’an Institute of Optics and Precision Mechanics, China

An effective method to design multi-channel fiber Bragg 
grating has been proposed. The novel method contains two 
steps, i.e., the discrete layer peeling algorithm generates the 
excellent initial guess values and, successively, the non-
linear least square method reconstructs and optimizes the 
desired parameters from the initial guess in the previous 
step. Design examples demonstrate that the proposed 
method has unique merits to optimize the reflection and 
dispersion of gratings and effectively reduce its index 
modulation simultaneously.

Two new types of ultra-narrow dual-bandpass fiber Bragg 
grating are theoretically proposed and experimentally 
demonstrated with a symmetrical technique and a π-phase 
shift technique. On the assistance of the Fourier theory, 
the gratings with the symmetrical spectrum are designed 
in the case of the weak refractive-index modulations. With 
the perturbation technique, the results achieved in the 
previous step are modified to meet the strong refractive-
index modulation gratings. Based on the coupled-mode 
theory, we have optimized and achieved the identical-
dual-wavelength FBGs that the two channels have the 
equal bandwidth and the even strength. By integrating the 
proposed grating with the ‘0’-and-‘π’ sampling grating, an 
ultra-narrow dual-channel filter is designed in principle 
and demonstrated experimentally, whose 3-dB bandwidth 
is less than 1 pm. By stretching the gratings, the two 
wavelengths of the proposed filter can be tuned whereas 
their channel spacing remains unchanged.

The spacing of two bandpasses of the proposed grating 
can be flexibly adjusted by changing the sampled period, 
and any desired spacing can be achieved in principle. An 
experimental example shows that the transmission peaks 
of two narrow transmission-band are near 1549.1 nm and 
1550.1 nm. Based on the proposed π-phase-shift SFBG, an 
ultra-narrow identical-dual-channel filter is designed. Two 
channels of the proposed filter have the equal bandwidth, 
the even strength, and the same group delay. The bandwidth 
of each channel of our filter is as small as 1 pm and up to 
10-3 pm (corresponding to ~0.1 MHz), which is less than 
the bandwidth of the conventional SFBG filters by a factor 
of 102-104. 

We have experimentally demonstrated the proposed FBGs, 
and the experimental results are compared with theoretical 
predictions with good agreement. The proposed grating 
can find potential applications on dual-wavelength single-
longitudinal-mode fiber lasers. 
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Passively Mode-Locked Fiber Ring Lasers 
Using Saturable Absorber Incorporating Carbon 
Nanotubes
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Gong-Ru LIN3; Jiang-Jen LIN2 
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University, Kaohsiung, Taiwan
2. Institute of Polymer Science and Engineering, National 
Taiwan University, Taipei, Taiwan
3. Metal Industries Research and Development Center, 
Kaohsiung, Taiwan
4. Graduate Institute of Photonics and Optoelectronics, 
National Taiwan University, Taipei, Taiwan

Passively mode-locked fiber ring lasers using saturable 
absorber incorporating dispersed single wall carbon 
nanotubes (SWCNTs) is demonstrated. By integrating the 
SWCNTs-PVA film into erbium-doped fiber (EDF) ring 
laser centered at 1550 nm, we observed three pulse mode 
operations, Q-switch, rational harmonic mode locking, 
and mode locking. For mode locking generation, the pulse 
width was measured to be 6 ps. The mean diameter of 
SWCNTs and the linear optical absorption of SWCNTs-
PVA film are verified by Raman spectroscopy and UV-
VIS-NIR spectrophotometer. Furthermore, we investigate 
the nonlinear optical absorption and relaxation time of the 
SWCNTs-PVA film by using Z-scan techniques and pump 
probe experiments. 
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Side-hole Fiber based Bragg Grating for 
Simultaneous Measurement of Strain and 
Temperature
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Optical fiber Bragg gratings (FBGs) have been widely 
studied as strain sensors. However the cross sensitivity 
problem has always been an obstacle for their practical 



Symposium P - Optical Fiber Devices and Applications     27

applications since FBGs are sensitive to temperature 
as well and one can not discriminate responses between 
strain and temperature from its resonant wavelength shift 
only. Various temperature compensation techniques has 
been developed, including the use of strain-free grating, 
gratings based on different fibers, different type of gratings, 
gratings attached on different substrates and so on.

In this paper, a simple sensor design for simultaneous 
measurement of strain and temperature has been 
demonstrated by using an FBG written around a splicing 
point between a normal single-mode fiber (SMF) and 
a side-hole fiber (SHF). Due to the difference in core 
effective refractive index between the two fibers, resonant 
wavelengths of the two halves of the grating are different 
from each other even the physical grating period is 
the same. More importantly, the strain (or stress) and 
temperature sensitivities of two halves of grating are 
different because of the different cross section geometrical 
designs and doping materials of the two fibers. Compared 
with the FBG in normal SMF, larger strain sensitivity and 
similar thermal sensitivity were achieved for the FBG in 
SHF. Simultaneous measurement of strain and temperature 
is hence realized by monitoring wavelength shifts of the 
two resonant Bragg wavelengths. 
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Realization of Thermo-Optic Polymer Waveguide 
Devices by an Imprinting Technique and a Bottom 
Heating Approach

Kin Seng CHIANG; Kar Pong LOR; Qing LIU; 
Hau Ping CHAN 
Department of Electronic Engineering, City University of 
Hong Kong, Hong Kong, China

There has been consistent progress in the development of 
optical polymers for the realization of integrated optical 
devices over the years. Through proper chemical synthesis, 
polymers can exhibit excellent transparency in the optical 
communication windows. Many optical polymers also have 
high thermal stability. In general, polymers are compatible 
with most optical materials, as they can be spin-coated 
or dip-coated easily onto different materials to form thin 
films. Because of their many nice optical properties, ease 
of film preparation, and compatibility with other materials, 
polymers show great promise for mass production of the 
next generation of photonic devices for applications in 
optical communications, optical signal processing, and 
optical sensors.

Polymer waveguides have been fabricated by different 
techniques, such as photolithography, laser direct writing, 
and various versions of imprinting or molding techniques. 
Among them, the imprinting technique is most suitable for 
mass production of polymer waveguide devices. The key 
feature of the imprinting technique is the preparation of a 
mold or stamp that contains the device pattern. To transfer 

the pattern, the mold can be made in conformal contact 
with a polymer film coated on a substrate or filled with the 
desired polymer in the liquid form followed by ultra-violet 
curing or heat curing. The mold can be used to produce 
the same device repeatedly with a simple process and 
thus lower the manufacturing cost. A distinct property of 
polymer is its large thermo-optic coefficient, which has been 
explored for the realization of thermally tunable devices. 
Conventionally, the electrode heater needed to activate the 
device is placed on top of the polymer waveguide either 
directly or through a buffer layer. Patterning of electrodes 
is achieved by photolithography, which is incompatible 
with the imprinting technique and may upset the polymer 
waveguides and sometimes cause inconvenience in device 
packaging.

In this paper, we propose a new approach of realizing 
thermo-optic polymer waveguide devices by the imprinting 
technique, where the electrode heater is introduced at the 
bottom of the waveguide substrate. To ensure effective 
heating, the electrode is brought close to the waveguide 
from below by etching the substrate under the waveguide 
into a slot to house the electrode. This approach allows 
many electrode slots to be formed at the bottom of 
the substrate to cater for different devices before the 
waveguides are formed. The electrode slots become an 
integrated part of the substrate on which various devices 
can be produced by the imprinting technique. With this 
approach, waveguide formation becomes the last step in 
the fabrication process, which can minimize the possibility 
of damaging the polymer material. Electric wiring and 
device packaging also become easier. We demonstrate the 
idea experimentally with a Mach-Zehnder interferometer 
and a long-period waveguide grating and discuss various 
technical issues involved.

This research was supported by a grant from the Research Grants 
Council of the Hong Kong Special Administrative Region, China, 
under Project CityU 111806.
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Spun and Chiral Microstructured Fibres
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The use of polymer in microstructured fibres — to make 
microstructured polymer optical fibres (mPOF) — has 
allowed a large variety of structures and dopants to be 
investigated beyond what is possible with silica fibres, 
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owing to the different fabrication methods and processing 
temperatures employed. This includes examples of 
multimode and hollow-core mPOF and organic and 
particulate dopants, as well as the use of a different 
polymer altogether. 

In this work we consider the control of polarisation in 
optical fibres. Two-fold symmetric cross-sections have 
been thoroughly investigated and are known to induce a 
linear birefringence to the fibre through structural (form 
birefringence) or stress (stress-induce birefringence) 
asymmetries. However, in this work, we consider breaking 
the symmetry longitudinally along the fibres suing spun 
fibres in which the microstructure holes or the core itself 
take on a helical shape — thus the fibre structure is 
“chiral” and cannot be superimposed on its mirror image. 
Alternatively, chiral materials maybe be used inside the 
fibre and both these methods add a circular birefringence 
to the fibres. Chiral materials display optical activity 
and rotate the plane of polarisation of linearly polarised 
light. Circular birefringence can be combined with linear 
birefringence to produce elliptical birefringence. 

The scope of this work covers the materials, theoretical 
understanding and the fibre design and characterisation. 
Spun fibres can be produced from ordinary polymers, 
but chiral materials must be produced to use in chiral 
mPOF, either through the use of chiral dopants or the 
polymerisation of a chiral monomer. The optical activity of 
the materials must be incorporated into numerical methods 
used to model microstructured in order to study designs 
incorporating those chiral materials, and/or in which 
waveguiding is achieved solely by optical activity. 

This paper will report on the progress of spun and 
chiral microstructured fibres and report on the materials 
development, theoretical modelling of fibres incorporating 
chiral materials and experimental results of the fibre 
fabrication and characterisation. 
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Metallic and Metal Oxide High Temperature 
Coatings for Optical Fibers by Sputtering 

Jörg BIERLICH1; Jens KOBELKE1; Kai SCHUSTER1; 
Jens KUPIS1; Konstantin KIRSCH2; Claudia AICHELE1; 
Anka SCHWUCHOW1; Ines LATKA1; Eric LINDNER1; 
Johannes KIRCHHOF1 
1. Optical Fibers and Fiber Applications, Institute of 
Photonic Technology, Thuringia, Germany
2. Photonic Instrumentation, Institute of Photonic 
Technology, Thuringia, Germany

Polymer-based coating materials used today (e.g. 
acrylates, silicones, polyimides, ormocers) ensure the 
mechanical stability of optical glass fibers. The high 
silica glasses of the fibers allow long-term applications at 

temperatures over 800 °C. However, organic coated fibers 
are generally restricted in their application to about 300 °C 
which limits the using under high temperature conditions 
like hot environmental monitoring (geothermic sensors), 
monitoring of thermal engines or thermal power stations. 
One possibility to overcome the thermochemical limits of 
organic coatings is to protect the fibers with temperature-
resistant metallic or metal oxide layers.

