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Preface
The global proliferation of optical fiber-based communication networks have
been the enabling factor in the shift of modemn Information technology era from
the Electronics Age to the Photonics Age. Even though silica glass fibers have
enabled this Information Superhighway, the plastic optical fibers (POFs} are of
great commercial interest because they can maintain flexibility at thicker fiber
sizes making them more easy to handie and install when the communication
systems make their way from the local loop (premise networks, local area
networks) closer towards, and into, the home. POF may also be an important
building block for devices used in future ultra fast all-optical communication
systems because it has many attractive properties that silica optical fiber lacks.
Polymer materials have a much lower Young’s modulus than inorganic glass and
therefore, can possess much larger diameter and still retain their flexibility.
Polymer optical fibers also possess a higher numerical aperture (NA). As a result,
the acceptance angle, or the light gathering capacity, is large compared to glass

optical fibers.

Availability of inexpensive sources in the visible region has increased the
utilization of POF in data communication. Implementation of optical
communication in the visible region necessitates the development of suitable
optical amplifiers working in this region. POF doped with dyes or rare earth
elements are potential candidates for this purpose. Laser dyes, which act as
highly efficient media for lasing and amplification have a wide range of
tunability in the visible region. The range of tunability of laser dyes like
Rhodamine B and Rhodamine 6G usually comes between 570nm to 640nm. The

advantage of incorporating laser dyes in solid matrices such as POF is that it is



easier and safer to handle them than when they are in liquid form. From recent
studies it is found that the dye doped polymer materials haves better efficiency,
beam quality and superior optical homogeneity when compared to other solid

matrices.

Although many of the applications of optical fibers are based on their capacity to
transmit optical signals with low losses, it can also be desirable for the optical
fiber to be strongly affected by certain physical parameters of the environment.
In this way, it can be used as a sensor of such a parameter. There are many strong
arguements for the use of POF as sensors. In addition to their casiness to handle
and economically competitive, they present the advantages common to all
multimode optical fibers. Specifically, the flexibility and small size of optical
fibers enable a great sensitivity to be achieved without having to occupy big
volume. Moreover, it has been proved that POF can be employed to detect a great
variety of parameters, including temperature, humidity, pressure, and presence of

organic and inorganic compounds, wind speed and refractive index.

The proposed thesis presented in six chapters deals with the work carried out on

polymer optical fibre smart sensor and dye doped polymer optical fiber amplifier.

Chapter 1: Polymer fiber optics has become a very interesting area as it has a
very profound application in short distance communication such as LAN, DTH,
Automotive communication and in both industrial and domestic lighting. Since
the use of conventional energy is a buzz word of the present energy thirsty world,
fiber optic lighting has become a boon. During day time when there is surplus of
natural light source, the sun, it can be very efficiently utilized for illumination
purposes in large industrial areas by guiding light through large core polymer

fibers, which will cut the energy bills to virtually zero. Due to its ease of



fabrication and large numerical apertures polymer optical fiber based devices like
couplers, routers, mode scramblers, mode filters can be easily and cost
effectively manufactured. Polymer integrated devices like waveguides has
suddenly emerged to limelight due to its ease of fabrication and its versatility.
Interestingly the waveguide and allied component fabrication can be done by
following the conventional lithographical techniques. These factors are discussed

in detail in the introductory chapter.

Chapter 2: The second chapter discusses in detail about the fabrication of a
polymer optical drawing system designed and fabricated indigenously. The POF
drawing system used a novel idea for preform heating using three IR lamps
which was found to be more temperature stable than conventional coil wound
furnaces. Precise fiber diameter control was achieved by using computer and
microcontroller controlled driver motors whose rotational speed can be fixed to a
predetermined value. The chapter also discusses in detail about the conventional
techniques used for drawing optical fibers with necessary emphasis given to

polymer optical fibers.

Chapter 3: As the saying goes “If you haven’t measured it, you haven’t made
it” by Wayne Knox, it would be unfair to this thesis if necessary characterisation
of fibers, depending on application, is not done. The third chapter deals with the
characterisation of both dye doped and undoped POF for amplification and

sensing applications.

Chapter 4: Optical amplification in the visible region has become a hot subject

area since polymer fiber optics has come to the short communication scenario.



As it is evident, the band width of a channel is not only dependent on material
characteristics, but also on the wavelength used for optical communication
purpose. So, as one shift to visible communication regime there is a considerable
increase in the communication bandwidth. A very simple and efficient technique
is to use organic laser dyes with fluorescence in the visible spectrum.
Incorporating laser dyes like Rhodamine and coumarin, in polymer matrix
relatively simple, makes it a very useful device for optical amplifiers. The fourth
chapter discusses in detail about the fabrication of polymer optical fiber amplifier

using the above technique.

Chapter 5: Fiber optic sensors have changed the way we measure various
parameters which cannot be efficiently measured by using conventional sensors.
For example fiber optic chemical sensors have been developed which can
measure traces of chemical in the range of parts / billon. Earlier this sensitivity
which can only be dreamed of has now become a reality with the emergence of
fiber optic sensors. This is due to the fact that the measurements involving light
is very sensitive since the transmission of light through an optical fiber can be
varied and measured by employing various techniques. With the emergence of
polymer fiber optics, the sensitivity of fiber optic sensors has increased to a
greater extent since POF are very sensitive to variations in temperature, pressure,
strain and stress than glass fibers due to its material properties. More over
speciality fibers like microstructured fiber can readily be fabricated using
polymer optical fibers which can be effectively utilized for biosensors. Fiber
optic sensors are widely used in the field of civil engineering to monitor cracks
and fatigue of buildings and bridges. In the last chapter one such sensor has been

discussed which is used to study the setting characteristics of various grades of



cement used for civil engineering. Studies were carried out on both glass and

polymer optical fibers.

Summary and conclusions of the work carried out are given in Chapter 6.

Future prospects are also discussed in this chapter.
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Cﬁa&n 1

The whole of science is nothing more than a refinement of everyday thinking-
Albert Einstein

Polymer Photonics:
An Overview

‘L','szer opncs has emerged as . a strong backbone for .

“communication systems Glass f' ibers paved the ‘way for

~ efficient data traffic between continents with very high data

. rates, which was thought to be impossible a few years before. :
The path of glass fibers is being followed by polymer optical
fibers. Polymer optical wave-guide is still in it infancy and a
lot of research work has been taking place for the fabrication

“ of low loss, efficient polymers for fiber and integrated optics.



Polymer photonics

1.1 Introduction

Optical polymers are clear plastics that provide excellent light transmission
[1-3]. In photonic applications, they offer advantages over optical glass; they
weigh less, and they can be molded into spherical, aspheric and symmetric
shapes. Many polymers have valuable optical properties, but few are in
widespread use or have the potential for such use. Typical uses for these
optical polymers include lenses {4-6] for video and still cameras; projection
televisions; compact disc drives; light-emitting diodes [7-10]; printers and
bar-code readers; ophthalmic lenses; light-guides; optical films; high-density
optical storage media; diffractive optics; flat panel displays[11-13];
metallised reflectors; and optical fibers, fiber couplers and connectors. The
key transparent polymers for optical and photonic applications include
acrylic, usually polymethylmethacrylate (PMMA) or a modification of this
material, polycarbonate (PC), polystyrene (PS), allyl diglycol carbonate
(ADC) and cyclic olefin copolymer (COC). These materials are

thermoplastics, except for ADC, which is available only as a thermoset resin.

Manufacturers use most of these materials in traditional molding, extrusion
and other processes. Many other polymers have some optical applications.
For example, styrene-acrylonitrile copolymer is used in reflectors;
polysulfone is useful in bubble lenses on circuit boards because it can
withstand potting temperatures; and polyetherimide offers high thermal
stability in infrared laser lenses. Those who use optical polymers in photonic
applications face many choices including acrylic, PC, PS, ADC and COC.
Speciality material grades containing a variety of additives often have

properties that differ greatly from those discussed below.
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1.2 Optical properties of polymers

Optical properties of a polymer are light transmittance, yellowness, haze,
refractive index and Abbe number [14-16]. The polymers mentioned here
have light transmittance values exceeding 88 percent within the wavelength
range 380 to 1000 nm. PMMA and COC typically have 92 percent
transmittance over this range, while others fall somewhat lower. The high
refractive index of PC and PS limits their transmittance above 1000 nm. Fiber
optic systems can use higher transmittance bands between about 1200 to
1350 nm, and 1500 to 1600 nm. Some processing and end-use conditions can
cause optical polymers to acquire a yellow tint. High temperature (for
example, heat from lighting) and UV (from natural and artificial light) can
cause yellowing when in use. PS and PC tend to turn yellow more than
PMMA with UV exposure. Optics for collimating diode lasers and light-
emitting diodes are among the potential applications of optical polymers.
Choosing the right plastic will determine the ultimate success of the

application.

The environmental stability of optical polymers (i.e. the stability of their
optical and mechanical characteristics with temperature and humidity) is an
important issue because most of the polymers do not have properties that are
appropriate for operation in communication environments. A key
characteristic for practical applications is the thermal stability of the optical
properties since organic materials may subject to yellowing upon thermal
induced oxidation. The presence of hydrogen in a polymer allows the
formation of Hydrogen-Halogen elimination products, which results in

carbon double bonds which are subjected to oxidation.
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Refractive index normally decreases as temperature or wavelength increases
(unlike in glass, where index increases with temperature). Component
designers can compensate for changes in refractive index by carefully
matching the polymer to the wavelength and by using composite glass-and-

plastic Ienses that compensate for higher temperatures [17-19].

Birefringence, the effect of variations in the index of refraction of a material
when measured in different directions, can occur in plastic components when
polymer chains align during molding. Careful management of molding
conditions can minimize birefringence and other effects of optical anisotropy.
Typically, lower injection speed and longer holding time contribute to
reducing birefringence. Physical forces on a component can also affect
birefringence. The proportionality between birefringence and applied stress is
the material’s stress-optic coefficient. This is important in laser optics,
compact discs, polarized-light applications and precision optics, which must

minimize directional variations in refractive index.

The Abbe number is a measure of dispersion and indicates how refractive
index varies with wavelength. Dispersion is important in optoelectronic
systems that use relatively wide bandwidths. Correlating Abbe number and
refractive index shows that PMMA, ADC and COC fall within the realm
normally occupied by crown optical glasses and that of PS and PC are more
like flint glass. Optical properties may also change with wavelength,
temperature and moisture. For instance, the thermal effect of a high-power
laser beam passing through a polymer can influence refractive index change
that causes the beam to bloom or spread. Even in low- gaze plastics; this can

occur at energy densities higher than 100 to 200 Wiem’.
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Other factors, such as surface roughness, gloss, internal contamination and

color, may also be of concern in developing photonic devices.

1.2.1. Other properties

Specifications for photonic applications usually extend beyond optical
properties to include a range of physical, mechanical, thermal and other
characteristics. Density, for instance, is significant because lower density
means lower optical component weight and material cost. Moisture
absorption can change a component’s optical geometry, increases refractive
index slightly and causes optical inhomogeneities in acrylics and other
moisture-sensitive materials. Components also must meet a variety of
mechanical criteria: tensile and impact strength, hardness, elongation at
break, scratch resistance and flexural modulus (stiffness). Heat deflection
temperature, the temperature at which a polymer deflects a set distance under
a set load, determines the extent of deformation that may occur when optical
components are close to high-intensity bulbs or other heat sources. The
coefficient of linear thermal expansion affects the ability of plastic

components to hold dimensions precisely as temperature changes.

All of these polymers will replicate fine surface features under the right
circumstances. PC and PMMA are more difficult to force into fine features
during molding than are COC and PS. ADC fills fine surface features because
it is liquid when cast. Optical polymers differ greatly in their chemical
resistance. Methanol, for instance, attacks both PC and PMMA, but not COC,
while the opposite is true for hexane. In developing a photonic component,
we have to determine the chemicals which the component will likely

encounter during its life cycle.
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1.2.2. Processing considerations

Another design consideration is ease of processing. The thermoplastic resins -
PMMA, PS, PC and COC - can be injection-molded, but ADC must be cast.
Casting (i.e. reacting in a mold) typically takes about 17 hours at 140 °c.
PMMA, PS, PC and COC generally flow well during molding, fill complex
molds well and have similar cycle times. Except for COC they should be
dried before molding to minimize the possibility of splay and yellowing.
Shear and cooling stresses during injection molding can cause
inhomogeneities in polymers. But care in processing can minimize these

variations.

PMMA and PS tend to process similarly at comparable temperatures. PC and
COC also have similar processiné temperatures, which are about 100°C
higher than PMMA and PS. Processing temperature is in line with the end-
use temperature capability for these materials. Optical thermoplastics can also
be cast, extruded onto formed rollers or machined. Cast optical parts made
from ADC and PMMA can have lower haze than molded parts because the
manufacturer can filter the reagents before casting. In addition, diamond
turning of cast or molded and annealed blanks can produce prototype
components and small production runs without the need for polishing. Cost is
not a hard-and-fast issue but depends on the volumes and grades purchased.
The cost of all of these materials is nearly insignificant for small components
such as fiber optic coupler lenses. Material costs naturally become higher as
components grow larger, but the processing time for large and thick lenses

usually is a more significant part of overall component cost.
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1.3 An overview of optical fibers and applications
Communication using an optical carrier wave guided along a glass fiber
has a number of extremely attractive features, several of which were
apparent when the technique was originally conceived. Furthermore,
advances in the technology to date have surpassed even more optimistic
predictions, creating additional advantages. Hence it is useful to consider the
merits and special features offered by optical fiber communications over

more conventional electrical communications.

The information carrying capacity of a transmission system is directly
proportional to the carrier frequency of the transmitted signals. The optical
fiber yields greater transmission bandwidth than the conventional
communication systems and the data rate or number of bits per second is
increased to a greater extent in the optical fiber communication system.
Further, the wavelength division multiplexing operation enhances the data
rate or information carrying capacity of optical fibers to many orders of

magnitude.

Due to the usage of the ultra low loss fibers and the erbium doped silica
fibers as optical amplifiers [20-23], one can achieve almost lossless
transmission. In the modern optical fiber telecommunication systems, the
fibers having a transmission loss of 0.2 dB/km are used. Further, using
erbium doped silica fibers over a short length in the transmission path at
selective points; appropriate optical amplification can be achieved. Thus the
repeater spacing is more than 100 km. Since the amplification is done in the
optical domain itself, the distortion produced during the strengthening of the

signal is almost negligible.
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Since photons are considered to be chargeless particles they have a high
immunity to internal noise, cross talk, electrical noise, ringing, echoes or
electromagnetic interferences. It is also very immune to lightning, and thus
immune from lightning caused hazards. The transmitted signal through the
fibers does not radiate. Further the signal cannot be tapped from a fiber in an
easy manner. Therefore optical fiber communication provides hundred
percent signal security. Fiber optic cables are developed with small radii, and
they are flexible, compact and lightweight. The fiber cables can be bent or
twisted without damage. Further, the optical fiber cables are superior to the
copper cables in terms of storage, handling, installation and transportation,
maintaining comparable strength and durability, low risk of fire, explosion,
and ignition.

Due to the recent advancement in optical fiber technology, the fabrication
costs of optical fibers are coming down drastically. Even though the initial
cost of installation is very high when compared to electrical communication

cables, it has very low maintenance cost.

1.3.1 Materials used in the fabrication of optical fibers

There are a number of materials used for the fabrication of optical fibers. All
these materials are selected in such a manner that it satisfies certain
conditions, such as a) it should have good optical transmission quality for
efficient optical transmission b) it must be flexible and must be able to be
draw into long fibers and c) the cladding and the core materials should have

slightly different refractive indices to satisfy total internal reflection.
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Glass fibers

Glass fibers are mostly made from silica or silicates. Glass fibers are very
low loss fibers when compared to plastic fibers. Glass fibers are widely used
in longer distance communication purposes. There are a number of glass

fibers available, some among them are:

a) Silica glass fibers

They are made by fusing metal oxide, sulphides and selenides. Oxide
glasses are mostly used for making optically transparent glasses. The
most common is silica (Si(,), which has refractive index of 1.458 at
850nm. To produce two similar materials that have slightly different
refractive indices for core and cladding, various oxides are added to
silica.

b) Fluoride glass fibers

Fluoride glass fibers are used for optical fibers that have extremely low
transmission losses at mid IR wavelength region with the minimum loss
being around 2.55um. Heavy metal fluoride glasses use ZrF. The
constituents of fluoride glass are mainly ZrF, BaF, LaF, AIF and NaF
referred to as ZBLAN. The material forms the core of a glass fiber. To
make a lower refractive index fiber, ZrF is partially replaced by HaF to
get a ZHBLAN cladding.

c) Active glass fibers

Active glass incorporates rare-earth elements into a normally passive
glass to give the resulting material which has new optical and magnetic
properties. These new properties allow the material to perform

amplification, attenuation and phase retardation of light passing through
it.
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d) Chalcogenide glass fibers

These contain at least one chalcogen element (S, Se, orTe) and typically
one other element such as P, I, Cl. It has high optical non-linearity and

long interaction length. Typically losses are in the range of 1dB/m.

Polymer fibers:

In 1966, Dupont introduced the first type of Polymer Optical Fiber
(POF) product named Crofon with PMMA core to the market. The
development activities in the past 40 years were aimed at removing some
major disadvantages of POF, such as high transmission loss, low thermal
resistance and parrow bandwidth. Now various types of POF products
including GI type POF, single mode“POF, fluorescent POF, non-linear POF,
etc. have been developed, which are widely used in the fields of light and
image transmitting, sensing, and information transmission in short distance.
POF is also largely used in illuminating, advertising, decorating, and art and
craft making, and low cost POF with Polystyrene (PS) core is mostly used in

such applications.

1.4 Polymer fiber optics

The global proliferation of optical fiber-based communication networks has
been the enabling factor in the shift from the Electronics Age to the
Information (i.e., Photonics) Age; as is supported by the exponential growth
in Internet subscription and video/multimedia conferencing. Silica glass
fibers have enabled this Information Superhighway, but plastic optical fibers
(POFs) are of great commercial interest because they can maintain flexibility
at thicker fiber sizes making them more easy to handle and install when the

communication systems make their way from the local loop (premise

imn
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networks, local area networks) closer towards, and into, the home. POF may
also be an important building block for devices used in future ultrafast all-
optical communication systems because it has many attractive properties that
silica optical fiber lacks. An important one is its low processing temperature
(typically, less than 200°C). This allows organic nonlinear optical materials
to be incorporated into the POF, which is otherwise impossible in silica-based
fiber because of its high process temperature (typically 1800°C to 2000°C).
Many useful devices, such as optical switches, may be constructed based on
fibers with fast response and high nonlinearity.

In general the polymers have certain advantages which make it a
suitable candidate for optical fiber fabrication. They are as follows:

e Easy mold and form into any shape

e High-impact applications(Inorganic materials such as glass ,

would shatter in such situations)

But, some of the problems are:

e Poor dimensional stability

e Poor scratch resistance
So far, highly purified inorganic glass core materials are still unsurpassed in
their low transmission loss or low attenuation. However, fibers made of glass
need to have very small diameters to obtain flexibility due to its high
Young’s modulus. Furthermore, glass fibers are very brittle and very
sensitive to damage to the surface. This implies that connecting glass optical
fibers is a time consuming process that require high precision tools and
skilled workers. Polymer materials have a much lower modulus than
inorganic glass and therefore, can possess much larger diameter and still
retain their flexibility. Polymer optical fibers also possess a higher numerical
aperture (NA). As a result, the acceptance angle, c:r the light gathering

Capacity, is large compared to glass optical fibers.

11
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. Attenuation . e
Core | Cladding (dB/km) Application
All silica optical Long distance
fibers Silica Silica 0.5 data
communication
Polymer | PCF Short-Mid
da‘,j Silica Silicone 10 distance data
optical communication
fibers
HPCF Fluorinated Mid distance
Silica Jonnate 5 data
polymer communication
Compound glass Short-Mid
optical fibers distance data
Glass Glass 15 communication
Industrial
lighting
Plastic optical . Short distance
fibers data
PMMA Fluorinated 140 commu_nication
polymer Industrial
lighting,
decoration

Table 1.1: Comparison of glass fibers with polymer fibers

The combination of large core diameter and high numerical aperture
facilitates fiber installation, which is a dominant cost factor. Accordingly, the
installation costs for POF system are much lower than for an inorganic glass
fiber network. For instance, cheap injection molded type of connectors are
used to establish POF links instead of the high precision ceramic ferrules
required for GOF links. What is more, no expensive lens systems are required
to couple the light into the fiber, due to the high numerical aperture. This
makes POFs a suitable candidate in short distance data communication
applications. Plastic optical fiber systems are found in local area network,
fiber to home applications, fiber optic sensor and the automotive [24] or

aviation {25} industry.
12
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1.4.1. Advantages of POF over silica fibers

POF is very elastic in contrast to silica fiber, which is very brittle.
This property is important for the fiber interface within the opto-
electronic systems where space is usually limited.

Commercial POF has a typical diameter of 1mm with no cladding or
only a thin cladding, making it a multimode fiber. The large core
diameter and flexibility allow ease of handling, large alignment
tolerance and connection cost.

Low processing temperature (200°C to 250°C) of POF allows
organic nonlinear optical materials to be incorporated into the POF
which is otherwise impossible in silica fibers because of its high
processing temperature (1000°C to 1500°C).

The transmission windows of POF are distributed throughout the
visible wavelength range. The utilization of these windows will allow
very convenient and low cost deployment of POF systems.

Silica fibers have very small non-linear coefficient requiring a large
amount of optical power or very long fiber length to induce sufficient
non-linear phase change. Polymer fibers can be made non linear by

appropriate doping material.

1.4.2 Application of polymer optical fibers

1. In Telecommunications:

Optical telecommunications using POF (Plastic Optical Fibers) have

not reached their potential for a number of reasons, the foremost being the

rapid growth of glass optical fiber technology and because plastic optical

fibers have been relegated to low speed, short distance applications. As a

result of recent technical developments of graded index POF with bandwidths

13
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of 3GHz/100m, single-mode POF, optical amplification in plastic fibers, new
POF materials with low loss at 1550nm and higher power and faster sources
have been developed. Applications such as FDDI, ATM, Escon, Fiber
channel, SONET, and FTTH are now within the realm of plastic optical
fibers. Present interest is concerned with high-technology Local Area
Network applications. The real growth market is now, and will continue to be
simple point-to-point links in a wide range of applications across all
industries. Data Links for PCs and workstations; Local Area Networks;
industrial data links; consumer digital data links; optical computing; optical
interconnects; automobile networks and links are some of the other

applications [26-30].

Polymers offer optical data transmission rates of 10 billion bits per second.
Optical fibers are being developed from polymer plastics (optically active
polymers), which would enhance the optical data transmission and optical
signal. Data is being transmitted increasingly over the public networks by
means of light traveling through optical fibers. Fiber-optic data transmission
also has significant advantages for the private sector. Among other things, it
permits the simultaneous transmission of several television programs and
facilitates rapid access to image and video documents via the Internet. To do
this, a computer, television set or telephone must be equipped with a so-
called transceiver for connection to the fiber- optic cable. Normally the
transceiver comprises of a photodiode for receiving and a laser diode for

transmitting the optical signal.

2. Fiber amplifiers
Availability of inexpensive sources in the visible region has
increased the utilization of POF in data communication. Implementation of

optical communication in the visible region necessitates the development of
14
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suitable optical amplifiers working in this region [31-36]. POF doped with
dyes or rare earth elements are potential candidates for this purpose. Laser
dyes, which act as highly efficient media for lasing and amplification have a
wide range of tunability in the visible region. The range of tunability of laser
dyes like Rhodamine B and Rhodamine 6G usually comes between 570nm to
640nm. The advantage of incorporating laser dyes in solid matrices such as
POF is that it is easier and safer to handle them than when they are in liquid
form. From recent studies it is found that the dye doped polymer materials
have better efficiency, beam quality and superior optical homogeneity when

compared to other solid matrices.

l 2 Pump beam
Amplified

output

Y- COup er R N S P Ty e

E——""Core layer

I (—\ Signal

Figure 1.1.A general dye doped fiber amplifier
configuration

In dye doped optical fiber amplifiers the pump power can be limited to a very
low level and utilized in a most efficient manner since the power is well
confined to the core region and is propagated with less diffraction. The most
important aspect of reducing the pump power is that it reduces the bleaching
effects thereby increasing the stability of the medium. A general dye doped

amplifier configuration is shown in the figure 1.1.

The first step in the fabrication of dye doped POF is to develop doped
Polymer preforms which can be fabricated following the standard fabrication

techniques, suitable for fiber drawing. The base material used for the
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fabrication of polymer preform is methyl methacrylate (MMA) monomer.
Methyl methacrylate is a suitable candidate for the fabrication of polymer
preforms since it has good optical quality and compatible with most of the
organic dopants.
Properties of laser dyes

Since the beginning, the development of the dye laser has been
closely tied up with the discovery of new and better laser dyes. The
Pthalocyanine solution employed for the original dye laser (Sorckin and
Lankard 1966) is hardly used today, but the compound rhodamine 6G, found
soon afterwards (Sorokin et al. 1967), is probably the most widely employed
laser dye at present. In the years following the discovery of the dye laser,
various other compounds were reported for this purpose [37-41). Almost all
were found by screening commercially available chemicals, but this source of
new laser dyes will soon become exhausted. Considering the large number of
available chemicals, it is perhaps surprising that so few good laser dyes have

been found so far.

Organic dyes are characterized by a strong absorption band in the visible
region of the electromagnetic spectrum. Such a property is found only in
organic compounds which contain an extended system of conjugated bonds,
i.e. alternating single and double bonds. The long wavelength absorption
band of dyes is attributed to the transition from electronic ground state S, to
the first excited singlet state S,. The reverse process S; to Sy is responsible for
the spontaneous emission known as fluorescence and for the stimulated
emission in dye lasers (figure 1.2). Because of the large transition moment,
the rate of spontaneous emission is rather high (radiative lifetime of the order
of nanoseconds) and the gain of a dye laser may exceed that of solid-state

lasers by several orders of magnitude.
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;then the dye is pumped with an intense light source(flash lamp or laser), the
dye molecules are excited typically to some higher level in the singlet
manifold, from where they relax within picoseconds to the lowest vibronic
level of S1 i.e. upper lasing level. For optimal lasing efficiency it would be
desirable for the dye molecules to remain in this level until they are called on
for stimulated emission. However, there are many nonradiative processes that
can compete effectively with the light emission and thus reduce the

fluorescence efficiency.
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Figure 1.2: Schematic energy levels of a dye
molecule.
These nonradiative processes can be grouped into those that cause a direct
relaxation to the ground state S, (internal conversion) and those that are
responsible for intersystem crossing to the triplet manifold. Because of the
relatively long lifetime of the triplet molecules (of the order of microseconds)

the dye accumulates during the pumping process in the triplet state T, which
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often has considerable absorption for laser light. In addition to these general
requirements, an efficient laser dye in its first excited state should have
negligible absorption at the wavelength of the pump light and the laser
emission as well. Otherwise losses would occur, as in triplet absorption,
because the decay to the first excited singlet or triplet level is nonradiative.
Along with these properties, a laser dye should have an absorption spectrum

which matches the spectral distribution of the pump source.