In our study we tested the potential of the sputter technology 
to achieve hermetically sealed metallic and metal oxide 
layers on silica fibers. In first experiments we deposited 
layers on fixed fibers with a planar cathode system which 
enabled only low deposition rates (e.g. 0.7 nm/s for Ta, 
0.15 nm/s for Ta2O5). Therefore, we developed a cylinder 
cathode system which allowed a circular homogeneous 
layer deposition with an increased deposition rate by a factor 
of 8. A further advantage of the cylinder cathode system is 
the applicability of dynamic deposition conditions. Thus, 
the layer deposition is possible with an axially moved fiber 
like in a fiber drawing process.

We deposited layers of tantalum, platinum, aluminum, 
titanium and gold on pure silica fibers with a diameter 
of 125 µm in argon atmosphere. Al2O3 and Ta2O5 layers 
were deposited in atmosphere with a higher partial oxygen 
pressure. We achieved deposition rates in the range of 
1.2 nm/s to 10 nm/s by varying the sputtering parameters 
(fiber velocity, deposition time). In a multiple pass regime 
we prepared metallic and metal oxide coatings with 
thicknesses up to 1 µm. 

The prepared fibers were characterised by scanning 
microprobe for layer thickness and morphology, bending 
tensile strength test for mechanical stability and high 
temperature microscopy to study the thermal behaviour 
of the coatings. Absorption spectroscopy after hydrogen 
penetration at high pressure and temperature was used to 
estimate the hermetic tightness of the layers. 

Even though tantalum layers were deposited with a 
thickness of 800 nm, they showed an inhomogeneous 
morphology with rod-shaped crystallites. Generally we 
found that the tantalum-based layers (Ta, Ta2O5) exhibit 
only an insufficient hermetic impermeability. Aluminum 
shows a strong tendency to react. The atmospheric surface 
seems to oxidize and the interface between Al and SiO2 
develops an intermediate layer of aluminosilicate. Coatings 
of titanium are indeed very smooth. However, they show 
a clear brittleness after high temperature annealing 
(1100 °C). 

Sputtered platinum and gold coatings seem to be very 
promising for future high temperature applications. Very 
smooth surfaces in the case of platinum and gold layers 
were dynamically deposited with a thickness of 100 nm to 
200 nm. In both cases, the coated fibers show a high stability 
up to temperatures of 900 °C in oxidative atmosphere.
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  A02023-03531 

High Brightness Diode Laser Design to Pump kW 
Fiber Laser 

Jens BIESENBACH 
Dilas GmbH, Mainz, Germany

Today’s fiber lasers are pumped by diode lasers that are 
packaged either as fiber pigtail single emitter, or 10mm bar 
based fiber coupled modules. The single emitter is coupled 
into a 105µm fiber with N.A. of 0.12-0.15 and power level 
of 10W is available, 30-60W announced. Fiber combiner 
combiner allow the power scaling. Multi stage combiner 
are necessary for kW fiber laser. The bar based modules 
provide a 200µm fiber with N.A. 0.22 and reach 250W 
output power from the fiber. To achieve this high brightness 
compared to a single emitter pigtail pump, sophisticated 
and expensive micro optic beam shaping is required.  The 
emission of a 10mm bar needs to be transferred from a 
line geometry into a symmetric square like geometry to 
be efficiently fiber coupled. In doing so, the fill factor of 
the fiber is high, which means, that many single beams 
are supplied into the fiber as the optical fiber acceptance 
allows, given by the beam parameter product (BPP). 

Often a single emitter with a width of approx. 95µm is 
directly coupled into the 105µ fiber with simple means, a 
fast axis pre collimation, which is generated by a convex 
curved fiber tip. But the fiber acceptance is much higher.  
Basically single emitter slow axis defines the fiber diameter 
and the used N.A. whereas the fast axis is of higher quality 
and the fiber would accept much more than one beam 
in that direction. Not using this potential to fill the fiber 
means, the achievable brightness is reduced. 

Hence for higher brightness 10mm bar based products, 
costs are higher due to complex optical beam shaping of 
the many single emitters in diode laser bars. To overcome 
the need for this symmetrically- resized beam shaping, 
Dilas developed a so called T-bar, which is designed so 
that the slow axis beam quality just fits to the acceptance 
of the 200µm fiber, N.A. 0.22. As a result, this bar has only 
5 emitters instead of the standard 19 emitters produced for 
earlier products. 

Using only 5 emitters, the spacing between each emitter 
on the bar can be increased.  This results in better cooling 
performance; and brings not only higher reliability, but also 
a lower thermal drift during operation with varying power 
levels which is a function of the thermal resistance. The 
reduction to 5 emitters reduces the size of the bar, which 
has a positive impact on the mounting induced stress and 
reliability. 

This optically simplified T-bar design concept combined 
with fully automated mounting of either the T-bar to 
cooled base plate or the optics for the Fast Axis (which 
with this concept allows automated adjustment) reduces 
manufacturing costs and increases reproducibility.   

T-bar modules are available from 793 to 976nm, 
optional including wavelength locking, fiber feedback 
filter. Power is scalable from 130 to >>600W. This high 
power level and brightness allows a single stage fiber 
combiner even for kW fiber laser. 

  A02072-03561 

Multiwavelength Brillouin-erbium Photonic 
Crystal Fiber Laser Utilizing a Partially Reflective 
Fiber Bragg Grating in a Ring Cavity 

Nurul Shahrizan SHAHABUDDIN1; Azin ADAMIAT1; 
Zulfadzli YUSOFF1; Mohd Narizee MOHD NASIR1; 
Mohammed Haydar AL-MANSOORI2; 
Hairul Azhar ABDUL RASHID1; 
Mohd Ridzuan MOKHTAR1; 
Pankaj Kumar CHOUDHURY1 
1. Faculty of Engineering, Multimedia University, 
Selangor, Malaysia
2. Department of Electronics and Communication 
Engineering, Universiti Tenaga Nasional, Selangor, 
Malaysia

Previously, the use of a reverse-S-shape fiber section in a 
ring cavity has been shown to improve the efficiency of a 
multiwavelength BEFL. The re-directed BS line propagates 
back into the ring-cavity BEFL in the same direction as the 
initial BP. There is no additional EDFA used to amplify this 
portion of BS line in the reverse-S-shaped. Nevertheless, 
the amplification occurs in the common EDF section to 
increase the intensity of the redirected BS line to act as 
the next (higher order) BP. In this paper we demonstrate 
a new configuration of multiwavelength Brillouin-erbium 
fiber laser (BEFL) in a ring cavity by utilizing a partially 
reflective fiber Bragg grating (FBG) mirror to replace 
the reverse-S-shape fiber section. The FBG will play 
exactly the same role as the reverse-S-shape fiber section. 
However, the bandwidth of the FBG can be made narrower 
than the bandwidth of the EDFA which would make the 
amplification process of the BP more efficient. On top of 
that the central wavelength of the FBG can also be chosen 
at will. This will allow us to choose the region of operation 
of the BEFL and so not limited by the wavelength of the 
self lasing cavity modes. The much lower insertion loss 
of the FBG compared to the reverse-S-shape fiber section 
which includes a 3 dB coupler and a circulator will make 
this new configuration to have a better efficiency. Besides 
demonstrating a new configuration, we will also show that 
only a short length of highly nonlinear photonic crystal 
fiber (PCF) is needed to replace the usually used kilometer-
long SMF as the Brillouin gain medium for about the 
same performance. We will show that the PCF used in 
this experiment has a narrow Brillouin spectral linewidth 
(comparable to conventional all-silica fiber) and hence low 
stimulated Brillouin scattering (SBS) threshold as expected 
from calculation using standard model. Previously 
published results have shown that the Brillouin spectral 



30     Symposium P - Optical Fiber Devices and Applications

linewidth in PCFs are normally broader, with respect to 
conventional all-silica fiber, due to the microstructure that 
provides guidance of several acoustic modes at a broader 
frequency range. The used of a short length PCF would 
greatly reduce the final product footprint which eventually 
would make the laser more practical than just a laboratory 
prototype.

  A02113-03639 

Functionalization of Optical Microfibers and 
Nanofibers

Limin TONG 
Department of Optical Engineering, Zhejiang University, 
Hangzhou, China

When its diameter goes close to or below the wavelength 
of the guided light, an optical microfiber exhibits favorable 
properties such as tight optical confinement, strong near-
field interaction and excellent mechanical strength, 
which offers plenty of choices for combing a variety of 
functionalized materials ranging from semiconductors, 
metals to laser dyes, and opens up plenty of opportunities 
for developing micro- or nanophotonic devices ranging 
from interferometers, filters, lasers to sensors. Besides, the 
functionalized microfibers may inspires new opportunities 
for nonlinear optics, quantum optics and plasmonics.

  A02198-04016 

High-speed Processing of Optical Signals with 
40-GHz Time- and Wavelength-Interleaved Short 
Pulses 

Chester SHU1; Gordon K. P. LEI1; Mable P. FOK2 
1. Electronic Engineering, The Chinese University of 
Hong Kong, Hong Kong
2. Electrical Engineering, Princeton University, 
Princeton, NJ, United States

We have demonstrated the generation and applications 
of 40-GHz time-and wavelength-interleaved pulses for 
high-speed processing of optical signals.  Our generation 
approach exploits multiwavelength cross-absorption 
modulation in an electro-absorption modulator (EAM) 
followed by group velocity dispersion in a linearly chirped 
fiber Bragg grating.  Four CW light branches at different 
wavelengths are combined and are fed to an EAM. Cross-
absorption modulation takes place in the reversely biased 
EAM when a 10-GHz mode-locked fiber laser is launched 
to the modulator in the opposite direction.  Consequently, 
a 4-wavelength optical pulse train is generated at 10 GHz.  
The multiwavelength pulses are directed to a linearly 
chirped fiber Bragg grating where they are temporally 
separated and converted into a 40-GHz time- and 
wavelength-interleaved pulse train.  The pulses at each 
specific wavelength are separated by 100 ps, whereas 

adjacent pulses with a spectral separation of 1.25 nm are 
separated by 25 ps.