3. Fiber optic sensors
Although many of the applications of optical fibers are based on their
capacity to transmit optical signals with low losses, it can also be desirable
for the optical fiber to be strongly affected by certain physical parameters of
the environment. In this way, it can be used as a sensor of such a parameter.
There are many strong arguments for the use of POF as sensors {42-46]). In
addition to their easiness to handle and low price, they present the advantages
common to all multimode optical fibers. Specifically, the flexibility and small
size of optical fibers enable a great sensitivity to be achieved without having
to occupy big volume. Moreover, it has been proved that POF can be
employed to detect a great variety of parameters, including temperature,
humidity, pressure, and presence of organic and inorganic compounds, wind
speed and refractive index. On the other hand, POF based optical sensors
eliminate the risk of electric sparks in explosive environments, and they can

be read from remote positions.

As an example to polymer optical fiber based sensor, several chemical
sensors have been developed using plastic optical fibers. The sensing
segment is made of porous polymer fiber, combined with selective chemical
indication systems. By careful selection of polymer systems and indicators,
the chemical reagents can be covalently bonded to the porous plastic fiber.

1
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[

These sensors can be used to detect a variety of chemical species and to
measure various chemical parameters, both in vapor and solution. They
provide high sensitivity and stability. Sensor characteristics, including
dynamic range, linearity, and response time, can be tailored to meet specific

applications by altering the polymer composition and polymerization

procedure.

4. Polymer optical fiber passive devices
In telecommunication systems many passive optical fiber devices like
couplers, filters, scramblers, tapers and lenses are necessary. Their uses
depend on low insertion loss, mass production reliability, low-cost effective
production and thermal and mechanical stability. A general structure of a

simple fiber optic mode filter is shown in figure 1.3.

Flexible
cylinder

POF

Figure 1.3: POF mode filter. The technique to make a mode
filter is simple. Simply wrap a fiber around a cylinder.

Optical couplers are used not only in communication systems but also in
signalization, lighting, and decoration systems, where it is necessary to
distribute or redirect light to other outgoing fibers. Automotive, entertainment
and sensor industries represent other areas of potential application. The most
Common techniques used for the fabrication of couplers are twisting and
fusion, side polishing, chemical etching, cutting, molding and gluing and
thermal deformation [47-48].
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Large core optical fiber exhibits a large number of propagating modes. The
presence of such modes can cause modal noise in telecommunication
systems. This problem is significant for high-speed telecommunication
system. The technique to obtain a POF modal filter is rather simple: merely

wrap a POF segment around a small diameter cylinder.

In some applications, most of which are related to sensors, it is not only
necessary to filter higher order modes, but to scramble them. This treatment
is done to guarantee that all propagation modes carry the same power. The
device used for this application is called a scrambler. Mode scramblers [49]
have been designed and assembled that consist of polyester plate that has
induced microbends and a POF gsegment that is positioned to compress

against the microbends (figure 1.4).

Polyester plate

?
R N A S A POF

Figure 1.4: POF mode scrambler

5. Fiber-optic lighting
Optical wave-guides are useful in lighting and illumination
applications. Especially light guides prepared from polymeric materials
possess a low weight, but high strength-to-weight ratio. Furthermore,
polymers are easily processed and hence result in a flexible layout design
using standard processing techniques such as compression molding, extrusion

and injection molding. The use of polymeric materials in lighting applications

AN
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opens up a large number of applications in lightweight mobile devices and

also in the field of signage and displays as a replacement for high voltage

neon devices, which are rigid, fragile and limited in length.

Stranded Plastic Side Emitting Fiber

Figure 1.5: Speciality plastic optical fibers which are used for
illuminating purpose

Optical wave-guides in lighting or illumination applications are split up in
two distinct categories, the end or point source lighting and the side or line
lighting [50]. The former involves transmission of light from the proximal to
the distinct end, analogous to optical fibers in data communication. The latter
term is used to describe light guides that combine the properties of light
transmission and light emission, in which the desired emission direction of
the light is often perpendicular to its propagation. Commercially available
step index polymer optical fibers are suitable for most end lighting
applications, since only transmission of light is required. Because the
technology is advancing rapidly, in a couple of years it will make sense to use
fibers even for general lighting. Some commercially available polymer

optical fibers suitable for lighting is shown in the figure 1.5.
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1.4.3 Materials used for POF
PMMA

The material most frequently used for the fabrication of POF is the
thermoplastics PMMA (Polymethylmethacrylate), better known as Plexiglas.
From the beginning of 80’s the available POF were found to have an
attenuation of around 150dB/km. PMMA-SI-POF has a theoretical minimum
attenuation of 106dB/km at 650nm [51-52] which is due to the Rayleigh
scattering and absorption of C-H bonds. In addition there are the losses
resulting from waveguide structure, particularly when taking into account the

attenuation resulting from cladding.
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Figure 1.6: Structure of PMMA

PMMA [53-55] is produced from ethylene, hydrocyanic acid and methyl
alcohol. It is resistant to water, lyes, diluted acids, petrol, mineral oil and
turpentine oil. PMMA is an organic compound forming long chains with
typical molecular weight around 10°. PMMA is amorphous in nature when
polymerized and has a very good optical transparency. The density of PMMA
is 1.18g/cm”. Its tensile strength is approximately 7-8kN/cm’ [57]. The
refractive index of PMMA is 1.492 and glass transition temperature T, lics
between +95°Cand +125°C. At room temperature and 50% relative humidity
the material can absorb upto 1.5% water, which also affects the attenuation

characteristics. The bond structure of PMMA is as shown in the figure 1.6.
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MMA monomer has eight C-H bonds. The vibrations of this compound or
more precisely its harmonic waves are a main cause for the losses
encountered in PMMA polymer fibers. {56, 57]. In particular the harmonic
waves at 627nm (6™ harmonic wave) and 736nm (5" harmonic wave)
essentially determine the level of attenuation within the application range of
PMMA-POF because these are not narrow absorption lines but relatively
wide bands. There are many ways to reduce the absorption losses of polymer
fibers using different materials in which less or no C-H vibrations are present
such as deuterium, fluorine and chlorine. The list of possible materials which
can be used either for forming the core or cladding material with their

refractive indices for Gl fibers are as given below.

MMA methylmethacrylate n=1.492
VPAc vinyl-phenylacetate n=1,567
VB vinyl benzoate n=1.576
PhMA phenyl methacrylate n=1.570
BzMA benzylmethacrylate n=1.562
BB bromobenzene n=1.56
BBP benzyl n butyl-phtalate n=1.54
DPS diphenyl-sulfide n=1.49
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POF for higher temperatures

Fiber with higher temperature resistance is required primarily for use
in certain areas of automotive technology (engine compartment) and
automation technology. A typical characteristics for all these materials used
at temperatures over +100 °C is the higher attenuation compared to PMMA
fiber. The lowest attenuation values here are in the range between 650nm and
800nm. Due to the larger refractive index difference between, for example,
Polycarbonate (PC) as the core material (n=1.51) and special polymers
serving as cladding (Teflon-AF), the NA of these fibers may reach up to 0.90.
Partially fluorinated PC fiber has a feature of showing good temperature
resistance up to 145 °C with a bandwidth at 200MHz-100m [56].

Ad
ool

H g

Figure 1.7: Structure of Polycarbonate

Polystyrene polymer fibers

Polystyrene is another suitable candidate for making POFs. Its molecular
structure is as shown in the figure 1.7. The initial fibers had an attenuation of
over 1,000dB/km, later it was possible to reduce this to 114dB/km at 670 nm.
The NA of these fibers which can be used at temperatures up to 70 °C is 0.56
i.e. a little higher than that for standard PMMA-POF. The refractive index of
PS is n=1.59 so that it is possible to usc PMMA as the cladding material
(n=1.49), as is possible for PC (n=1.48).
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Figure 1.7: Structure of Polystyrene

Deuteriated polymers

For achieving a significant reduction in the absorption loss of
polymers one has to substitute the hydrogen with heavy atoms. One method
is by replacing it with deuterium. This isotope has twice the atomic mass
compared to hydrogen. Chemically, deuterium behaves the same way as
hydrogen so that heavy water (D,0) can be used as a base material for
synthesis. The first Deuteriated SI-POF was produced by Dupont in 1977[56,
57]. In 1983, NTT produced a SI-POF in deuteriated material has a minimum
attenuation of 20dB/km at 680nm. Deuteriated polymers have a number of
advantages associated with them. Chemically these materials behave
identically to the substances made from normal hydrogen. The attenuation is
approximately one order magnitude less than in the values achieved by
PMMA fibers. The decisive disadvantage of deuteriated POF when compared
to PMMA-POF is that there is always water vapor present in the atmosphere
which will be absorbed by the fibers. This will lead to cores in which protons

slowly replace the deuterium so that the absorption loss,will increase again.
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Fluorinated Polymers

The atomic mass of fluorine is many times greater than that of
hydrogen so that absorption bands are moved significantly further into the
infra-red zone. The theoretical minimum values are less than 0.2dB/km [56,
57]. i.e. comparable to silica fibers in the wavelength range of about
1,500nm. But in practice it is observed that it is very difficult to achieve those
results. Another important aspect is that it is very difficult to process a
fluorinated polymer processed in its amorphous state. Teflon material tends
to crystallize, which accounts for scattering losses within the fiber. An
interesting fact is that, PF- SI-POF has not produced yet simply due to the
fact that there are no suitable cladding materials available for this purpose.
Dye doped POF are expected to play a vital role in future communication
systems based on solitons as the); can replace EDFA’s which can operate
only in the IR region and thus allow for potential visible light communication

systems.

1.5 Polymer integrated optics

Polymer waveguide technology has a great potential for economic mass
production of complex planar photonic circuits that comply with the severe
requirements imposed by applications in communication systems [58-61].
The low-cost prospect arises from the availability of a wide range of cheap
optical polymers and the simplicity of fabricating waveguides from them. A
significant subset of optical polymer materials has shown excellent optical,
chemical and mechanical characteristics that are very attractive for
applications in integrated optical devices as discussed previously. Polymers
can also be used for active routing, switching and even high speed
modulation of optical data, because all polymers have large thermo-optic
coefficients and , in addition , a variety of polymers have showu good

electro-optic properties. A large number of optical polymers have proven to
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;memally, chemically and mechanically stable, thus fulfilling the heavy

requirements needed for operation under harsh environmental conditions.

The most appealing characteristic of polymer waveguide technology is the
simplicity and flexibility of waveguide fabrication methods. Polymer thin
films can be deposited in a wide thickness range by spin or dip coating using
relatively simple equipment. A variety of channel waveguide fabrication
methods exist, ranging from existing micro-technology techniques such as
etching , to mass production methods developed especially for polymers,

including molding and laser delineation.

1.5.1 Polymer material properties for integrated optics

For a polymer to be selected as a material for wave guide technology, it has
to satisfy the following set of requirements: [62]
L3 Low optical losses (not more than 0.1dB/cm) in the

communication spectral windows around 800,13000r 1500nm.

L Low wavelength dispersion

< Low birefringence

o< Low polarization dependent losses

L Thermally stable optical and mechanical properties

<> Resistant to humidity

* Good mechanical properties such as flexibility and roughness
> Low cost
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1.5.2 Fabrication of polymer optical waveguides
Fabrication methods used to produce polymer waveguides have to comply
with the following set of general demands

< Optical losses introduced by fabrication, such as that caused by

scattertng on rough side walls, have to be kept a mininum.

< The method has to be simple and reproducible.

< The fabrication process should be suitable for low-cost mass
production

< High precision, sometimes well below 1ptm is required.

There are at least three fundamental categories of channel waveguide
fabrication techniques, namely:

1. Optical lithography combined with wet etching.

2. molding )

3. Photolithographic delineation

1.5.2.1 Optical lithography combined with wet etching

In optical lithography technique, first a polymer layer stack is deposited on a
polymer substrate. The first problem is the addition of the under-cladding to
the substrate and addition between subsequent polymer layers. A detailed
sketch is as shown in the figurel.8. After the above mentioned process is
completed a deposition process is initiated by spin coating which should
result in crack-free homogeneous layer which covers the full chip area.
Between subsequent stages, the layers should be cured to avoid partial

dissolution of existing layers by freshly deposited layers [63].

The structure of the waveguide core can be defined by removing unwanted
parts of the core layer using an etching process. In such a process, first a core

layer is deposited by spin or dip coating on a lower index cladding layer.
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Xﬁet photolithography process using a photo resist, a waveguide pattern is
formed. The channel waveguide is then realized by etching. Dry or wet
etching can be used to structure polymer waveguides. Among dry etching
reactive ion etching (RIE) is the most efficient and widely used because of

good selectivity, littie undercut and high productivity [64].

Pure oxygen plasma is most commonly used to etch polymers. Certain gases
can be added to oxygen in the gas feed to enhance the concentration of highly
reactive atomic oxygen free radicals that increase the etching rate. One

common additive is tetrafluoromethane (CF,).

1.5.2.2 Molding techniques

The term “molding” categorizes a number of low-cost replication techniques,
including casting, compression molding, injection molding, soft embossing,
hot embossing and LIGA (Lithographic Galvanoformung und
Abformung){59,65,66]. The choice of the method is chiefly determined by
the polymer being used. Compression molding, like all other molding
techniques, requires a mold. A mold has to be created in the form of the
required structure in a mechanically polished brass substrate using a diamond
turning machine and replicating this structure in nickel using electroforming.
The compression molding process starts by depositing a film of polymer,
from which the structure is going to be made, on to a substrate. The thickness
of the deposited film should be equal to the height of the intended structure.
Then both the mold and the polymer film are heated to polymer T,
temperature. After heating, the two parts are pressed together. The polymer
film, which is softened by heat, takes exactly the shape of the mold. The final

step involves hardening the created structure by heat treatment or UV curing.
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Core layer
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Substr?

Step1: Deposition of waveguiding layer
stack with undercladding and core layer

) Mask
UV light

Photoresist

Step2: Photolithography process of the
resist layer

Step3: Formation of waveguide pattern
by photolithography

Step4: Realization of the channel
waveguide by etching.

Figure 1.8: Fabrication of polymer waveguide using
lithography and etching

30



i Chapter: 1

SEM picture of polymeric multimode channel
waveguides

microscope

Figure 1.9: Channel waveguides made by molding
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1.5.23 Photolithographic delineation

Polymer waveguides can be realized by externally induced dopant diffusion.
There are two types, namely, photolocking and selective polymerization. In
both, a monomer is doped with a certain photosensitive dopant. The doped
monomer is spun onto a substrate and the layer is exposed under a mask for
UV light. The dopants are locked into the host polymer during photo-
polymerization reaction [66]. When the polymer material is heated after the
removal of the mask, the exposed regions are polymerized, whereas out-
diffusion of the dopants can occur in the unexposed regions. In photolocking,
the core regions are exposed and the dopants in the cladding are out diffused,
which lower the refractive index because the dopants have higher refractive

index than that of the host polymer.
1.6 Polymer based intégrated waveguide devices

Devices which are of great interest in optical communication and integrated
optics using polymers are power splitters, switches, modulators, wavelength
multiplexers/demultiplexers, optical cross—connects, dispersion

compensators, gain equalizers, light sources and optical amplifiers.

Due to relatively large thermo-optic coefficient of polymers, it is possible to
realize active devices that require low switching power. The main structure
used for thermo-optic devices are the Mach-Zehnder interferometers (MZI),
switched directional couplers (SDC) and digital optical switches (DOS) [62,
63]. In a system context the most important properties of a switch is its
isolation: the attenuation of power at an output port in the “off” state with
respect to the power at an output port in the “on “state. The isolation provided
by thermo optic polymer switches is not perfect. For MZI and SDC-type
switches even small errors in the waveguide dimensions or refractive index

can significantly reduce the attainable isolation below 20dB. Conversely, a
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aaumnn.
DOS has relatively liberal tolerances of birefringence, fabrication accuracy

and driving conditions. On the other hand switches can be combined to form

an # x m matrix that connects n inputs to m possible outputs.

wavelength-division multiplexing (WDM) is currently the most important
technology in optical communications. Several polymer-based devices for
WDM applications have been demonstrated, such as optical filters,
demultiplexers and add-drop (de) multiplexers which involve electrooptic
polymer devices. Figure 1.10 shows the different polymer integrated optic

devices along with their transfer functions.
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Figure1.10: Important thermo- -optic switching structures: a) Mach-Zehnder
interferometer; b) Switched directional coupler and ¢) digital optical switch.
The graphs show their corresponding idealized transfer functions
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1.7 Conclusion

In this chapter we discussed in detail the emergence of polymer photonics as
a potential field. Different types of polymers for application in fiber optics

and integrated optics were also discussed.
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There is a single light of science, and to brighten it anywhere is to brighten it
everywhere. Isaac Asimov

Fabrication of Polymer
optical fibers

r.drawmg polymer opucal fibers (POF), an mdzgenously

eVeIoped optical fiber drawing tower has been used. This

i pter discusses in detail about the fabncatwn and workmg
he POF drawing tower.



Fabrication of POF

2.1 Introduction:

Polymer optical fibers (POFs) [1} were introduced by Dupont in the
mid 1960s at approximately the same time when glass optical fiber (GOF)
was suggested as a transmission medium for communication. Dupont’s fiber
was having a polymethylmethacrylate (PMMA) core and fluoropolymer
cladding, with a step index refractive index profile. Even though POF has the
fascinating ability to guide light, it had limited applicability due to large
attenuation (~dB/m) and hence negligible commercial value. At the same
time GOFs had attenuation in excess of 1000dB/Km, which made its use in
optical communication impractical [2]. In 1976, Mitsubishi rayon introduced
Eska™ by further developing DuPont’s extrusion technology. It had an
attenuation of 300dB/km which limited its application to lighting only
(ilumination). The core was PMEVIA and polyfluoroatkyl methacrylate was
the cladding for Eska™.[3-5)

By 1970s the attenuation of POF came down to 160dB/km at a wavelength of
650nm and 20dB/km at 680nm using deuterated PMMA (PMMA-d8) {6, 7].
All these were Sl fibers. Only by 1976 the first graded index (GI) POF came
into existence. It was Ohtsuka and Hatanaka who made GIPOF by heat
drawing graded index plastic rod [8]. Earlier, graded index plastic rods were
prepared by two different methods, namely two-step copolymerization and
photo-copolymerization [9-15]). But the attenuation was found to be fairly
large for the fibers drawn from preforms made by the above methods. Soon
interfacial gel polymerization technique came into existence and fibers with

fairly negligible attenuation were fabricated {16-22].

With great strides made in the field of GIPOFs in reducing loss parameters,
many applications like high bandwidth data communication for LAN and

home network were realized [23,24]. Possibility of realizing larger diameter
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of POFs made splicing more easy and allowed the use of low cost light

sources and connectors.

2.2 Fabrication of step index and graded index plastic

optical fibers

2.2.1 Step-index fibers
A step index fiber has a simple structure owing to its simpler
fabrication techniques. The most common methods used are a) continuous

extrusion method and b) preform method.

2.2.1.1 Continuous extrusion method:

This method was successfully developed by Mitsubishi rayon [3, 4],
and is one of the well-developed methods for developing step index polymer
optical fibers (SIPOF). In this method, a purified monomer
(methylmethacrylate), an initiator and a chain transfer agent are fed into a
polymerization reactor, where polymerization takes place. The polymer thus
formed is then fed into an extruder by a gear pump. This is the core material
for the SIPOF. The core material and the cladding material, which are fed by
separate extruders, proceed into a co-extrusion die or spinning block, where

concentric core —cladding structure of STPOF is formed.

The most important advantage of continuous extrusion is high production
rate. The drawback is that this cannot be operated continuously since the
materials used for extruding SIPOF gets thermally degraded as time

progresses. This will, in turn, have adverse effect on the optical properties of
the fiber.
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2.2.1.2 Preform metheod:

Fabrication of POFs by preform method involves two stages. In the first
stage a cylindrical preform of 1-5 cm in diameter and up to Im in length is
made. In the second stage, the preform is drawn into fiber by the heat-

drawing process.

Preform —making process:

In the fabrication of glass optical fibers, fabrication techniques like MCVD
(modified chemical vapour deposition), OVD (outside vapour deposition) and
VAD (Vapour axial deposition) methods are used. One of the familiar
methods is applied here to make a preform for POFs. A cylindrical tube,
which serves as the cladding layer is made by polymerizing a cladding
material inside a rotating cylfndrical reactor. Materials that can be
polymerized by the radical polymerization reaction are used and the reaction
is induced thermally or by UV radiation using photo initiator. Due to the fast
rotational speed of the reactor about its axis, a tube of uniform thickness is
formed once the reaction is complete. This tube is then removed from the
reactor and filled with a core material mixed with an initiator and a chain
transfer agent. The core material is then polymerized to make a preform that

is drawn to a fiber by heat-drawing process.

There are two other commonly used methods for preform fabrication. First is
the rod-in-tube method, in which a pre-fabricated polymer core rod is inserted
into a pre-fabricated polymer cladding tube with a tight-fitting [25]. The
disadvantage of this method is that the rod diameter is usually too large for
the drawn fiber to achieve a single —mode operation. Also bubbles may be
trapped at the core-cladding interface. The second method is the hole-in-rod
technique [26] where a hole is drilled into a cladding polymer rod followed

by pouring in core monomer. A polymerization process is then initated to
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obtain a composite core-cladding polymer preform. The core-cladding

interface of this preform may not be smooth because of drilling. This could

Jead to excessive loss.

“Teflon technique” [27] is the most successful technique for the fabrication
of the preform. In this technique a thin teflon string is properly fixed in the
center of a glass tube. The thermal polymerization of the filled tube is carried
out in a temperature controlled oil bath. After the monomers are fully
polymerized and heat treated, the teflon string is removed and we obtain a
polymer tube (polymer rod with a small hole in its center). The bottom side
of the core is sealed and the hole is then filled with the initiated monomers

for the core. Again it is kept in an oil bath for further polymerization.

The advantages of using the Teflon technique in the fabrication of polymer
preform are a) its nonsticking property allows the string to be easily removed
b) it has a very good chemical and thermal stability c) it gives smooth finish
for the inner surface of the polymer tube. d) it gives good core-cladding
interface and hence reduces the losses due to scattering.

Heat drawing process:

The heat drawing process is shown schematically in figure 2.1. The preform
is positioned vertically in the middle of the furnace (or oven) where its lower
portion is heated locally to the drawing temperature [28-30]. Both convective
and radiative heat transfer mechanisms are important in heating the preform.
When the lower part of the preform reaches a temperature beyond its
softening point, it necks downward by its own weight due to gravity. Once
this initiation of the drawing process is achieved, tension is applied to the
fiber by drawing rollers and the fiber is drawn céntinuously while the

Preform is fed at a pre-determined rate.
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Preform feeding
mechanism

Preform

—» Furnace/Oven

: / Diameter
monitoring device
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—’( : <
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Figure 2.1 Schematic diagram of heat drawing process

The fiber diameter is continuously measured and the desired value is
maintained by controlling the speed of the roller. Another design of the fiber
drawing system is the horizontal drawing rig. The only difference in this case
from the conventional drawing system is that the whole drawing procedure is
horizontal. GD Peng etal [27] has widely used this type of configuration and
has observed no fiber sagging during drawing and the fiber diameter was kept
at an acceptable tolerance. The horizontal machine offers an additional
advantage of convenience of saving the need of climbing up and down the

ladder during the draw initiation phase.
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2.2.2 Graded index Polymer optical fibers
To date, several methods have been suggested for the manufacture of
GI-POFs. Although continuous extrusion is the dominant method for the
manufacture of GIPOF as in the case of SIPOF, the preform method appears
to be the preferred approach due to its versatility.
2.2.2.1 Preform method
For the fabrication of graded index polymer optical fibers the most
common approach is the preform method. Both photocopolymerization and

interfacial gel polymerization techniques are widely used for this purpose.

Photocopolymerization ]

The first GI POF was fabricated by Ohtsuka and Hatanaka in [8, 9] 1976
by heat drawing graded index plastic rods. At that time, graded index plastic
rods were made by two- step co-polymerization and photo- copolymerization
techniques [10-15]. In two step co-polymerization, a polymerized rod is
prepared and immersed into a co-monomer that has a lower refractive index.
The co-monomer then diffuses into the rod to form a concentration gradient
in the radial direction. This is subsequently fixed by further polymerization.
To prevent the immersed rod from dissolving too much while allowing the
co-monomer to diffuse inward, the pre-polymerised rod has a cross linked
network structure. Conversely, a GI rod made by photo-copolymerization

does not have a network structure, and can be heat drawn intc POF.

Figure 2.2 shows schematic of the photo-co-polymerization apparatus by
Ohtsuka etal [13]. A 2.9mm diameter glass tube reactor was positioned
vertically in a constant temperature chamber and rotated about its vertical
axis while being irradiated by UV radiation. The UV radiation quickly

Induces polymerization reaction forming a gel phase. Since the UV intensity
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was higher near the wall of the glass tube, the gel phase formed first on the

inner wall of the glass tube and grew inward towards the center of the tube.
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Figure 2.2 Schematic of photo-co-polymerization
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Interfacial gel polymerization

The best known method for the fabrication of GIPOF is the interfacial gel
polymerization method which was pioneered by Koike and his co workers
(16, 17]. At first, this method was applied to the co-polymerization of the
monomer mixture with different reactivity ratios and different refractive
indices. Later it was applied to mixtures of a monomer and a non reacting
organic dopant. In this method a transparent polymeric tube (eg: PMMA) is
prepared and this tube is then filled with a mixture of two monomers {(eg:
Methylmethacrylate and vinyl benzoate) that is polymerized thermally while
the tube is rotated. The inner wall of the tube is swollen by the monomer
mixture as it forms a thin gel phase. Due to “gel effect” the polymerization
reaction is faster inside the gel phase than in the monomer bulk phase.
Consequently, the reaction occurs preferentially on the inner surface of the
tube and the co-polymer phase extends inward towards the center of the tube
as reaction proceeds. Due to the difference in the reactivity ratios the
composition of the copolymer changes gradually in the radial direction. If the
monomer with higher reactivity ratio has a smaller refractive index than the
other monomer, the preform will have a gradually increasing refractive index
towards the center. The refractive index profile obtained by this method

depends on the relative ratios of monomer mixture.