We have applied the 40-GHz time- and wavelength-
interleaved pulses for two key applications in all-optical 
signal processing — real-time arbitrary waveform sampling 
and OTDM to WDM conversion.  The wavelength-
division sampling approach relies on multiwavelength 
four-wave mixing in a 64-m dispersion-flattened, highly 
nonlinear photonic crystal fiber.  An arbitrary optical 
waveform is sampled real-time at 40 GSample/s and the 
waveform is successfully reconstructed using relatively 
slow electronic components and equipment operating 
at 10 Gb/s.  The wavelengths in the 40-GHz pulsed 
source range from 1548.07 to 1551.86 nm.  The source is 
combined with an arbitrary waveform at 1553.79 nm that 
serves as the optical pump in four-wave mixing. Four new 
time- and wavelength-interleaved components ranging 
from 1555.71 to 1559.55 nm are generated.  Each of these 
components contains partial information of the sampled 
waveform at 10 GSample/s.  By combining the received 
signals at all the wavelengths, an overall sampling rate 
at 40 GSample/s is achieved.  In the OTDM to WDM 
conversion, the time- and wavelength-interleaved pulsed 
source interacts with a 40-Gb/s OTDM data stream in a 
40-GHz EAM.  Cross absorption modulation is initiated 
by the high-intensity data pulses.  Consequently, the data 
information is transferred to the 4 wavelengths of the 
interleaved pulses, each operating at 10 GHz.  Hence, a  
40-Gb/s to 4x10-Gb/s all-optical OTDM to WDM 
conversion is achieved.  In the system performance 
evaluation, widely opened eye diagrams are obtained.  
Error-free detection is achieved for all channels.  As 
the generation of our time- and wavelength-interleaved 
pulses does not require tuning on the time delay in 
individual branches, our approach is readily extendable 
to accommodate additional wavelengths simply by adding 
more CW laser sources in the setup.  With the use of 
pulse compression, all-optical signal processing with 
the interleaved pulses can be anticipated at even higher 
speeds.
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Recent Progress in Micro/Nanofiber Photonics

Misha SUMETSKY 
OFS Laboratories, United States

Recent progress in the understanding of transmission 
properties of optical micro/nanofibers and their applications 
in photonics is reviewed. An optical microfiber is a single-
mode or a multi-mode waveguide, which is usually 
fabricated from a standard telecom optical fiber by 
drawing and has a diameter of ~ 1 micron. Compared to the 
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lithographically-fabricated waveguides, the microfibers 
have significantly smaller loss and ability of micro-
assemblage in 3D. Furthermore, some microfiber-based 
devices possess functionalities, which are not possible 
to achieve by other means. First, methods of microfiber 
fabrication and microfiber manipulation (bending, 
looping, coiling, and crossing) are discussed. Then, the 
theory of micro/nanofiber tapers and microfiber coils 
is briefly described. Finally, the review of demonstrated 
microfiber-based devices (optical sensors, filters, lasers) 
and prospective microfiber-based devices (multifunctional 
photonic circuits) is given.

  A02240-04327 

Analysis of the Novel Tunable Phase-shifted Fiber 
Bragg Gratings and Its Response to Refractive 
Index Change in Phase Shift Region 

Xiaopeng DONG; Jinlong ZHOU; Xufeng LIN 
Institute of Lightwave Technology, Xiamen University, 
China

Two types of novel tunable phase shifted fiber Bragg 
gratings (PS-FBGs) based on the distance or equivalent 
optical path adjustment have been proposed by authors 
recently. The first configuration of this tunable PS-
FBG includes two identical FBGs obtained by cuting 
a uniform FBG in the middle and set apart with a small 
separation. The second configuration includes a piece of 
fiber with grating written in the end and a mirror put close 
to that end. Different from other tuning mechanisms based 
on the thermal effect or stress effect reported in previous 
literatures, the novel tunable PS-FBGs have advantages 
such as fast tuning speed, large dynamic phase change, 
and easy to control and implement, etc., since they 
are based on the tuning of distance between two fiber 
ends or the fiber end and the mirror.  In this paper, we 
will study and analyze the characteristics of such types 
of tunable PS-FBGs in details, with emphasis on the 
particular properties including 1) the spectrum response of 
the PS-FBG to the change of the refractive index inside the 
cavity space formed either by the two FBG ends, or by the 
gap between the end and the reflection mirror; and 2) the 
unique feature of the PS-FBG constructed in the second 
configuration that it can be worked as a band-pass filter 
with significant suppression of the light with spectrum 
outside the stop-band of the FBG. Factors which may 
affect the behavior of such PS-FBGs, and simulation and 
experimental results are given and discussed. 
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Prediction of the Corrosion of Steel Bar Embedded 
in Concrete with Circled FBG 
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The detection of corrosion of steel bar embedded in 
concrete is important but difficult in practical construction 
engineering. Fiber Bragg gratings (FBG) and the 
wavelength demodulation technique have been studied 
intensively in past years for the developing of optical fiber 
sensors possible applied in various areas. Since the steel 
corrosion will cause an expansion in volume which may 
lead to a stress applied to the surrounding materials, and 
the center wavelength of a FBG will change as the FBG 
is under stress esp. in longitudinal direction, also the fiber 
is flexible and small in size, it is attractive to use FBG as 
the sensing element in the detection of corrosion of steel 
bar embedded in concrete. There are several ways for the 
detection of steel corrosion in concrete with FBGs, circling 
the round steel bar with FBG is considered to be the most 
direct and explicit way in practice.

Different from the common way of using FBG as a strain 
sensor, when the FBG circling the steel bar is embedded 
in concrete, it receives nonuniform stress from all 
directions. To simplify the stress and strain calculation, a 
cylinder model regarding the concrete as elastic materials 
is assumed in the analysis. The software ANSYS is 
employed to calculate the distribution of stress and strain 
in the areas including concrete and fiber. The result shows 
that the longitudinal strain of the fiber is consistent with 
the concrete strain at the same location, which is important 
to establish the foundation of predicting the steel corrosion 
with FBG and the derivation of the relation between the 
wavelength shift and the longitudinal strain of the fiber. The 
derivation show the conversion coefficient representing 
the relation of the wavelength-strain of FBG should be 
modified from the well known value 0.78 to around 0.829 
when the outer diameter of the concrete cylinder is large. 
Moreover, influence of the position of the fiber located 
in the concrete, and polarization effect of the FBG under 
nonuniform transverse stress, etc., on the detection and 
optical spectrum of the FBG, are discussed in details. From 
the strain obtained from the wavelength change of the FBG, 
the corrosion coefficient and its calculation formula, which 
indicates ratio of the area change of the cross-section of 
the steel bar, is introduced and obtained in the paper. The 
calculation, derivation, and analysis are useful for better 
understanding the characteristics of the FBG employed 
in the corrosion detection, and to obtain result from the 
measured wavelength change of the embedded FBGs with 
more accuracy.
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Photonic Applications of Carbon Nanotubes 

Shinji YAMASHITA 
Department of Electrical Engineering and Information 
Systems, The University of Tokyo, Tokyo, Japan

Carbon nanotube (CNT) is a nanostructure of carbon, an 
extension to the carbon bucky-balls, and a third kind of 
carbon beside graphite and diamond. Single-walled CNTs 
are classified into two types, metallic or semiconducting, 
depending on a structural parameter, called chirality. 
Typical semiconducting CNTs have energy bandgap 
whose corresponding wavelength is around 1000-1700nm. 
Absorption by the bandgap is resonant hence saturable, and 
its recovery time is known to be quite fast (<1ps) due to 
relaxation through the surrounding metallic CNTs. These 
properties of CNT are attractive for photonic applications.
 
We recently proposed and demonstrated a saturable 
absorber (SA) incorporating CNT. CNT-based SA offers 
several key advantages such as: ultra-fast recovery time, 
polarization insensitivity, high optical damage threshold, 
mechanical and environmental robustness, chemical 
stability, small size, compatibility to optical fibers and the 
ability to operate at wide range of wavelength bands. Using 
the CNT-based SA, we have realized femtosecond fiber 
pulsed lasers not only at 1550nm wavelength band, but 
also 1300nm and 1000nm bands. Taking the advantages 
of small size and compatibility to optical fibers, we also 
realized the very short-cavity (~1cm) femtosecond fiber 
pulsed lasers having high repetition rate (10GHz). 

Besides the saturable absorption, CNT has been shown 
to have high third-order Kerr nonlinearity, which is 
also attractive for realization of compact and integrated 
functional photonic devices, such as all-optical switches 
and wavelength converters. We have already demonstrated 
wavelength conversion of 10Gb/s signal using the cross-
polarization modulation in the CNT device through the 
Kerr nonlinearity.

In this talk, we first present photonic properties of CNTs, 
and review our studies on CNT-based mode-locked fiber 
lasers, and show our recent research progresses on novel 
photonic devices using evanescent coupling between 
optical field and CNT. We also refer to fabrication methods 
of CNT-based photonic devices. 
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Fabrication of Nonlinear Optical Silk 

Naibo LIN 
National University of Singapore, Singapore

Silkworm silk are promising candidates for a variety of 
applications that merge the fields of biomaterial optics 
and biomaterial. Based on the toughest and greater 
environmental and human friendliness properties, advanced 
multi functional silk shows promise as multi functional 
materials in astronomical science & technology, military 
and biomedical applications.

It is possible to form such silk, having nonlinear optical 
properties, through nanotechnologies, staining techniques 
and silk holing technologies. We provides ultra and 
multi-functional and smart silk composite materials 
incorporating nonlinear optical organic compounds. 
The doped nonlinear optical materials possess high two 
photon absorption section, high quantum yield and high 
stable against photobleaching, evidenced by two-photon 
fluorescence microscopy and filed-emission scanning 
electron microscope. Simultaneity, the mechanical 
properties of modified silk is not decreased after being 
treated with modification process.
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Enhanced All Optical Switching by Using 
Microfiber and Nanofiber Ring Resonators
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Juanjuan HU1; Chinlon LIN1; Guillaume VIENNE2;3 
1. The School of Electrical and Electronic Engineering, 
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Instrumentation, Zhejiang University, Hangzhou, China
3. Department of Optical Engineering, Zhejiang 
University, Hangzhou, China

We analyze the high intensity dependent nonlinearity 
of optical microfibers or nanofibers (MNFs) and their 
resonator structures, and it is the first time to fabricate 
the MNFs resonator based all optical switching devices 
experimentally. 

All-optical switching devices based on ordinary optical 
fiber offer great promise for reducing the complexity of 
optical communication systems. Switching and optical 
path operation could be performed relative easily within the 
all fiber devices, with low coupling loss. But the ordinary 
silica optical fiber possesses an extremely low nonlinearity 
coefficient, which prevent the effective manipulation of 
the light. 

Fortunately, the nonlinear effect is proportional to the 
product of field enhancement and the effective path length, 
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as well as inverse proportional to the effective cross-
section of the fiber. So, MNFs resonators could provide 
a great opportunity for the manipulation of light based 
on the strong nonlinear effect, resulting in a substantially 
lower switching power threshold. Firstly, because of the 
small cross-section of MNFs, in which the mode diameter 
is smaller than one percent of that of ordinary single mode 
fiber, the power density and then the nonlinear effect could 
be enhanced by a factor of one or two order over ordinary 
silica fiber. Secondly, the introduction of a nonlinear 
ring resonator into one of the arms of a Mach–Zehnder 
interferometer could effectively enhance the accumulated 
nonlinearity. Near resonance, with a small cross-coupling 
coefficient for the resonator coupler, the build up field 
intensity, the group delay and the effective path length 
could be enlarged. So it is very easy to induce the phase 
shift of п rad, which is very important to build a switching 
structure. The combined effects leads to a finesse-squared 
reduction in the switching threshold, allowing for photonic 
switching devices that operate at several mW power level in 
MNFs resonator based switching devices, with milometer 
level of resonator size. 

In the experiment, the silica MNFs, approximately 800nm 
in diameter, is fabricated by flamed-heated taper-drawing 
of a single-mode fiber. One side of the as-drawn MNF is 
connected to the standard fiber for launching light. The 
microfiber-knot resonators are fabricated by assembling 
the freestanding end of the microfiber under an optical 
microscope. For mechanical support of the MNFs structure, 
a substrate with low refractive index material is used. Based 
on the setup, the ring resonator dynamic transmission 
characteristics for a Gaussian pulse are examined. The 
transfer function of Mach–Zehnder interferometer with 
nonlinear ring resonator in one arm is analyzed, and the 
bistable behaviour is shown. 
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Polymer Optical Fiber Index Sensor Based on 
Localized Surface Plasmon Resonance
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Xia YU3; Juanjuan HU1; Chinlon LIN1 
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A highly sensitive polymer optical fiber affinity refractive 
index sensor is reported based on the localized surface 
plasmon resonance. The gold nanoparticles are adsorbed at 
an endface of a polymer optical fiber, and then the reflected 
scattering light of gold nanoparticles is used to examine 

the refractive index of the ambient material around gold 
nanoparticles. Because the spectrum of the scattering light 
could be shifted due to the change of refractive index, 
it could be used as index sensor based on the amount of 
spectrum shift. This kind of index sensor based on the 
normal silica fiber was demonstrated using sputtering and 
annealing method by Kajikawa. For silica fiber, it is very 
easy to deposit nanoparticle islands using this method. 
But the silica fiber, after annealing, becomes very fragile. 
It is very easy to be broken, when it touch the sample. 
Furthermore, this method could not used for plastic fiber, 
because several hundreds annealing temperature is much 
higher than the melting point of plastic. 

So in our new method, the fiber tip could be coated 
with spherical gold nanoparticle using colloid chemical 
preparations. Silane coupling agent is used to link gold 
nanoparticles at the surface of silica, and it is capable 
of providing strong chemical bonding between them. 
We choose APTMS: (3-aminopropyl)-trimethoxysilane 
as the silane coupling agent. For plastic fiber, surface 
modification is necessary, before chemical process. Firstly, 
20nm silicon monoxide film is deposited at the endface 
of plastic fiber by sputtering, which could be oxygenized 
to be SiO2 immediately after taking out from vacuum 
chamber. Second step is silane agent chemical coating 
process. Dipping the fiber tip with silica at the endface 
into the APTMS solution about 20mins, an even layer of 
APTMS molecular is coated. After solidification within 
oven, APTMS fiber is dipped into the gold colloid solution 
for the bonding of gold nanoparticles. 

Lastly, the gold nanoparticle assisted fiber tip is used to 
measure the refractive index of sample solution, based on 
the localized surface plasma resonance wavelength shift of 
reflected scattering light. Different concentration of ethonal 
with different refractive index is used as the reference 
sample. The experiments show that the wavelength shift 
near 510nm wavelength region is very sensitive to the 
refractive index change of ambient material, and the 
sensitivity is near 200nm/RIU, which is comparable with 
the conventional bulk surface Plasmon resonance sensor. 
But our method could provide a very small size device 
with small amount of sample consumption. 
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Proposal for Quasi-phase-matching Conditions 
for Nonlinear Frequency Conversion in Coaxial 
Multi-layer Fiber

Xianglong ZENG; Hairun GUO; Na CHEN; 
Fufei PANG; Tingyun WANG 
The Key Laboratory of Specialty Fiber Optics and 
Optical Access Networks, Shanghai University, Shanghai, 
China

We study the mode coupling in coaxial multi-layer optical 
fiber and propose the quasi-phase-matching conditions 
for second harmonic generation, which can be realized 
through the fiber structure design. The coupling behavior 
between core and tube modes can be explained by the 
propagation of multiple supermodes with the modified 
propagation constants, which can be used to compensate 
for the index mismatch between fundamental and second-
harmonic modes. Compared to periodically spatial 
modulation of quadratic nonlinearity, the advantage of 
these phase matching schemes is the simple multi-layer 
structure and the available long-distance interaction in the 
coaxial fiber. We give design guidelines and confirm the 
results numerically. 
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Novel Fiber Optic Engine for Micro Projection 
Display

Hesam Edin ARABI; Sohee AN; Kyunghwan OH 
Department of Physics, Institute of Physics and Applied 
Physics, Seoul, South Korea

In this paper we report a fiber optic engine for full color 
display system includes of RGB sources, a 3 x 1 Fiber 
Optic Color Synthesizer (FOCS), and a two dimensional 
micro mechanical scanning mirror. A novel fiber optic 
color synthesizer was made of three strings of hard 
polymer cladding fiber (HPCF) to form a 3 x 1 fused 
taper coupler. We further integrated a micro focusing-
collimating optics at the output of the synthesizer in order 
to increase the working distance of the beam. To make the 
micro collimator the output channel of the synthesizer was 
reshaped to a conical tip and a micro ball lens with diameter 
of 500 micro miters placed in front of the tapered fiber. 
The distance between the ball lens and the conical tip was 
equal the effective focal length of the ball lens. In order 
for the tapered fiber to have a high focusing capability, a 
conical lens with diameter of 15 micro miters shaped on 
the taper. By using a LED we tested the focusing optics 
and the beam diameter of 1.5 mm was measured at the 
distance of 36 mm from the collimator.

Both LED (524 nm, 463nm, and 640nm) and Laser sources 
(532nm, 473nm, 632.8nm) were used to confirm the color 
synthesis. RGB sources coupled to the 3 input channels 

of the synthesizer for both LEDs and lasers. The output 
was characterized using a colorimeter and its locus in CIE 
color gamut was measured.

A circular two dimensional micro-mechanical scanning 
mirrors with the thickness of 30 micro miters and the 
diameter of 1.2 mm was implemented as a projection 
device. Two function generators provided the resonance 
frequencies of 18.36 kHz and 2.61 kHz for vertical and 
horizontal axes control, respectively.

By combining the novel fiber optic color synthesizer with 
built in collimator and the two dimensional scanning micro 
mirror, we could generate lissajous pattern of arbitrary 
shape with arbitrary colors. To eliminate the noise which 
spread out through the tapered zone a 20 micro miters 
micro aperture placed in front of the micro collimator.

By comparing the beam shapes for the laser source and 
LED sources, we found that LED can be a reliable source 
for near focal distance, less than 100 mm, which can be 
readily applied to near-eye projection display such as head 
held displays.
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LITT Dynamic Temperature Detection Utilizing 
Fully Distributed FBG Sensor and Spectra Inverse 
Algorithm
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Laser induced interstitial thermotherapy (LITT) is a 
promising cancel therapy technology. Monitoring the 
dynamic change of the exact temperature distribution 
of the tissue during the therapy process is of great value 
because different specific tissue has different properties. 
Also, factors such as the optical properties, thermal 
properties, and blood perfusion rate of the tissue, etc. affect 
the laser energy transport, heat transfer, and temperature 
accumulation and the damage area control. Many schemes 
are proposed to acquire the temperature information during 
LITT. A set of fifteen needle thermocouple probes were 
used to measure temperature field during LITT in situ. 
However, the size and the number of probes made the plan 
very difficult to be used in vivo.
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In medical applications, optical fiber sensors offer many 
advantages over conventional sensors: they are small, 
immune from electromagnetic interference (EMI), have 
increased sensitivity and are very robust. Different kinds 
of fiber sensors are proposed to measure the temperature 
for medical application, such as fiber Fabry-Perot senor, 
fiber Bragg grating, long-period fiber grating, etc. Most 
of them are quasi-distributed, which use the single fiber 
component sensing one temperature at a single spot and 
multiple sensors constructing a network to measure a 
distribution. However, fiber grating can be utilizes as a 
fully distributed sensor to measure s distribution along the 
grating axial direction. Constantly, they are combined with 
high efficient spectra inverse algorithm. Spectra inverse 
algorithm is usually adapted to fiber grating filter design 
with special requirements. 