2.2.2.2 Drawing GI POF
There are many methods for drawing GIPOF. Some of these methods are a)

internal diffusion and surface evaporation b) closed extrusion method and c)

co-extrusion method.

The internal diffusion and surface evaporation {IDSE) process was developed

by Mitsubishi rayon [31-33]. Here the polymer solution is charged into a
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cylinder and pushed by a piston through a nozzle to form a strand fiber. In
closed extrusion method which was developed by Ho and coworkers [34-36],
a polymer solution for the core is placed in a material supply tank, and
another polymer solution for cladding is put in another supply tank. These
solutions are heated to a moderate temperature (60°C) and fed into a
concentric (or co extrusion) die by separate gear pumps. A bilayer concentric
fiber is then extruded from the die and proceeds into an enclosed (or

diffusion) zone that is maintained at a constant temperature.

The co-extrusion method was proposed by many workers like Koike and
Nehei, Sohn and Park and Park Walker [37, 38]. In all these methods both the
core and the cladding material are extruded with a die and feeder mechanism

which feeds the core and the cladding material.

2.3 Polymerization process of PMMA:

This section provides the details of PMMA fiber drawing techniques.
Polymethylmethacrylate (PMMA) is the widely used polymer to make
polymer optical fibers. Polymerization is a process which allows simple low
molecular weight compounds to combine and form a complex high molecular
weight compound [39]. For this, each molecule of the compound should have
the compatibility to react at least with two other molecules of the same or
some other compound. In other words, they have a functionality of two. Low
molecular weight compounds having a functionality of two or more are called
monomers. For them to polymerize, we have only to induce suitable chemical
reaction between them. Then these monomer molecules combine to form

fewer but higher molecular weight molecules.
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Chemical reaction which takes place during polymerization is a) chain

polymerization and b) step polymerization.

Chain polymerization is characterised by a self addition of the monomer
molecules, to each other, very rapidly through a chain reaction. No byproduct
is formed and the product has the same elemental composition as that of the
monomer. The bifunctionality is provided by the double bonds present in the
monomer. Compounds containing reactive double bonds can therefore,
undergo a chain polymerization reaction. Chain polymerization consists of
three major steps, namely, initiation, propagation and termination and the
process can be brought about by a free radical, ionic or coordination

mechanism. Here, we concentrate on free radical polymerization.

23.1 Free radical polymerization

The initiation of the polymer chain growth is brought about by free
radicals produced by decomposition of compounds called initiators. The
term” chain growth” represents a process involving a continucus and very
rapid addition of the monomer units to form polymer molecules or polymer
chains. As more and more monomer units are added, the length of the

polymer chains increases rapidly and the chain grows in length.

23.1.1 Initiator

Initiators are thermally unstable compounds and decompose into products
called free radicals. If R-R is an initiator, and the pair of electrons forming
the bond between the two R’s, can be represented by colon, the initiator can
be written as R: R. When energy is supplied to this compound in the form of
heat, the molecule splits into two symmetrical components. Each carries with
it one of the electrons from the electron pair. This type of decomposition,

Where the molecule is split into two identical fragments is called ‘homolytic
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decomposition’. The two fragments, each carrying one unpaired (lone)

electron with it, are called “free radicals”.

ie. R-»"- R— R° | = ——=—m———————eo [2.1]

The decomposition of the initiator to form free radicals can be induced by
heat energy, light energy or catalysts. A host of Jow molecular weight
compounds comprising mainly of azo compounds, peroxides, hydroperoxides

and pre-esters are used as initiators.

2.3.1.2 Initiation
We know that a free radical contains a lone (unpaired) electron which is

always looking for another lone electron to couple with it and get stabilized.

A free radical, is therefore, highly reactive and can attack any molecule
which either has a lone electron or is prepared to part with one of its electron. |
This is what happens in the process of initiation. The free radical R°® attacks

the double bond in the monomer molecule resulting in the following chemical

change.
R°+CH,=CH -5 R-CH,-C°H  ~~~—=-~7-7—=7==-7=7=77— [22]
I I
X X

2.2.1. 3 Propagation

After “initiation”, comes, the step called “propagation”. In the propagation
step, the radical site at the first monomer unit attacks the double bond of a
fresh monomer molecule. This results in the building up of the second
monomer unit to the first and the transfer of the radical site from the first
monomer unit to the second, by the unpaired electron transfer process.

R-CH, = C*H +CH, = (H > R-CH, _CH-CH,-C°H ~—- [2,3]
X X
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1 should be noted that this chain still contains a radical site (indicated by a

dot) at its end-carbon atom and can, therefore, attack yet another monomer

molecule with a simultaneous transfer of the radical site to the monomer unit

added.

2.3.1.4 Termination

The process “termination” is the final step. Here, any further addition of the
monomer units to the growing chain is stopped, and the growth of the
polymer chain is arrested. Since the decomposition of the initiator produces
many free radicals at the same time, each one of them can initiate and
propagate the chain growth simultaneously and, hence, at any given time,
there may be quite a few growing chains present in the system. Depending on
factors such as temperature, there exists a statistical probability of the two
growing chains coming close to and colliding with each other. Such a

collision results in the arrest of the chain growth.
24 Fabrication of the fiber preform

The base material used for the fabrication of polymer preform is
methylmethacrylate (MMA) monomer. Methylmethacrylate is a suitable
candidate for the fabrication of polymer preforms since it has good optical
quality and compatible with most of the organic dopants. The refractive index
of pure methylmethacrylate is about 1.41 and it will increase up to 1.48 to
1.49 due to volume reduction during phase transition from liquid to solid. We
here concentrated primarily on only core fibers (air cladding), neglecting the

scattering losses associated with it due to the absence of cladding.

Commercially available methylmethacrylate will contain inhibitors like
hydroquinons. Inhibitors are used for transporting MMA with out

polymerizing. Inhibitors are removed by repeatedly washing the monomer



Fabrication of POF

with 5% NaOH solution followed by flushing with distilled water. The
remaining water is removed by adding suitable drying agents like CaCl, The

monomers are purified by distillation under reduced atmosphere.

Suitable initiators like benzoyl peroxide or azobisisobutyronitrile (AIBN) are
used to start the polymerization. We used benzoyl peroxide for the present
work since there is no gas such as nitrogen which gets released during
polymerization as in the case of AIBN. This reduces the possibility of air
bubble formation in the polymer preforms. Along with the initiator, n-butyl
mercaptan is used as the chain transfer agent to regulate and terminate the
polymerization process. Adding appropriate quantity of chain transfer agents
and initiator controls the molecular weight of the monomer. The molecular
weight regulation is an important factor that governs the drawability of the
polymer preform. An optimum molecular weight (typically between 60,000
and 1,00,000) is fixed by numerous trial and error methods. To make dye
doped fibers we have used Rhodamine 6G dye since it has a relatively good
photostability and a high fluorescence efficiency. Rhodamine 6G at 460ppm
concentration is chosen for this study and it is added along with the initiator
and chain transfer agent into the monomer. The resulting mixture is stirred

well so as to avoid aggregate formation.

The monomer mixed with initiator, dye and chain transfer agent is poured
into a glass tube of required diameter and length. This is then kept in constant
temperature bath at 70°C for 48hours, at 90 °C for 18hours and at 105 °Cin
air furnace for 8 hours. These steps lead to a high quality polymer preform

which can be used for drawing the fiber.
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2.5 Polymer Optical Fiber Drawing Tower: Technical

details

The polymer optical fiber drawing tower which we used for the

fabrication of POF is designed and fabricated indigenously (figure 2.3).

Preform feeder
Preform feeder

Furnace

Temperature
controller

Fiber pulling
Capstan

The winding spool

Figure 2.3 a) Polymer optical fiber drawing system b) actual photograph of the polymer
optical fiber drawing station developed at ISP
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The total height of the tower is 2.5 meter and weighs around 900kgs. It
has five important stages namely preform feeder, furnace, temperature
controller, fiber puller, and winding spool. These five stages are individually
controlled by an electronic controller unit. The stages are designed in such a
fashion that any alteration or repair can be done individually by removing
each stage. The distance between each stage can also be optimized by making
small variations. In short the system design is very flexible and appropriate
alterations can be easily made to improve the system. Brief descriptions of

each stage are as follows.

2.5.1 Brief description of the parts
2.5.1.1 The Preform feeder ~

The preform feeder is a translation stage with a total traverse of 800mm. It
is driven by a stepper motor which is controlled by the electronic controller
unit. A preform holder is attached to the preform feeder stage so as to hold
the preform which has to be drawn to optical fibers. It can accommodate a
preform upto 30mm diameter and a length of 1 meter. The speed of traverse
of the stage is controlled by the data programmed to a computer which in turn

instructs the control unit to perform the operation.

2.5.1.2 The furnace

The polymer preform is melted using a furnace to draw optical fibers. An
ideal furnace should have very good temperature stability and temperature
profile suitable for drawing the fiber. There are several methods which can be
used to manufacture good temperature stability furnaces. The most
commonly used furnaces employ inductive heating. In inductive furnaces,
usually a heating coil (normally nichrome) is wounded over a ceramic tube

which is then fired by passing current through the coil.
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Figure 2.4 Cross sectional view of the furnace

The main drawback of these types of furnace is that in order to get good
temperature stability, which is essential for fiber drawing, sophisticated
temperature controller systems have to be utilized. Moreover, for attaining a
desired temperature profiled furnace a number of individual coil windings

and controllers are needed. This will also add weight and complexity to the

furnace.

In order to avoid these difficulties we employed a novel technique for the
fabrication of the furnace. Instead of using wire-wound furnace, we used IR
radiation heated furnace. Three 75W IR lamps of Philips make were placed
inside the furnace for heating the preform. They provide a maximum
temperature of 250°C which is more than enough for drawing POF. The
profiling inside the furnace was adjusted by providing appropriate openings
inside the furnace and controlling the amount of light inside the furnace. In
order to change the furnace temperature profile, either a very slight tilt of the

R lamps or a slight change in the slit width will be sufficient.
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To provide uniform heating of the preform the furnace can swing a maximum
of 30°. The swing period can be programmed using the computer and

electronic controller unit.

Temperature distribution inside a furmace plays an important role in the
fabrication of an optical fiber. An ideal temperature profile is as shown in the
figure2.5. For temperature profiling of the furnace, a resistance temperature
detector (RTD), PT100 is used. The detector is inserted into the furnace with
the help of a stepper motor assembly. For profiling the furnace temperature,
the RTD is inserted slowly into the furnace after it is kept at a temperature of

165°C (which is the typical melting temperature of PMMA preforms).

Usually a multimeter capable of temperature measurement is connected to the
temperature detector. The output from the RTD will be typically a change in

the resistance in accordance with the applied temperature.
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Figure 2.5 Ideal temperature profile of the furnace
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Figure 2.6 The set up for temperature profiling of the furnace
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Figure 2.7 The temperature profile of the fabricated furnace
along its length
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The multimeter converts this variation in resistance into corresponding
voltage change and a calibrated temperature reading is displayed at its output.
The temperature at different points is measured and the profile obtained is as
shown in the figure 2.7.

2.5.1.3 The Temperature controller

To control the temperature inside the furnace, the easiest way is to switch on
and off the three IR lamps simultanecusly. For that a thermocouple is
attached to the central portion of the furnace where the temperature is
maximum. We used a ‘J type’ thermocouple for serving this purpose. This is
connected to a programable temperature controller for which the accuracy is
+/- 1°C. The required temperature can be programmed manually and the
temperature controller constantly monitors whether the set temperature is
achieved or not. When the set temperature is achieved it operates a relay
which cuts off the power to the lamps. The controller then checks whether the
temperature has come down or not. If it has come down it will activate the
relay to switch the lamps to the ON condition and proceeds with the heating

procedure. This can be easily represented by a flow chart as in figure 2.9.
2.5.1.4 The fiber puller
The fiber puller is another important unit of the drawing system. A

schematic diagram is shown in the figure 2.8.

Figure 2.8 Schematic diagram of the fiber puller
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YES

Switch off the
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Figure 2.9 Flow chart representation of the temperature controller
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The fiber puller has two rollers which are in close contact with each other. A
stepper motor is connected to one of the rollers. The stepper motor is
controlled by means of the computer and electronic controller unit. The
required draw rate of the fiber can be programmed into the computer and the
stepper motor drives the rollers at the specified draw rate. The draw rate

along with the preform feed rate determines the diameter of the fiber.

D _| Y
d* |V,

Where D is the diameter of the preform, d is the diameter of the fiber drawn,
V: is the feed rate and V; is the draw rate.

2.5.1.5 The winding spool

The winding spool (figure 2.10) has a two axes controller along with its
rotation. The two axes controller helps the winding spool to precisely wind
the drawn fiber so that the fiber will not get wound one over the other before
one full spool traverse along the axis is completed. The traverse of the spool
along the axis is controlled by a translation stage-stepper motor assembly
over which the spool is attached. When the diameter of the fiber to be drawn
is specified to the computer, the spool will move along its axis which
corresponds to the fiber diameter exactly, along with the rotary motion. This
will ensure that the fiber will not get wound one over the other and hence
correct spacing is ensured. After one whole movement along the axis is
completed, the spool will be moved perpendicular to its axis. The magnitude
of the movement will be exactly in relation to the fiber diameter and the

process continues.
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The whole process is controlled by a limit switch on the preform feeder. If

the preform feeder comes down and reaches its limit, the whole system will

come to a halt.

Fiber drawn

_
Axial movement in

relation with fiber
diameter

Perpendicular movement in relation with
fiber diameter after one full traverse

Figure 2.10 Schematic of the fiber winding spool

2.6 Electronic control unit

The electronic control unit is the most important element in the polymer
optical fiber drawing system. It controls the whole fiber drawing system with
respect to a set of preprogrammed values stored in its registers. A block
diagram representation of the electronic conirol system which is interfaced to

the computer is shown in the figure 2.11.
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SM1 (Feed Stage)

SM?2 (Draw stage)

SM3 (WindStagel)

Computer
circuit

R8232 SM4 (WindStage2)

Microcontroller (89C52) based

SMS5 (WindStage3)

SM6 (Heater)

Fiber 2.11 Block diagram of the electronic controller module
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A control software in visual basic acts as the user interface with the

computer. The software window is as shown in the figure 2.12

-

£+ OPTICAL FIBER DRAWING STATION

ol
2 o)
LRI
e
s
e
e

Figure 2.12 Software controller window

Values entered into this window are converted into hexadecimal values and
are transferred to the microcontroller based electronic controller via RS232C
interface. The microcontroller routes these data to the stepper motors (SM1
through SM6). Rotation sensors attached to the spooling and drawing stages
feed back data to the control unit which inturn automatically corrects if it
alters from its preset value.

63
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A manual mode is provided to the preform feeder (Z) and to the winding
spool (X and Y) to control the system manually if the system gets stuck in

between due to some unwanted reasons.

We can specify the optical fiber diameter in the software, which will then
allocate the exact spacing on the winding spool by adjusting the X and Y
movements. The winding spool speed can also be controlled individually
adding flexibility to the system. By varying the draw speed and the feed
speed we can get fibers from 1.5mm to 150pm in diameter. We used Scm
long and 1.5cm diameter preform for the following study. Table 2.1 shows
the comparison between theoretical and experimental values of fiber
diameters obtained. Comparison is also represented graphically in figure

2.13. Values obtained are quite comparable.

wu
900 Draw rate fixed at 300000pm/sec .
800 4 )
700 -
600 - s
1 [ ] & Calculated
500 ) ® Experimental

400 - a

Diameter in um

300
200 ]
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1
400
feed rate in um/sec

Figure 2.13: Comparison of experimental and calculated
values of fiber diameter for various feed rates
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Aim/sec) vi d- fiber diameter d- fiber diameter
rate  (um/sec) (Calculated) (experimental
&8 Feed rate values)

300000 1000 866um 901um
800000 800 774um 793um
300000 700 723um 742um
300000 600 671um 682um
:500000 500 612um 628um
300000 400 547um 562um
300000 300 474um 491pm
300000 200 387um 396pm
300000 100 273um 280um
300000 50 193um 208um
300000 25 136pm 150um

Table 2.1 Data showing the theoretical and experimental diameters obtained for various
draw and feed rates
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2.7 Conclusion:

Polymer optical fiber drawing station for drawing polymer optical fibers was
indigenously designed and fabricated. The temperature profiling of the
furnace was carried out and was found to be comparable with the ideal
temperature profile. Polymer optical fibers using this facility were fabricated
and were found to have satisfactory properties comparable with the

theoretical values.
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If you haven’t measured it you haven’t made it -- Wayne Knox

Characterization of dye
doped and undoped
polymer optical fiber

'hapter deals ‘with the charactensanon of - both dye
and" undoped ‘polymer- optical fibers. Fluorescence:
.were carried out on dye doped polymer optical fibers.
nuaaon studzes due to micro bends and sensmwty to

: atiire were also carried out for. smart sensor
=applications. :
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3.1 Introduction

Polymer optical fibers (POF) have the potential to be used in optical
logic-devices such as optical switches and amplifiers because of fiber
waveguide geometry, which is compatible with silica glass fiber; low
production cost and wide range of available materials that can be
incorporated into the fiber core [1-5]. Properties like attenuation due to
microbends, sensitivity to temperature and humidity of POFs can be
effectively utilized for sensor applications [6-10]. Though these properties are
not suitable for optical communication systems, these drawbacks are actually
a boon for fiber optic sensors. For the smart sensor which will be discussed in
chapter 5, attenuation due to microbends and temperature sensitivity are
important parameters. The first- part of this chapter deals with the

characterisation of undoped polymer optical fiber for this specific application.

The length dependent optical attenuation in dye doped polymer optical fibers
is an important parameter of interest. There are different techniques for
measuring the propagation losses in fiber structures. Usually the propagation
losses in fibers and planar waveguide structures are measured by the cut-back
technique [11, 12] which consists in comparing the transmittance of several
fibers with different lengths at a specific wavelength, or extrapolating the loss
from a bulk measurement. The disadvantage of the cut-back technique is that
it is a destructive method. Bulk measurements involve a broadband light
source incident on a fixed length of material and a spectrometer to read the
transmitted intensity. As an alternative to the above mentioned technique, a
non-destructive side illumination fluorescence technique for measuring the
optical attenuation in dye doped fibers has been developed by Kruhlak et al
[13, 14]. Geetha et al have carried out similar studies in planar wave guides

[15].
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The second part of this chapter describes the use of this technique to

characterize the loss mechanisms in Rhodamine 6G dye doped polymer
optical fibers. This measurement technique requires a pump source to
illuminate the fiber from the side. The fluorescence collected from one end of

the fiber is used to characterize the attenuation mechanisms in the fiber.

3.2 Microbending and temperature characteristics of

undoped POF for smart sensing applications

3.2.1 Microbending:

Radiative losses will occur when an optical fiber undergoes a bend of
finite radius of curvature. Microscopic meandering of the fiber core axis,
known as microbending, can be generated at any stages during manufacturing
process or during fiber optic cable installation purposefully for sensor
applications [16]. Usually microbends occur due to environmental effects,
particularly variations causing differential expansion or concentration.
Microbends are repetitive small scale fluctuations in the radius of curvature

of the fiber axis, as is illustrated in the figure 3.1

Microbends

:> Cladding

Power loss from
higher order
modes

Figure 3.1 Small scale fluctuations in the radius of curvature of
the fiber axis lead to microbending losses.
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Microbending introduces slight surface imperfections which can cause mode
coupling between adjacent modes, which in turn create radiative loss which is
dependent on the amount of applied fiber deformation, the length of the fiber,

and the exact distribution of power among different modes.

Radiation losses caused by microbends in optical fibers can be utilized for
sensor applications to study stress, strain, and temperature by embedding
optical fibers in the materials under study. When we compare the loss effects
due to microbending in silica and polymer optical fibers, polymer has more
microbend induced attenuation due to its material property. Studies were
carried out on polymer optical fiber for its sensitivity to mechanically

induced microbends for application as smart sensors.

-

Load

Corrugated
plates
[ ]

Diode Laser —»

i
Microbends ‘
created on the
fiber

Figure3. 2 Experimental setup: making microbends on the
fiher

The experimental setup for making microbends on the fiber is as shown in the
figure3.2. An undoped polymer optical fiber was placed in between two
corrugated plates (of 2.5mm pitch) and a load is applied on it. The power
which is coupled through the fiber changes in accordance with the amount of
load placed on the corrugated plates. A photodiode is used to monitor the
intensity of the light output from the fiber. The experiment was repeated with

glass fibers in order to study the difference in sensitivity. The graph thus
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obtained is as shown in the figure 3.3.As can be clearly seen from the graph
there is a definite increase in sensitivity for polymer optical fibers for
microbend induced attenuation than for glass fibers. This accounts for its

advantage over glass fibers for smart sensor applications.
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Figure 3.3 Graph showing the sensitivity of both glass and
polymer optical fibers to applied weight

3.2.2 Temperature:

Polymer optical fibers are very sensitive to temperature variations. This
property is made use in many temperature sensing applications. The power
carried out by bound rays (bound ray power) is essentially confined to the
fiber core and for a given fiber excitation, this power depends on the core-
cladding refractive index difference. Any variation of this parameter along
the fiber causes power coupling between bound and leaky rays which results
in a change of the propagating bound ray power.

In the present studics, a POF is used with only core and air acts as the

cladding. As temperature increases, refractive index of the POF decreases
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thereby reducing the local numerical aperture of the fiber. This causes the
leaking of higher order modes out of the fiber which resulis in the decrease of

transmitted intensity of laser light through the fiber.

Polymer optical fiber Detector

Laser Source J
j D

POF embedded inside
a temperature resistant,, ]
material (Teflon)

Thermocouple+display

G

Figure 3.4 Casel: Experimental setup to study the
temperature sensitivity of POF using a hotplate

Polymer optical fiber

Detector
Laser Source J I:I
OF embedded inside
a temperature resistang, .
material (Teflon) l 1
A ] Thermocouple+display

Figure 3.4 Case 2: Experimental setup to study the
temperature sensitivity of POF using a water bath

The experimental setup consists of a laser source, a few centimeters of a bare
core polymer optical fiber as the sensing element and a detector. The

experiment was conducted in two different ways (figure 3.4). In the first case

e mnm bmevrnaeatirm~ I T 1
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gradually and the corresponding change in the transmitted output power of
the fiber is noted. In the second case the POF sensor head is immersed in a
small beaker of water and the temperature of the water is increased and the
corresponding change in the output intensity is noted. In both these cases
temperature measurement is carried out using 2 thermocouple to standardize
the set up. The polymer fiber core material is polymethylmethacrylate
(PMMA).The fiber used for our investigation is drawn from our polymer
fiber drawing station and it has a diameter of 300micro meters. We used a
teflon mould for holding the POF in such a way that only Smm of the sensor
head is exposed to the sample. The refractive index of the PMMA fiber core
is 1.49.

The results obtained on the basis of the experimental data are as follows. Fig
3.5a shows the plot of the variation in output power as a function of the
temperature of the object. The response is linear within the range of 35°C-
130°C. Slope of the calibration graph (fig3.5a) gives the sensitivity of the
sensor and is found to be 0.07 # w/°C. Fig 3.5b shows the plot of the

variation in output power as a function of the temperature of water

We can see that the polymer fiber has a linear response from 35°C to 130 °C
for the measurements made on the hot plate while measurements made in

water shows a temperature sensitivity only upto 45 °C.
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3.3 Characterization of Rhodamine 6G doped polymer
optical fiber

The length dependent tuning of the fluorescence spectra of a dye
doped polymer optical fiber is described in this section. The fiber is pumped
sideways and the fluorescence is measured from one of the ends. The
excitation of a finite length of dye doped fiber is done by a diode pumped
solid state laser at a wavelength of 532nm. The fluorescence emission is
measured from various positions of the fiber starting from a position closer to
the pumping region and then progressing towards the other end of the fiber.
We observe that the optical loss coefficients for shorter and longer distances
of propagation through the dye doped fiber are different. At longer distances
of propagation a decrease in optical loss coefficient is observed. The
fluorescence peaks exhibit a red shift of 12nm from 589%nm to 610nm as the
point of illumination progresses away from the detector end. This is attributed

to the self absorption and re-emission of the laser dye in the fiber [13-14).

34 Side illumination fluorescence studies on dye doped
fiber

The total length of the fiber used for the loss measurements is 8cm with its
ends cut and polished by usual techniques. To select the pump beam for
exciting the dye doped fiber, we recorded the absorption spectrum (figure3.6)
of the bulk sample using a spectrophotometer (JASCO UV/VIS/NIR V-570).
The dye has a strong absorption at 530nm.
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Figure 3.6: Absorption spectrum of Rh6G doped PMMA bulk sample

Radiation at 532 nm (beam spot size 1.5 mm) from a diode pumped solid
state (DPSS) laser (Nd:YVQ,) is used as the pump source. A schematic

diagram of the experimental set-up is shown in figure3.7.

The fiber is mounted normally on a translation stage with respect to the
incident radiation. The side illumination of the dye doped fiber generates
fluorescence emission. Light emission from one end of the fiber is collected
by an optical fibre which is coupled to a monochromator—photomultiplier
tube assembly coupled with a lock-in amplifier (Stanford Research Systems

SR830) for signal analysis.
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Figure 3.7: Experimental sctup to record the fluorescence emission from the fiber
end. Pumping is done transversely.

To measure the transmitted fluorescence as a function of propagation distance
through the fiber, the illumination point on the fiber is varied by translating
the fiber horizontally across the laser source. The direction of translation is
indicated by the arrow mark in figure 3.7. At each point of illumination, the
fluorescence spectrum is recorded. The experiment is repeated for three
different pump powers. It is ensured that the sample is not bleached even at

the highest pump power.