In this paper, a fully distributed Fiber Bragg grating 
(FBG) sensor combined with spectra inverse algorithm 
is proposed to measure dynamic change of the exact 
temperature distribution of the tissue under laser induced 
interstitial thermotherapy (LITT). Modified spectra 
inverse algorithm based on the transcendent information is 
developed to improve the efficiency of the algorithm under 
the specific model of bio tissues during the LITT. Dynamic 
spectral variation during LITT with different laser power 
and relative position are monitored by the experiments and 
the temperature distribution is acquired by the modified 
simulated annealing evolutionary algorithm.
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Bessel Beam Generator with Single Mode Fiber, 
Coreless Silica Fiber and Polymer Lens
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In 1987, J. Durnin reported the diffraction-free mode 
solution from Helmholtz equation. As the beam propagates, 
the ideal field of the diffraction-free mode maintains the 
beam spot size of the 0th order, because the fields were 
reconstructed by interference between the fields. Previous 
works to generate the Bessel beam mainly used a ring 
aperture with lens or axicon lens. Recently Bessel beams 
found very attractive application; optical tweezers to 
trap multiple particles in longitudinal direction. In this 
study, we explain the principle of the Bessel beam and 
experimentally demonstrated the Bessel beam generation 
combining polymer lens and the optical fibers with two 
different types into a unique hybrid all fiber beam shaping 
device.

The device structure consists of serial concatenation of 
single mode fiber (SMF), coreless silica fiber (CSF) and 
polymer lens. Polymer lensed was formed at the end of CSF 
to focus a beam. The SMF played a role of a point source. 
The light emitted from the SMF expanded and reflected by 
the boundary of the CSF. Then, these two beams generate 
concentric interference patterns. The polymer lens will 
retain the beam pattern with longer working distance.

To prepare the device, we spliced a SMF and a CSF using 
a fusion splicer. The cleaved facet of the CSF was tapped 
into the liquid polymer. When the fiber was taken out we 
could form a  polymer lens tip due to surface tension. 
Using ultraviolet light source, the liquid polymer was then 
cured. 

To demonstrate the properties of the device, we simulated 
the device structure using the Beam Propagation Method 
(BPM) with 1060nm wavelength. The simulation result 
showed the Bessel beam characteristics when the length 
of the CSF of the device had over 700μm. Based on the 
prediction we fabricated the device and we measured the 
optical properties for the device. The beam spot size of 
the 0th order was ~10μm and its spot size and diffraction 
pattern maintained over 600μm beam propagation. 

This Bessel beam optical device is in all-fiber structure 
showing high potential to open new applications in fiber 
optic beam shaping technique. It is also shown that the 
strong gradient force on the transversal plane and the 
constant beam intensity on the longitudinal plane suitable 
for optical trapping and tweezers.
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Enhancement of Evanescent Field in Photonic 
Crystal Fiber with Novel Core Structure and its 
Application as Chemical Sensor 
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From 1990s, introduction of photonic crystal fibers (PCF) 
opened the new era of optical fiber application as the optical 
devices. One of these new applications was fiber-optic 
chemical sensors which detect the interaction between 
guided light and the chemical sample running through the 
micro-structured holes of photonic crystal fibers.

The solid core PCF, which follows the index-guided 
transmission mechanism, is the one that can be used to this 
application. However, because only the evanescent field, 
the tail of the guided light, has an effect on the chemical 
sample in the hole, previous works on solid core PCF were 
focused on enhancing the evanescent field into the holes to 
get higher sensitivity. Some recent researches succeeded to 
improve the light overlap with the samples by adding the 
central hole at the core region where the fundamental core 
mode would be the strongest.

In this paper, we combined structures of holey fibers to 
increase degree of freedom and evaluate its possible 
improvement of evanescent field. Firstly, we applied double 
layered core to improve the evanescent field with low loss. 
Moreover, we tried to raise the light confinement around 
core holes by extracting the concept of the high index ring 
structure from hollow optical fibers. Both theoretical and 
experimental investigations are reported to confirm strong 
potential to enhance detection sensitivity.

By using the full-vectorial finite element method (FEM), 
we analyzed advantages of this proposed core structure 
on the simulation. Fundamental core mode of three cases 
which were (1)conventional solid core, (2)undoped double 
layered core, and (3)doped double layered core was 
considered at 1550nm and we evaluated the overlap of 
light by power fraction in holes, f which is the ratio of 
power in holes to total power.

With air holes(nair=1), the evanescent field enhancement 
was acheived by applying double layered and doped core. 
The power fraction of three cases came out to be (1)0.07%, 
(2)0.33% and (3)0.38%. Similarly, assuming that we filled 

holes with water (nwater=1.33), the enhancement of overlap 
was more obvious: evanescent field placed in holes would 
be (1)0.49%, (2)1.86%, (3)2.15%. Experimentally, We 
filled the fiber with waterand observed more than 20dB 
change in the absorption.

We confirmed that higher overlap with holes can be obtained 
by applying new core structure which has double-layered 
and/or doped ring core and this effect is maximized when 
we flow the water into the holes. We found that photonic 
crystal fiber with this novel core structure has a great 
potential to be applied to chemical sensing field, especially 
to sense the aqueous sample.
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A Smart Multi-functional Fiber Bragg Grating 
Sensor System for Healthcare Applications 
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This paper presents a smart Fiber Bragg Grating (FBG) 
sensor system with an unobtrusive and easy-to-use FBG 
sensor bed, which automatically monitors the behavior of 
bedridden patients and their vital signs such as heart rate 
and respiration rate based on indicative spatio-temporal 
signature for adaptive intervention triggering and activity 
planning. 

We present the subtle design, fabrication, calibration, 
implementation and deployment issues of the FBG 
pressure sensors to be used in nursing homes or hospitals 
to prevent bedsore generation, patient falling out of the 
bed, and life threatening situations such as patient’s heart 
rate weakening or any abnormal breathing pattern etc. In 
addition, we provide a reusable middleware support system 
by exploiting Semantic Web standards to enable a number 
of novel services that facilitate care-giving and clinical 
assessment of bedridden patients in a context enlightened 
fashion. 

The proposed system uses a series of specially packaged 
FBG sensors (12 FBG sensors along the same fiber placed 
in a 3 by 4 matrix array), placed beneath the bed of the 
subject to obtain respiratory signals, heart rate and pressure 
distribution contour map of the subject on bed. When the 
patient stays unmoved for a long time, it will automatically 
alert the nurse to help move the patient’s body to prevent 
bedsore generation. In more advanced behavior tracking, 
the system is able to detect the position of the bedridden 
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patient, whether the patient has fallen off the bed or even the 
agitation level. The “through-bed” monitoring approach is 
possible due to the extremely sensitive nature of FBG, and 
it allows continuous respiratory and heart rate monitoring 
in a non-intrusive manner as the subject only needs to 
sleep or lie on the bed. Fourier and wavelet transform-
based signal processing techniques are used to separate 
the respiratory signals and heart beat signals from other 
movement related signals and to calculate the respiratory 
rate and heart rate. In an emergency or abnormal situation, 
the caregiver can be informed promptly via visual or audio 
alert systems, or through Short Message Service (SMS). 
Through trials conducted in the laboratory with a sample 
group of 10 subjects, the system showed near 100% 
accuracy with maximum estimated error of ± 2 breaths per 
minute. Preliminary study showed the heart rate detected 
from the FBG sensor is very close to that measured by off-
the-shelf Pulse Oximeter (Brand: NONIN. Model: AVANT 
4000). Further study will be carried out to quantify the 
accuracy of the heart rate measurement using the FBG 
sensor.

We also evaluate the impact and cost of the overall 
FBG sensor system and suggest recommendations for 
deployment to ward, multiple wards, entire hospital and for 
use with mix of patient types including mostly bedridden, 
partially mobile with/without assistance, ambulant, and 
neonates. 
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Theoretical Design of Highly Birefringent Hybrid 
Photonic Crystal Fiber

Yongchao BAI; Juanjuan HU; Ping SHUM 
Network Technology Research Centre, Nanyang 
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There are two guiding mechanisms involved in hybrid 
photonic crystal fibers (PCFs) -- index guiding and photonic 
bandgap guiding. One common structure of hybrid PCFs 
consists of silica background, high-index cladding rods and 
air holes. Due to the intrinsic asymmetry property, hybrids 
PCFs have good potential for highly birefringent (HI-BI) 
fiber design. We theoretically investigated the photonic 
bandgap properties and different methods to achieve high 
birefringence in hybrid PCFs.

We analyzed the photonic bandgap properties in hybrid 
PCFs from two aspects — the position and width of the first 
bandgap. We found that the position of the first bandgap 
will shift towards a larger wavelength when the rod index, 
rod ellipticity, rod diameter, or pitch value increases. The 
bandgap width becomes larger as the rod index, pitch 
value increases, or rod ellipticity decreases. The bandgap 
width does not increase or decrease monotonically with 
the change of rod diameter.

We studied five different methods for HI-BI fiber design 
using hybrid PCF structure. The first one is to change rod 
index. It is found that the birefringence increases as the 
rod index becomes higher provided that the wavelength 
used falls within the same photonic bandgap. The second 
method is to vary the ellipticity of the cladding holes 
and high-index rods. The results show that birefringence 
increases as the holes and rods becomes more elliptical. 
The thirds method is to squeeze the elliptical cladding 
holes. It is found that the birefringence becomes larger 
when the cladding holes are squeezed more. The fourth 
method is to reduce the pitch value and rod diameters of 
the cladding holes and rods. When the pitch value and 
diameter become smaller, the birefringence becomes 
larger. Last but not least, we studied the effect of using 
asymmetric core in hybrid PCFs. The more asymmetric 
the core is, the higher the birefringence will be. Then we 
incorporated several methods together to design a highly 
birefringent fiber, and the birefringence we reached has a 
magnitude of the order of 10-2.
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with Polymer Core and Silica Cladding
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In this paper, we report a new polymer based LPGs by 
embedding the polymeric core into silica hollow optical 
fiber (HOF), which produced self-assembled polymer 
periodic structure. Detailed fabrication method and the 
transmission spectra analysis are reported, for the first 
time.

A hybrid LPG in the polymer core surrounded by the silica 
cladding of HOF was formed in the following steps. First, 
we prepared the cleaved HOF and filled the hollow core 
with liquid polymer resin. The liquid core is exposed to UV 
irradiation to make a periodic structure of solid polymer 
in the HOF core in an optimal condition. Confirming the 
periodic structure in the core, we chose the best range of 
the gratings to cut and polish both ends. We mechanically 
spliced the prepared polymer core LPG to conventional 
single mode fiber for transmission measurements.