Figure 3.8 shows the spectra of transmitted fluorescence light measured as a
function of the propagation distance through the fiber. As the propagation
distance increases, the magnitude of the output intensity decreases due to loss
mechanisms such as absorption and scattering of fluorescence emission. In
addition, there is a red-shift for the peak fluorescence emission as the
ilumination distance from the detector edge of the fiber is increased. A
similar red-shift in the fluorescence emission from side illuminated dye

doped fibre has also been observed by other workers [8, 9].
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Figure 3.8: Transmitted fluorescence spectra measured as a function of the
propagation distance

The red-shift of the fluorescence signal is produced by the self-absorption of
the dye Rhodamine 6G caused by the overlap of the absorption spectra with

the fluorescence spectra over a certain wavelength region [11].

As the fluorescence light is guided through the dye doped fiber, the effective
pathlength is increased resulting in self-absorption and re-emission causing a
red-shift in the observed spectrum. The farther the point of illumination is

from the observation end, the larger is the effective path length.
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This results in increased interaction between the dye molecules and beam
propagating through the fiber causing enhanced fluorescence emission in
comparison to that expected from Beer-Lambert’s law. This results in an
increased self-absorption of the fluorescence thereby shifting the emitted
fluorescence peak towards the longer wavelength region. Figure 3.9 shows
the variation of the fluorescence peak wavelength as a function of

propagation distance through the fiber.
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Figure 3.9: The variation of the fluorescence peak with propagation
distance from collecting end of the fiber



o—
=
£

Characterisation of POF

For shorter propagation distances in the fiber, the red-shift shows a linear
behaviour, whereas at longer distances, the shift tends to exhibit saturation
behaviour. This mechanism is similar to the concentration dependent red-shift
which is observed in dye solution {12]. The fluorescence collected from the
dye doped fiber has a spectral width of about 40 nm. The transmitted
fluorescence is measured as a function of the propagation distance so as to
characterize the attenuation in the fiber. From Beer—Lambert’s law for linear
optical attenuation in a medium, 7 (4, z) = Io(A) exp (—a (1) z) where I (2, z)
and [y(A) represent the intensity of the transmitted light at wavelength 4 at
propagation distances z and z=0( incident intensity) respectively and a(4) is
the linear attenuation coefficient. Figure 3.10 shows plots of the natural
logarithm of the transmitted fluorescence intensity versus the propagation

distance corresponding to various emission wavelengths.
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Figure 3.10: Plot of In{7 ) versus z (z is the propagation distance
through the fiber in cm )
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An interesting observation is the nonlinear behaviour of these plots, which
suggests that the loss coefficient is not a constant for the total length of
propagation through the fiber. The nonlinear plot of In 7 versus z can be fitted
to a minimum number of straight lines (the method is known as peeling the
curve) [15] which will provide the corresponding loss coefficients. Figure
3.11 show the application of this method to the semilog plot for emission
at A = 610nm.. For the lowest pump power, the plot can be fitted to a single
straight line (figure 3.11 a), whereas for higher powers it has to be fitted to
two straight lines (figure 3.11 b, figure 3.11 ¢).

Above results clearly suggest that as light propagates through the fiber, there
arise some mechanisms which tend to alter the optical attenuation inside the
fiber especially for larger propagation distances. It is observed that the spatial
dependence of attenuation decreases for longer distances of propagation. One
of the possible mechanisms for this behaviour is re-absorption of
fluorescence light on the shorter wavelength side of the absorption spectrum
and subsequent emission in the longer wavelength region. This re-emission in
the longer wavelength side generates increased emission in the longer
wavelength region resulting in enhanced intensity. Similar observations are
made in polymer wave guide structures also [15]. The increase in the path
length also causes different attenuation rates for various emission intensities.
This explains the observation of difference in attenuation values with respect
to distance for a given power. This also supports the observation that z
dependent attenuation effect is more prominent in the longer wavelength
region of the fluorescence spectrum. As the pump power is increased, the
intensity of the fluorescence emission is also enhanced, which in turn causes
increased probability of the re-absorption—emission proeess. This is exhibited

as two linear parts in the In /-7 plots corresponding to higher pump powers.
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3.5 Homogeneity in fiber diameter and uniformity in

dye concentration

The homogeneity of the fiber diameter as well as dye concentration are
important parameters which has direct effects on the fiber fluorescence. An
inhomogeneous dye doped fiber will have an inhomogeneous fluorescence
distribution which directly affects the overall gain of the fiber. The
homogeneity of the fiber diameter can be characterized by calculating the
correlation length of the fiber as described below. If the fiber is not perfectly
homogeneous in diameter or in dye concentration, the coefficient that

describes the fluorescence source along the coordinate Z is

C(A, A 2)=C(A,A)S(g) ----m-mmmemmmmmmmenee [3.1]

where: A, is the wavelength of the beam, C(A,, 1) is the fluorescence yield

The deviation of S (z) from unity gives a measure of the inhomogeneity of
the fiber [8, 9]. We can quantify the inhomogeneities by using the
autocorrelation function, which measures the similarities between the

intensity generated at one position in the fiber, z , and the intensity generated

at a neighboring point, z+ {, over a length z of fiber and is defined for a

fixed wavelength 4, as

(101 = 193(%)]1(z)1(z +{)de, .. (2)

The form of the autocorrelation function is,
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The autocorrelation function is often modeled as an exponential or Gaussian
function of " .By fitting the autocorrelation function to one of these models,
one determines the length scale of fluctuations and is called its correlation

length. Mathematically, the correlation length ({_)is the value of { when

the correlation function is at 1/e of its magnitude. The correlation length is
thus related to the homogeneity of the fiber and can be used to characterize
the fiber quality.

Figure 3.12a shows the plot of fluorescence emission as a function of the
pump position with respect to the fiber end from where emitted light is
collected. As is clearly seen in the figure, fluorescence intensity fluctuates at
shorter path lengths. Also at shorter lengths it is observed that there is slight
deviation from the theoretical values in the florescence intensity. The dye
doped fiber which is used for our studies does not have a cladding. Hence a
considerable amount of scattered fluorescence intensity will be emanating
from the sides of the fiber. This is collected by the lens which is used for
coupling light to the monochromator which causes the intensity fluctuations
at shorter lengths. Theoretical fit according to Beer—Lambert’s law is also
shown in the figure. To understand the inhomogeneity, autocorrelated
function was evaluated for various space lags (figure 3.12 b). The 1/e point in
the plot gives the value of space lag as 1.56mm which is the measure of the
homogeneity of the fiber. Larger the correlation length better is the

homogeneity of the fiber.
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Diffraction technique can also be used to test the homogeneity in diameter of
the fiber. Variation in diameter is found to be less than 1% so that the effect

of inhomogeneity in loss mechanism can be neglected.

The uniformity in dye concentration has an important role to play in
amplification. If the dye concentration is not uniform or if there are aggregate
formation of the dye, it will quench the fluorescence propagating through the
fiber. This will adversely affect the overall gain of the fiber amplifier. In
order to study the uniformity in dye concentration through out the length of
the fiber a fiber of total length of 20 cm was taken. The fiber was then cut
into four equal lengths of 5 cm each and the fluorescence spectrum was
charted for each of these individual lengths. The graph shown in figure shows
the fluorescence intensity of the four individual fibers cut from the same fiber

sample.

Intensity(au)
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From the plots we can see that the four samples show the same fluorescence
behaviour which implies that the dye is uniformly doped in the fiber for a

total length of 20 cm.

3.6 Conclusion

Characterisation of undoped polymer optical fibers was carried out for its
potential application in smart sensing. The sensitivity to temperature and

microbends is found to be high in comparison with glass fibers.

Using the side illumination technique, position-dependent tuning of
fluorescence light emitted from a Rhodamine 6G doped polymer optical fiber
is observed. The fluorescence data collected from the fiber is used to
characterize the loss mechanisms of the fiber. It has been observed that at
longer wavelengths, there is a lowering of attenuation towards larger
distances of propagation in the fiber. The mechanism for such position
dependent loss parameter is attributed to re-absorption and re-emission
process taking place along the length of the fiber. This suggests that
appropriate design of the fiber will lead to a gain on the longer wavelength
side. It is also found that the drawn fiber is having a good correlation length
which confirms its homogeneity. The doping of dye in the fiber was found to

be uniform from the fluorescence studies.

89
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Your vision will become clear only when you can look into your own heart.
Who looks outside, dreams; who looks inside, awakes -- Carl Jung

Dye doped optical fiber as
light amplifier

Two d;fferent schemes are employed to charactense the f ber
: :as ltght amplzﬁer One is the stripe illumination technique to
‘study. the Jiber as a gain .medium and the other is its
g:performance as an amphf er. We observed a spectral
. narrowing from 40nm to. Snm. when the pump power is:
_increased from 10kW. to SOkW in the stripe illumination
,:geometzy A gain of . 18dB ‘was. obtained in the. amphﬁer 2
conﬁguration. The ; effects . of ‘pump power, and dye,
. concentration:' on ‘the perfonnance of the ﬁber as an
‘amphﬁer are also studzed S B TR .
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4.1 Introduction:

Polymer based waveguide structures and devices have been found to be
suitable for short distance communications and optical integrated circuits [1-
2]. Even though optical fiber networks are mainly focused on silica optical
fibers (SOF), polymer optical fiber (POF) based systems are seriously being
considered for short distance communication. This is due to the
competitiveness of POF in fiber drawing and cost effectiveness with respect
to silica fibers [3, 4.]. Although higher loss factor is a major handicap for
POF, recently developed techniques for decreasing losses in
polymethylmethacrylate based POF have raised much interest in this field [5-
9]. Availability of laser sources in .the visible region has increased the
utilization of POF in data communication over LAN systems [10].
Implementation of optical communication in the visible region demands the
development of suitable optical amplifiers working in this region [11-18].

POFs doped with dyes or rare earth elements are potential candidates for this

purpose.

Laser dyes, which act as highly efficient media for lasing and amplification,
have a wide range of tunability in the visible region [12-16]. For example the
range of tunability of laser dyes like Rhodamine B and Rhodamine 6G lies
between 570nm to 640nm. The advantage of incorporating laser dyes in solid
matrices such as POF is that it is easier and safer to handle them than when
they are in liquid form. From recent studies it is found that the dye doped
polymer materials have better efficiency, beam quality and superior optical

homogeneity when compared to other solid matrices [20].
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In this chapter, we will focus on the line narrowing behavior and the

amplification characterization of dye doped optical fibers.

4.2 Theory of dye doped polymer fiber amplifier

The polymer optical fiber is doped with an organic laser dye known as
Rhodamine 6G for our studies on light amplification. A detailed overview of
the organic laser band structure and its kinetics are discussed in chapter 1. As
discussed in chapter 1, the laser dye called Rhodamine 6G [21] also has a
typical energy level structure as shown in figure 1.2. Each electronic level is
a band composed of a continuum of vibrational and rotational levels. The
lowest energy absorption is due to the absorption from the electronic singlet
ground state Sp to the first excited singlet S,. This property of strong
absorption of dye usually in the visible region of the spectrum is used to color

other substances such as cloth, food, plastics, etc.

There are several procedures to study absorption and emission of light in
materials. In one of the methods, the system’s density matrix is reduced to
rate equations for incoherent light. In other method, rate equations can be
extracted from the charge and stability that gives the equations relating the
charge-density variations of the levels with pump and the signal power
variations. To analyze the optical fiber amplifiers, we can numerically solve

the time dependent rate equations to predict the results [22, 23].

4.2.1 Rate equations in dye doped polymer optical fiber
amplifiers

It is assumed that this kind of amplifier is a three level system and that the

third level decays fast. Due to this fast decay, the time dependent rate
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equations in dye-doped optical fiber amplifiers can be expressed as a two

level system [24].
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Where N, N,, and N, are the ground, metastable, and total charge densities,

respectively. I, and /; are the pump and signal intensities, respectively,

0,,0, and o, are cross sections of the pump, signal absorbtion, and

siginal emission, respectively, & is planks constant, 7 is the steady-state
life time of the dye in the metastable level, z is the direction of propagation of

light in the fiber, # is the overlap integral:

n= fﬂ oryw(ryrar  TTTTTTTTTTTCTC [4'5 ]

Where 6(r) and y-/(r) are the dye and the pump distributions,

respectively, and g, is the dopant radius.
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In the steady state, the electron density of the second level can be assumed to
be constant {ON,/ 5t =0). The time independent signal and pump evolutions

can be expressed as ;

(S&J,p(zm
31,(2,") 7 th v

Where v, and v, are the signal and pump frequencies, respectively and &, and
k, are the fiber loss at signal and pump wavelengths, respectively.

The small signal gain factor of the amplifier is given by

o,0, A
2 ()+=
( hlp } p(Z) z

Since the pump power must be high in dye doped ampiiﬁer, the signal power
can be ignored:
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Then, the signal variation is assumed tobe [ (z)=1, exp(g, ) [4.10]

4.2.2 Gain saturation in a dye doped fiber amplifier

Gain achieved in a Dye Doped Fiber Amplifier (DDFA) is due to population
inversion of the dopant ions. The inversion level of a DDFA is set, primarily,
by the power of the pump wavelength and the power at the amplified
wavelengths. As the signal power increases, or the pump power increases, the
inversion level will reduce and thereby the gain of the amplifier will be
reduced. This effect is known as gain saturation - as the signal level
increases, the amplifier saturates and cannot produce any more output power,
and therefore the gain reduces. Saturation is also commonly known as gain

compression [25).