In the core region, we could achieve the periodic structure 
without any photo-masks. In an appropriate curing 
condition, the phase transition along the core can create a 
self-assembled periodic structure due to combined effects 
of solidification and viscosity mismatch.
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The transmission spectra of the polymer core gratings 
were measured by a white light source and an optical 
spectrum analyzer by mechanically splicing the sample 
with conventional silica single mode fibers at both ends. 
It shows narrow and deep resonant peak near 1200 nm. 
The coupling power was 10 dB at center of the resonant 
wavelength and FWHM was 23 nm. 

In summary, we fabricated a hybrid LPG composed of 
periodic polymeric core in silica hollow optical fiber. Phase 
transition of the liquid polymer in the HOF core induced 
a unique self-assembled periodic structure by uniform UV 
irradiation without using photo mask. Transmission spectra 
showed typical band rejection filter characteristics of LPG. 
The polymeric core can provide a high sensitivity in both 
temperature and strain. The polymeric core LPG in silica 
HOF has demonstrated a strong potential for economic 
fabrication and flexible design for applications as filters, 
sensors and other optical devices.
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Single-mode Hetero-core Fiber Optic Bending 
Sensor Dipped the Liquid with the High Refractive 
Index 
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Fiber optic sensing techniques are well-known to 
have significant advantages such as their immunity of 
electromagnetic interference, flexibility, lightweight and 
high resistance to the high humidity and water. Therefore, 
the fiber optic sensors for the bending, strain and pressure 
measurement are applied to several kinds of smart 
materials. Some examples have been reported such as fiber 
optic strain and pressure sensors such as fiber bragg grating 
(FBGs) and plastic optical fibers (POFs) bending sensors. 
However, these sensors have several problems, such as 
temperature dependence, low cost effective performance 
of FBGs, and the limited stability of multi-mode (MM) 
fiber usage.

In contrast to such conventional fiber sensors, hetero-
core fiber optic nerve sensors could be suitable for the 
smart materials. This is because hetero-core optic fiber 
nerve sensor is only sensitive to be bending action of the 
sensor portion and the fiber transmission line is unaffected 
to external disturbance as pressure and temperature 
fluctuation because of its single-mode (SM) stable 
propagation scheme. Therefore, the hetero-core fiber optic 
sensor could be suitable for the smart materials. 

In our previous works, it was revealed that the optical 
loss of the hetero-core fiber optic nerve sensor was 
monotonically induced with the bending action of the 
hetero-core portion. Additionally, the longer the length of 
the hetero-core portion is, the more sensitive the hetero-
core fiber optic sensor is to the bending action and the 
less linear the optical loss change of the hetero-core fiber 
sensor is with the bending action. This is because that 
the transmission light of into the fiber line leaks into the 
cladding region along the hetero-core portion and seems 
to be affected to the surrounding index of the hetero-core 
portion in terms of mode coupling.

In this paper, we tested the bending loss of the hetero-core 
fiber optic sensor to be dipped in the liquid to have higher 
index than the cladding. As a result, in the case that the 
length of the inserted hetero-core portion was relatively 
long, it was indicated that the hetero-core fiber sensor 
had monotonic and linear bending characteristics with 
relatively high sensitivity. Therefore, the hetero-core fiber 
sensor can be useful for smart materials in the applications 
fields such as biometric monitoring of the pulse and 
respiration measurement due to detect the minute change 
of the bending and pressure.
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High Power, All-Fiber based, Tunable, Dual 
Wavelengths Yb Fiber Amplifier for LIDAR 
Application
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Differential absorption LIDARS(DIAL) were used to 
monitor trace gases and required 2 synchronized narrow 
linewidth laser sources of nearly the same wavelength. 
Fiber laser based on LIDAR systems offers numerous 
advantages over conventional free space optics-based 
LIDAR systems. Fiber-based LIDAR systems offer a 
superior technology for space based remote sensing 
application in airplanes and satellites, where significant 
costs can be reduced by using light and compact devices 
based on an all-fiber approach. In this paper, we propose 
and experimentally demonstrated a dual-wavelength fiber 
laser where only one laser is needed to generate perfectly 
synchronized two wavelengths in both CW and pulsed 
regime with high output power.
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We have adopted dual seeders and multiple stages of 
power amplifier approach in order to achieve tens-Watts 
output power from a single fiber with diffraction limited 
beam quality. The seeders consist of two laser diodes: an 
External cavity diode laser (Bookham, USA) with single 
frequency output whose typical >5 MHz linewidth (5 sec) 
is in the range of 100s MHz at ~ 10mW output power at 
1073.8nm. External cavity diode laser (ECDL) and DFB 
laser diodes are very adaptable for many applications; 
however, the output power is limited to 100mWs-level. 
With two stages of pre-amplifiers, the dual-wavelengths 
seeding were amplified to ~!400mW before injection into 
power-amplifiers. We have successfully demonstrated 
~30W output power with dual-wavelengths operation after 
amplifying through a 7m long PLMA-YDF-30/400Yb 
doped fiber.  The wavelength spacing range varies from 
sub-nm to 20nm. The synchronization of dual-wavelengths 
output can be readily achievable through electronic control 
of drivers for ECDL and DFB. This can be operated in 
both CW and pulse mode.

On the other had, single longitudinal mode operation 
is a desirable property fro LIDAR sources as it ensures 
very narrow linewidth. We will present our work on 
amplification of the above Bookham’s single frequency 
ECDL seeder up to 90W output power with the tunable 
range at 1050.2~1080.6nm. The seeder is amplified with 
two stages of pre-amplifiers to ~>150mW-level. The 
third stage of amplifiers is an all-fiber based device. The 
maximum output power is limited by the back reflection 
due to SBS effects. We visually monitored the temperature 
of Yb fiber during lasing with IR camera (Thermoteknix 
systems Ltd, UK). When Yb fiber laser is kept at ~18ºC 
with active cooling, the maximum output power is limited 
at ~50W level. In order to introduce the thermal gradient, 
the same Yb fiber is spooled on a plastic casing. The 
maximum output power increased to 90W-level when 
temperature gradiance over active Yb fiber is ~60ºC after 
several minutes of lasing due to pumping absorption.

In conclusion, we have successfully demonstrated a high 
power dual-wavelength fiber laser with maximum output 
power >30W for DIAL applications. The wavelength 
spacing tunablility in absolute wavelength varies sub-nm 
to 20nm range. We have also successfully demonstrated a 
90W single frequency, all-fiber based Yb amplifier with 
tunable range from 1050 to 1080 nm.
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Linear and Non-linear Applications of Periodic 
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This presentation will describe the most recent advances 
in two areas of fibre grating research at the ORC — Univ. 
of Southampton, U.K. It will cover our work on high-
efficiency second-harmonic generation in poled silica 
fibres and high-power Thulium doped single-frequency 
fibre lasers.

Thermally poled silica fibres offer an attractive all-fibre 
solution to frequency conversion of high power fibre laser 
systems. In comparison to nonlinear crystals, they exhibit 
lower insertion loss, higher optical damage threshold, 
greater stability and ruggedness inherent to all-fibre 
solutions. One drawback of poled fibre technology though, 
is the relatively low second-order nonlinearity (0.1-
0.2pm/V). However, this shortcoming can be overcome by 
extending the length of the periodically poled fibre. In our 
most recent work we have demonstrated the generation of 
as much as 236mW single-mode second-harmonic (SH) 
light from a 32cm long periodically poled silica fibre 
(PPSF) pumped by a fibre laser source. The generated 
average power shows a 35-times improvement over the best 
published results in PPSF to date, and the corresponding 
average conversion efficiency of more than 15% was 
achieved with 20-times lower peak power demonstrating 
the very promising potential of these latest advances of 
the technology. Furthermore, our results show the ability 
of PPSF’s to handle high average pump powers without 
any signs of decay of the second-order nonlinearity. We 
will discuss design and fabrication issues related to the 
technology and show more advanced designs for enhanced 
functionality. 

Stable single-frequency two-micron lasers are attractive 
sources for numerous application areas like for example 
spectroscopy, gas-sensing and nonlinear frequency 
conversion. In this part of the talk we will discuss our 
latest work in the area of short cavity single-frequency 
distributed Bragg reflector (DBR) and distributed feedback 
(DFB) Thulium doped fibre laser designs close to 2µm, 
and demonstrate continuous wave (CW) power levels of 
these lasers up to ~3W. Additionally, we will discuss how 
these sources, through the use of master-oscillator power-
amplifier (MOPA) configurations, can be amplified to 
produce high-power, linearly-polarised single-frequency 
at power levels greater than 10W. We will furthermore 
discuss applications of these sources in OPO systems to 
generate wavelengths in the 4-9µm far infrared regime for 
gas sensing applications.
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Modeling of Doped Snom Probe
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Scanning near-field optical microscopy (SNOM) is an 
unique technique to overcome the diffraction limit in 
optics. The performance of a SNOM system is primarily 
determined by its resolution and throughput, which strongly 
depends on the SNOM probe. In recent years, scattering 
SNOM probe are widely used to attain higher resolution. 
These probes are either metallic probe or dielectric 
probe with attached metal sphere. However, they are not 
applicable to the application of using SNOM to achieve 
high resolution of failure localization for semiconductor 
devices failure analysis. This is because the semiconductor 
devices for failure analysis need to be powered up and the 
metal SNOM probe may cause short circuit and severe 
damage to devices. A scattering dielectric probe was 
demonstrated capable of solving this problem. The probe 
is made with gallium ions implanted inside the tip of a 
fiber probe by using focused ion beam. 

In order to have a deep understanding on the proposed 
SNOM probe with gallium doping, it is necessary to model 
the optical interactions between SNOM probe and samples. 
Although numerical methods, such as finite difference 
time domain (FDTD) and finite element method (FEM), 
can be applied to calculate the optical field distributions 
accurately, numerical solutions cannot provide a clear 
physical interpretation on the phenomenon. For example, 
it is not able to distinguish from the total optical field how 
much the enhanced optical scattering is due to the gallium 
ions. In addition, it cannot also describe how the gallium 
ions convert the non-propagating optical field components 
of the sample into propagating optical field, which can be 
detected by photodetector placed at the far-field region.  

In this paper, Green’s dyadic method is applied to 
analyze the SNOM probe with gallium doping. Firstly, 
the optical interaction between probe and sample is 
formulated clearly. Secondly, by using the homogenous 
and evanescent components of Green’s dyadic function, 
we are able to separate the far-field optical information and 
near-field optical information from the total optical field 
information. This would help us to remove the background 
optical signals and enhance the optical contrast. Thirdly, 
we are able to formulate how the SNOM probe converts 
the non-propagating near-field signals into propagating 
far-field signals. Through the analytical expression, we are 
able to identify the enhanced conversion efficiency due to 
gallium doping, which is comparable to silver at the visible 
wavelength.

  A02795-04773 

Stokes and Anti-Stokes Raman Fiber Laser 

LayKeng LIM; JunHao TSE; Ping SHUM 
Network Technology Research Center, Nanyang 
Technological University, Singapore

The study of the Raman fiber Laser (RFL) has been started 
extensively since 1980’s. It is a byproduct of Raman 
scattering, i.e. inelastic scattering of light from molecules. 
Stimulated Raman Scattering (SRS) was demonstrated in 
1962. RFL use SRS to generate light at pump wavelengths 
from Raman amplification. The earlier stage RFL employed 
bulk optics for the cavity mirrors to focus light into and 
out of the cavity. It is inefficient and required high power 
pump sources. 

A basic RFL consist of three parts like any other fiber 
laser. The first part is the optical pumps, for example a 
set of multimode 976nm diodes. Secondly is a rare-earth-
doped cladding-pumped fiber laser that use to convert the 
multimode diode light to a single mode light at a higher 
wavelength. Finally, the FBGs formed a cavity between 
the non-linear fiber, e.g. Germanium-doped (Ge-doped) 
fiber, were used to convert the single mode light to the 
desired wavelengths.

EDFA is preferable for multiwavelength laser due to it 
possess high gain, low insertion loss, low noise figure and 
negligible nonlinearities to produce output power between 
1530nm to 1560nm wavelength range. However, due to 
advent of Bragg gratings, multimode diodes and high 
power pump lasers, the RFL became more practical and 
efficient in the applications of optical network. Raman 
amplification occurs in any fiber. It is able to generate 
stable wide wavelengths and high power of lasing outputs 
at room temperature. It is then useful for long-haul system 
designed to operate over a long distance transmission. 
RFL at almost any wavelength can be produced by proper 
choice of pump wavelength. Multiple gratings on each end 
of the fiber provided feedback to the light wave and caused 
the sequential wavelength shifting. Multiple Stokes and 
even anti-Stokes RFL can then be formed. It is advantages 
to have all the required wavelengths emitted from one 
source. This motivated the development of multivelength 
laser that is needed for WDM, sensing and testing systems. 
It is foreseen will be widely used in the communication 
systems if the price is competitive with fixed length 
lasers. 

Frequency doubling of a RFL is a feasible approach to 
produce lower wavelengths laser source, e.g. visible and 
ultraviolet lasers, with the development of high quality 
Raman materials. These fiber lasers are essential for many 
applications in medicine, biomedical, laser entertainment, 
metrology and etc. These applications need high efficiency 
and reliable laser sources with high output powers and good 
beam quality. The current available semiconductor laser 
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is unable to achieve the requirements due to the limited 
power range and lager Numerical Aperture as compared to 
the single mode RFL.   

RFL is cost-effective as it only needs both low-cost 
fiber components and readily multi-watt broad area 
semiconductor lasers. It is able to produce a very wide 
workable lasing range without limitation. Given a proper 
pump laser, a desired and stable multiwavelength RFL can 
be obtained at room temperature. 

  A02826-04844 

Slow Light via Stimulated Brillouin Scattering in 
an Optical Fiber: Physical Nature and Prejudices

Valeri KOVALEV1;2; Nadezhda KOTOVA1;2; 
Robert HARRISON1 
1. Department of Physics, Heriot-Watt University, 
Edinburgh, United Kingdom
2. Department of Quantum Radiophysics, Lebedev 
Physical Institute, Moscow, Russian Federation

Stimulated Brillouin scattering (SBS) generated in an optical 
fiber is considered to be a promising room temperature 
approach towards realizing slow light (SL) fiber devices. 
Many Stokes-pulse-delay experiments in optical fibers 
have now been published, in which delays for pulses of 
durations from ~40 ps to ~100 ns were observed. All of 
these were interpreted, but without proper justification, 
through SBS-induced group delay of the Stokes pulse. In 
this work we consider physical nature of the SBS-induced 
Stokes pulse delay for both monochromatic and non-
monochromatic pump fields.

The basic idea underpinning the concept of SL is creation 
of a strong normal dispersion of the refractive index in a 
medium. For SBS this occurs through a variation of density 
in a medium, which is induced by an electrostrictive force 
resulting from interference of pump and Stokes fields. The 
Stokes field is amplified through reflection of the pump 
field by this induced density variation. The evolution of 
slowly varying amplitudes of the density variation and of 
the Stokes field is described by two well known equations: 
the relaxation equation for the density and the partial 
differential equation for the field. Interestingly enough 
this set of equations has analytic solutions for both density 
variation and Stokes field. 

In the temporal domain solutions can be obtained by using 
Riemann’s method. From these solutions we obtained the 
dynamic form of output Stokes pulses and their delay, 
along with group index spectra induced by the Stokes-
pump interaction. Obtained characteristics of the Stokes 
pulses are similar to numerical findings elsewhere. 
Calculated spectra of Stokes pulses and group indexes 
induced by these pulses have shown that the spectral width 
of pulses is in all cases bigger then that of the SBS induced 

group indexes. We therefore conclude that regardless of 
the input Stokes pulse duration the delays associated with 
SBS amplification of a Stokes pulse cannot be attributed 
to SBS-induced group delay. They are predominantly a 
consequence of the SBS gain build-up.

Through transforming SBS equations into the frequency 
domain we considered the effect of pump radiation 
non-monochromaticity on spectral characteristics of 
the output Stokes radiation and of the density variation 
and from the latter of the SBS induced group index. 
Transformed equations are solved analytically. We have 
found that spectral broadening of the pump radiation by 
any reasonable amount, which is widely supposed to be a 
means for broadening of SBS induced SL bandwidth, has 
a negligible effect.

An approach, which uses the effect of waveguide-
induced broadening of the SBS gain bandwidth with a 
monochromatic pump, is discussed. We show that in 
high numerical aperture fibers the SBS gain bandwidth 
broadens to ~10 GHz. Since SBS amplification of an 
external Stokes pulse cannot give rise to a group delay 
for this pulse itself, a delay is possible if suitable group 
index features for the pulse to be delayed are prepared in 
the medium independently. In SBS this happens naturally 
through spontaneous Brillouin scattering. 

  A02844-04871 

10Gbit/s Wavelength Transferable Stimulated 
Brillion Scattering Slow Light

Jianguo LIU1; Tee Hiang CHENG1; Yong Kee YEO2; 
Yixin WANG2; Zhaowen XU1 
1. Nanyang Technological University, Singapore
2. Institute for Inforcomm Research (I2R), Singapore

A 10Gbit/s wavelength transferable Stimulated Brillion 
Scattering (SBS) slow light is achieved in a 70m-long 
highly-nonlinear photonic crystal fiber (HN-PCF). The 
bandwidth of the slow light is broadened by a 10Gbit/s 
231-1 pseudo random bit sequence (PRBS) modulated SBS 
pump, and the slow light is converted to another frequency 
in a broad-band by four-wave mixing (FWM). By this way, 
not only the slow light is transferred, but the idler power is 
enhanced greatly. In our experiment, all-optical controlled 
37.5ps delay time is transferred in a 40nm bandwidth 
flatly, and 4.7dB idler power is enhanced simultaneously. 
The experimental results are in good agreement with those 
of the theory.
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Development and Characterization of Novel Yb-Er 
Phosphate Laser Glass for High Repetition Rate 
Flashlamp Pumping

Yongzheng FANG1; Jiayue XU1; Xiaorong LIU1; 
Zhanyong WANG1; Lili HU2 
1. Department of Materials Engineering, Shanghai 
Institute of Technology, Shanghai, China
2. Shanghai Institute of Optics and Fine Mechanics, 
Chinese Academy of Sciences, Shanghai, China

A novel Yb-Er co-doped phosphate glass for high repetition 
rate laser at 1.54ìm, designated SITLG1, was developed. 
This glass was based upon the composition of 60P2O5·15Al2
O3·5SiO2·12Li2O·3K2O·1Er2O3·4Yb2O3. Cr3+ and Ce3+ were 
also introduced as sensitizers. Combining high thermal 
shock resistance, good chemical durability and acceptable 
spectroscopic properties, SITLG1 was significantly more 
attractive than those of typical phosphate glasses. Some of 
the spectroscopic parameters were analyzed by Judd-Ofelt 
theory and McCumber theory. The thermo-mechanical 
properties of SITLG1 were greatly increased by ion 
exchange. The thresholds for optical damage from the 
flashlamp pumping were tested on glass rods. A repetition 
rate of 20Hz was achieved for chemically strengthened 
glass. 
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Observation of Mode Conversion Based on 
Adabatically Tapered Photonic Crystal Fiber With 
Two Layered Deffect

Boram RYU; Yoonseop JUNG; Mingyu PARK; 
Seongil IM; Kyunghwan OH 
Institute of Physics & Applied Physics, Yonsei University, 
Seoul, South Korea

Nowadays, there are various functional devices that can 
convert fundamental mode of a conventional single mode 
fiber (SMF) to another mode of certain fiber for special 
characteristics with low splicing loss and low chromatic 
dispersion. These efforts are applied to optical sensing 
and communication, especially for high-speed local area 
networks. In this paper, we report a mode converter using 
adiabatically tapered PCF to convert a fundamental mode 
of SMF to unique mode of a photonic crystal fiber (PCF).

Modes inside PCF were observed along with a distance 
from spliced section to confirm changes of field patterns. 
We used two layered PCF with a diameter of 200 μm. Two 
layered defects consist of core and cladding region with a 
diameter of 24.4 μm and 102.4 μm, respectively. Central 
core defects are composed by air holes with a diameter 
of 5.7 μm, and aligned with a distance 10.6 μm. Each air 
hole in the core is surrounded by a germanosilicate ring 
with high refractive index, and defects in the cladding are 
highly deformed as an ellipse shape.

In order to fabricate the mode converter, we prepared SMF 
and PCF with both ends cleaved. The PCF was fusion-
spliced with SMF to concatenate two fibers. A collapsed 
region about 200 μm was generated along with the PCF 
during splicing at a specific arc-power and a duration time. 
Because a splicing problem between PCF and SMF is a 
major limitation that disturbs the insertion of PCF into 
conventional fiber systems, it is important to find a simple 
and low-loss method to splice PCF with conventional 
SMF.

We used a diode laser with wavelength of 1550 nm to 
observe modes propagating through the converter. 20x 
objective lens in front of infrared CCD was used to 
observe field images at each point from the boundaries 
of fusion-spliced region. Field images of three different 
positions were achieved to explain a mode conversion 
process. The first collimated light was obtained at 200 μm 
distance from splicing boundary. The diameter of beam is 
expanded while incident light is propagated along with a 
collapsed region. The collapsed region acts like a beam 
collimator to expand the fundamental mode from SMF. 
Also we obtained the field image at the 300 μm distance 
from the splicing boundary. Each hole around the center 
illuminated equally, but only one hole at the center was 
the brightest than any other holes. It shows collimated 
light doesn’t have flat-top profiles, but it covers a whole 
diameter of the core layer in the PCF. Finally, the unique 
mode of the two layered PCF was acquired at the end face 
of PCF with a length about 5 cm.

A mode converter based on two-layered PCF was 
experimentally demonstrated. We confirm a fundamental 
mode of the SMF was converted into unique mode of the 
PCF along the mode converter. A tapered region near the 
splicing boundary collimated light to launch the light into 
a core of the PCF.

  A02885-04933 

Design of Photosensitive Microstructured 
Polymer Optical Fibres

Hwayaw TAM 
Department of Electrical Engineering, The Hong Kong 
Polytechnic University, Kowloon, Hong Kong

In this paper, we propose a novel fiber design of a single-
mode mPOF with a single ring of 3-air-hole and double-
cladding of the enhanced UV photosensitive PMMA 
polymer, which is developed in-house for writing FBGs. 
The main criteria of mPOFs for an inscription of efficient 
FBG writing are: (1) photosensitive core, (2) reduce/
eliminate influence of dopant diffusion for single mode 
guidance, (3) minimize scattering of UV write-beam, (4) 
maximize power of UV write-beam at the core region, 
and (5) single mode operation at low attenuation loss 
transmission window of PMMA.
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The proposed design comprised of double-clad layers 
in which the inner cladding region is made of a trans-4-
stilbenemethanol (TS)-doped, methacrylate (MMA)- butyl 
methacrylate (BMA)- benzyl methacrylate (BzMA) (90/5/5 
molar ratio) copolymer, and the outer cladding is made of 
a copolymer of MMA and BMA (90/10 molar ratio). TS is 
a stilbene derivative compound which exhibits a reversible 
trans-cis photoisomerization. The refractive indices of 
these compounds are different when they take trans or cis 
structures [13]. Usually the trans species possess a higher 
refractive index, offering an opportunity for the realization 
of photo-induced change of the refractive index by 
photoisomerization. Inside the TS-doped region, the fiber 
core for the single mode propagation is formed by the 3 
large surrounding air holes (up to 10.4 µm in diameter) with 
a bridge thickness of up to 1.55 µm. It can be speculated 
that only a few large air holes inside the photosensitive 
region would not introduce significant scattering while the 
incident UV write-beam travels transversely through the 
mPOF. Furthermore, maximum optical power intensity of 
UV writing can be achieved by pointing the UV beam at 
the fiber core passing through the bridge with a thickness 
of up to 7 times larger than the applied UV wavelength 
(325 nm). In the single mode regime, the effective core 
(3 ~ 4 µm) is located far away from the proximity of the 
inner/outer cladding region by over 20 µm in diameter, 
thus the influence of dopant diffusion can be minimized.

In our work, a finite-element—based vectorial optical mode 
solver was used to study the fiber design. We investigated 
the modal behavior by tailoring the dimensions of the 
structure, such that the single mode propagation was 
found for maximum effective core size and bridge. Two 
operating wavelengths, 580 nm and 770 nm, were used in 
the simulation, as PMMA exhibits minimum attenuation 
loss at visible wavelengths of 530 nm, 580 nm, 650 nm 
and 770 nm.

  A02887-04935 

Photonic Crystal Fibers and Their Applications

Kwanil LEE; Sang Bae LEE 
Photonics Research Laboratory, Korea Institute of 
Science and Technology, Seoul, South Korea

Photonic crystal fibers (PCFs) have been widely studied 
for the past decade due to their unusual light guiding 
mechanism, in which the index difference is obtained by 
lowering the effective refractive index of the cladding 
through introduction of air-holes. The air-holes in the 
cladding region in the PCF confine the optical wave 
into the center region of PCF. Especially, large degree 
of design flexibility and strong wavelength dependency 
of the effective refractive index open up various new 
applications such as supercontinuum generation, wide 
band transmission, high power delivery, a very large single 
mode area, and so on. 

The guiding mechanism in photonic crystal fiber is divided 
into two different methods; one is a modified total internal 
reflection by inducing the effective index difference 
between core and cladding in PCF, the other is photonic 
bandgap guidance. Solid core PCFs comprise a solid silica 
core embedded in an air-filled cladding structure where 
a number of air holes are arranged in a pattern that runs 
along the length of the fiber, creating a hybrid air-silica 
material with a refractive index lower than the core. Thus 
they can operate on the same index-guiding mechanism 
as the conventional optical fibers. On the other hand, 
“photonic bandgap fibers (PBGFs)” can confine light in 
a lower index core, i.e., a hollow air core, by a photonic 
bandgap created by the microstructured cladding. These 
PBGFs have novel applications due to a hollow core in 
which one can introduce some materials such as liquid and 
gas to be analyzed for the presence of some substance.

Here we describe the fabrication of various kinds of photonic 
crystal fibers such as highly nonlinear PCF, polarization 
maintaining PCF, and photonic bandgap fiber(PBGF), 
and elliptical hollow core PBGF. Moreover we show 
various applications using our home made PCFs such as 
supercontinuum generation, temperature-insensitive strain 
sensing, polarization managing, and biosensing.

Especially, for elliptical hollow core PBGF, we report a 
means to control the aspect ratio of the hollow core. It is 
shown that if the final out jacked cane is placed offcenter 
of the furnace during drawing, which results in asymmetric 
temperature characteristics near the hollow core, and the 
amount of evacuated air from the region between the cane 
and the second out-jacket tube is tuned, it is possible to 
change the aspect ratio of the hollow core. Also, we report 
the measurements of birefringence and its sensitivity to 
strain and temperature in the fabricated PCF/PBGF. First, we 
measured the birefringence using a Sagnac interferometric 
method. The fabricated EC-PBGF has the wavelength-
dependent birefringence within the full bandgap. Later, we 
investigated strain and temperature sensitivities of the EC-
PBGF based Sagnac interferometer. The results show that 
temperature sensitivity of the investigated fiber is positive 
and decreases with wavelength in the longer wavelengths, 
becomes zero at zero birefringence wavelength (~1413nm), 
and vice versa for shorter wavelengths. Meanwhile, 
the strain sensitivity is very much dependent upon the 
wavelength and is negative over the bandgap region. 
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Coupling Characteristics of Hybrid Photonic 
Crystal Fiber Coupler 

Dora Juan JUAN HU 
School of Electrical and Electronic Engineering, 
Nanyang Technological University, Singapore

Photonic crystal fibers (PCF) offer a wide range of 
applications in telecommunication and sensing area. PCF 
based directional coupler, which can serve as an important 
element in optical circuits, has been explored with various 
designs in recent years. The lightwave guidance in PCFs 
relies on either the modified total internal reflection (TIR) 
or photonic bandgap (PBG) effect. The TIR is realized 
by raising refractive index in the core region which is 
higher than the microstructured cladding. The PBG 
effect of the microstructured cladding enables coherent 
backscattering of the lightwave into the lower index guided 
core. Nevertheless, it is possible to have both guiding 
mechanisms coexisting in the fiber which is called hybrid 
PCF. The hybrid guiding mechanisms can be realized via 
structural variation or by selective infiltrations of high 
index material into the air holes. 

In this paper, we design a hybrid PCF based coupler and 
investigate its waveguiding properties, including the 
mode effective index, confinement loss, group velocity 
dispersion, and birefringence. Furthermore, the influence 
of structural variations of the coupler on the phase 
matching conditions is analyzed. By introducing the 
thermo-optical responsive substance into the air holes 
in the fiber structure, the coupler can be made thermally 
tunable. The band-pass filtering characteristics and the 
thermal tuning properties are numerically investigated. 
The semi-vector beam propagation method (BPM) and 
full-vector finite element method (FEM) are used in the 
calculation. The proposed hybrid PCF based coupler 
should find promising applications as thermal sensors or 
optical filtering devices.

  A02999-05121 

Scanning Near-field Optical Microscopy (SNOM) 
and Its Application for Failure Analysis of 
Semiconductor Devices 

Ying ZHANG 
Singapore Institute of Manufacturing Technology, 
Singapore

Photon emission is an important fingerprint that helps to 
characterize the physics of semiconductor device. The 
downsizing trend of the semiconductor chips requires 
imaging tools for measuring optical properties in dimensions 
of several tens of nanometers. However, the spatial 
resolution of conventional photon emission microscope is 
limited by diffraction limit which is approximately half of 
the wavelength of the light source used in the microscope. 
Thus, conventional photon emission microscope is no 
longer suitable for the technology node below 65nm. 
As a promising technology to overcome the diffraction 
limit, Scanning Near-field Photon Emission Microscopy 
(SNPEM) was invented on the top of SNOM. 

In this talk, the nano-metric optical measurements and the 
basic principle of SNOM will first be introduced. Key topics 
include the current landscape and the state-of-the-art of 
SNOM. Followed is an overview of the development of the 
SIMTech Fibre-optical SNOM system by focusing on the 
key challenges of SNOM signal detection. The challenges 
will be addressed from SNOM probe design, probe-
sample separation sensing and regulation, weak electric 
and optical signal detection, and SNOM instrumentation. 
The talk is concluded by introducing SNPEM system and 
its applications in failure localization for semiconductor 
failure analysis. 
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