4.2.3 Optimum length of an amplifier

Pump absorption throughout the amplifier length results in a population
inversion that varies with position along the fiber; this reaches a minimum at
the fiber end opposite to the pump laser for unidirectional pumping, or a
minimum at midlength for bidirectional pumping using equal pump powers
[25, 26]. To achieve the highest overall gain, the length is chosen so that the
fiber is transparent to the signal at the point of minimum pump power. For

example, the optimum pump power is determined by requiring transparency

P —a - . [
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of the signal will occur beyond the transparency point with length shorter

than the optimum, full use of the available pump energy is not made (figure

4.1)

r——@ Doped fiber

Signal amplified Signal reabsorbed
Optimum length for maximum

gain
Figure 4.1 Schematic diagram showing variation of pump and signal
powers with distance along the doped fiber

4.3 Fabrication of dye doped optical fiber

As explained in the previous chapters the base material used for the
fabrication of polymer preform is methyl methacrylate (MMA) monomer
[11-15]. Methyl methacrylate is a suitable candidate for the fabrication of
polymer preforms since it has good optical quality and is compatible with
most of the organic dopants. We concentrated on only core fibers (air
cladding), neglecting the scattering losses associated with it due to the
absence of cladding. Commercially available methyl methacrylate will
contain inhibitors like hydroquinons. Inhibitors are used for transporting
MMA without polymerizing. Inhibitors are removed by repeatedly washing
the monomer with 5% NaOH solution followed by flushing with distilled
water. The remaining water is removed by adding suitable drying agents like

CaCl,, The monomers are purified by distillation underreduced atmosphere.

The initiator used for the fabrication of dye doped polymer fiber is benzoyl

masavida Tha chain trancfer acent need ic n-hutvl mercantan along with the
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initiator. As described in chapter 2 the optimum molecular weight (typically
between 60,000 and 1, 00,000) is fixed by a number of trial and error
methods. We used Rhodamine 6G dye [17, 18] for our current studies since it
has relatively good photostability and high fluorescence efficiency,
Rhodamine 6G at various concentrations is chosen for the present studies.
The resulting mixture is stirred well so as to avoid aggregate formation. The

resultant mixture is heat treated to get the polymerized MMA preform.

The prepared preform is now ready for drawing the fiber in a custom-made
fiber drawing tower (figure 2.1). By using a preform feeder, the preform is
lowered into a furnace which is maintained at a stable temperature of 180°C,
and fiber is drawn at this temperature. The fiber diameter can be varied by
adjusting the feed rate of the preform and draw rate of the fiber. Using

diffraction technique the homogeneity in diameter of the fiber is tested.

4.4 Characterization of dye doped fiber as light

amplifier

The current use of fiber amplifier is based on erbium doped silica fibers
working in the IR region (in the communication wavelength). Recent
introduction of polymer fibers in short distance communication and network
designs like LAN has brought amplifiers and repeaters using polymer fibers
to the forefront of R&D activities. Possibility of large bandwidth available in
the visible wavelength-based data communication has encouraged the studies
exploring the possibility of using dye doped optical fibers as optical amplifier
[11-15] Details of the work done in our laboratory in this direction are given

in the following sections.
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4.5 Experimental setup for the characterization of dye

doped polymer fiber as a gain medium

Schematic diagram of the experimental setup to characterise the dye doped
polymer fiber as an optical gain medium is given in figure 4.2. The main
component of the experimental setup is the Rhodamine 6G doped polymer
optical fiber of length Scm. The optical emission from the dye doped fiber
was excited using 532nm radiation from a frequency doubled pulsed
Nd:YAG laser ( Quanta Ray DCR11). The transverse pumping was done with
the pump beam profile as a stripe obtained by employing a cylindrical lens of
appropriate focal length {27, 28]. The spectral emission characteristics and
the gain studies were carried out by collecting the fluorescence signal from
the fiber medium using a detector fiber coupled to a monochromator-CCD

system. Experiments were carried out using different fiber lengths and pump

powers.
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Figd.2. Experimental setup for gain narrowing studies in DDPOF
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Figure 4.3: Fluorescence emission from DDPOF at various pump power

In order to investigate the effect of feedback, a reflecting mirror was butt
coupled to the other end of the fiber. Experiments were carried out with and
without the mirror to compare the results obtained from both the cases.
Spectral line narrowing as a function of pump power is the signature of light
amplification. Fluorescence emission spectra at various pump powers are
shown in figure.4.3 which shows a clear line narrowing as pump power is
increased, similar to the line narrowing observed in dye doped thin film
waveguide structures [29]. Figure 4.4 is the plot of the FWHM of the spectral
emission as a function of pump power. As is clear from the figure, spectral
narrowing from 42 to 7nm is observed when the pump power is increased
from 10kW to 60kW above which no further line sharpening is observed. The
value of gain at the line center becomes very large as compared to the values
away from the line center. This results in an enhanced emission near the line

center owing to the line narrowing effect [30].
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Power(kW)
Figure 4.4: Line narrowing with respect to increase in pump
power without using the reflecting mirror

Above a certain pump power, the enhanced emission near the line center
further will not show any further reduction in the line width as shown in

figure 4.4. This is due to the gain saturation effect discussed earlier in this

chapter at higher pump powers.

Figure 4.5 shows the emission spectra at 120kW with and without the mirror
which does not show any significant change in FWHM. However, one can
see that the signal power is enhanced to more than two times. Figure 4.6 is
the plot exhibiting the variation of peak intensity as a function of pump
power when a mirror is introduced at one end of the fiber. Above 60kW one
can see a dramatic enhancement in the emission intensity which is due to the

feedback effect.
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4.6 Dye doped POF as optical amplifier
In communication system one has to amplify weak optical signals. If L is the

length of the amplifying medium, then

Ly=red {4.11]

:LL) oL T [4.12]

or

When a signal of intensity I; is injected into an amplifying medium it gets
amplified while propagating along the gain medium and the output intensity
will then be

I,=1e*™: e [4.14}

Where g (v) is the spectral amplification constant.

To check the efficiency of the dye doped polymer fiber as an optical
amplifier, experiment was conducted to measure amplification factor by
injecting a weak signal and measuring the output intensity with and without

the pump. Details are given in the following sections.
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4.6.1 Experimental setup
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Figure 4.7: Experimental setup for amplification studies of dye doped
fibers

Frequency tripled beam of Nd: YAG laser, at 355nm was used to pump the
MOPO while the frequency doubled beam at 532 nm was used to pump the
dye doped POF. The pumping was done axially and the amplified signal was

coupled using a collecting fiber using microscope objective (Fig 4.7).

The pump beam (532nm) was combined with the signal beam (at 598nm)
both temporally as well as spatially using appropriate optical delay system
and beam splitter. The optical delay was introduced by multiple mirror
reflection technique by which we can precisely adjust the time delay between
signal and pump in the order of a few nanoseconds. A photo detector of 1ns
response time (Newfocus) along with a Tektronix DSO (500MHz) was used
to monitor the amplified output. A monochromator-CCD assembly (Acton
Spectrapro) was used to study the spectral response of the output signal.

Experiments were repeated for various pump powers and fiber lengths.
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Figure 4.8: Amplification of a weak signal in a dye doped fiber

4.6.2 Results and discussion

As can be seen in figure 4.8, there is clear signal amplification in the presence
of the pump source. This proves beyond doubt that the dye doped fiber can be
used effectively as an amplifier in communication link in the visible spectral
region. Figure 4.9 shows that the maximum gain of 18dB is attained for a
length of 10 cm which reveals that there is an optimum length to attain
maximum amplification (at 10" molar dye concentration). The fact that we
can have a gain of 18dB for a 10 cm length of fiber is an advantage of dye
doped fiber in comparison with an EDFA, which needs a length of several

meters to attain optimum gain.
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Figure 4.10 shows the gain attained by a dye doped fiber of length 10 cm as a
function of pump power. The gain varies as quadratic function of pump
power. The pump power has to be limited below a certain level because of
the bleaching of the dye molecules contained in the fiber. Figure 4.11 shows
the intensity distribution of amplified signals at different wavelengths at a
constant input signal power (<0.2W peak power). The peak pump power was
1kW.

4000
3500
30004
25004
=) ]
< 2000+
= J
2 1500
g
2 :
— 1000
1
500
0
W+ T 7
50 560 5800 600 620 840 660 680
Wavelength(nm)
Figure 4.11: Intensity distribution of various amplified signal
wavelengths

The spectrum shows maximum gain at 586nm and another maximum at
640nm. The peak around 586nm is due to the characteristic emission of
Rhodamine 6G. The emission around 640nm is attributed to either aggregate
formation or due to emission followed by intersystem crossing. As suggested

by John and Pang [19] (1996) nearest probable origin of the 640nm emission
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is the triplet-triplet transition. One can consider the 640nm emission as an

added feature in the laser emission from the sample.
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Figure 4.12: Plot showing the gain values for different
wavelengths for three different dye concentrations. The fiber
Iength was 10cm with a diameter of 250 ym.

The gain of a dye doped polymer fiber amplifier is dependant on the doping
concentration as shown in figure 4.12. From the figure we can clearly see that
the gain is increased from 12dB to around 18.5 dB as the dye concentration is
increased from 0.5x10™* molar to 1x107 molar. There is also a noticeable shift
in the peak wavelength from 570 nm to 590 nm. This is due to the absorption
and re-emission mechanism taking place in the dye molecules [21]. At higher
dye concentrations the absorption and re-emission rates will be higher which

tends the wavelengths to red shift.

Figure 4.13 depicts spectral dependence of fluorescence output as a function
of pump power in the core of the dye doped fiber of 320micrometer in

diameter. There is a narrowing coupled with the blue shift in the emission
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spectra as pump power is increased. This blue shift is due to the selective

excitation of those modes which have sufficient gain for amplification [21,

291.

Fiber diameter
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Figure 4.13: Fluorescence blue shift observed as the pump power is
increased

Figure 4.14 shows the variation of gain as a function of pump power for three
different dye concentrations and three diameters. One of the obvious results is
the enhancement of gain with dye concentration. Saturation of gain is
observed at higher concentrations and moreover, the gain characteristics are

sensitive to fiber diameter at lower concentration.

At higher concentration there is not much dependence of gain with fiber
diameter. This is due to the fact that increase in the diameter is equivalent to
enhancement in number of molecules involved in the excitation process. This
will result in an effect equivalent to the concentration enhancement resulting

in gain saturation.
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Figure 4.15: Graph showing fluorescence intensity vs. time of exposure of dye

doped optical fiber to pump (532nm)

It is found that the fluorescence output from the fiber was stable up to 960000
shots of pump pulse without considerable fluorescence bleaching at a peak

pump power of 25kW as can be seen from the figure 4.15.

4.7 Conclusion

Good quality dye doped polymer optical fibers were drawn. Studies described
in this chapter show the performance and stability of Rhodamine 6G doped
polymer optical fiber as an amplifying medium. An important observation is
that there is an optimum length at which amplifier gain is a maximum. For
example with 25kW pump power a maximum 18dB gain is attained for
0.1meter length of fiber. One of the important advantages to be noted is that
the fiber length needed is very small unlike in the case of EDFA which
requires several meters of fiber. The polymer optical fiber amplifier working
in other spectral regions like the communication wavelength can also be

developed by using appropriate dyes or rare earth dopants.
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Do not draw the conclusion from your apprentice studies that you have
nothing left to learn, but rather that you have infinitely more to learn.- Blaise
Pascal

A fiber optic smart sensor to
characterise cement paste

Fiber optic. smart sensors are used to monitor, the czvtl
structures. One.. of ‘the zmportant parameters i civil
engineering is the setting charactensttcs of concrete made of
cement. This chapter describes: how opfical fiber can be used
to characterise the. setting dynamics of various grades of
cement. The results explain the comparative pet:formance of
polymer fiber over silica fiber.
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5.1 Introduction

Over the last century, concrete {1, 2] has changed the way we dwell
on this planet. It has been established as the most popular building material
with unmatched properties. It is such a familiar material that quite often we
ignore the remarkable process by which cement and water are mixed with a
wide range of aggregates to form a plastic mass which ultimately sets into a

strong and durable material.

Moisture or water plays an important role in the setting and strength
development of concrete. The cement hardening is due to the chemical
process called hydration. This means that the silicate and aluminate [3]
minerals in the cement react and combine with water to produce the ‘glue’
that holds together the aggregate which forms the concrete. The water-cement
ratio is always much in excess of that required for hydration of the cement in
the attainment of its final form in the concrete. The excess water used for
workability will be lost as the cement gradually attains its final form. The
cement paste has several other important properties such as strength and
porosity, which are determined by the ratio of water to cement in the original
mix. The water-cement ratio is an index of strength and design of cement
mixes. The lower the water cement ratio, the higher will be the strength of the

hardened paste and that of the concrete.

Many studies have been done in the past for the optimization of cement paste
used for civil structures [4, 5, 6). Conventional technique for the
measurement of setting time of cement mix is by using the Vicat and

Gillmore needles [1, 2]. These measurements can provide only the initial and

116
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final setting time. Since the characteristics may change from batch to batch of

the same grade of cement it is very important to study the setting behavior of
the cement paste. There are many chemical and physical reactions taking
place during the setting of concrete, which are not fully understood till now.
This is due to the fact that wide ranges of chemical substances exist in the
cement. The chemical reactions may continue slowly over a long period of
time and others may be initiated by various environmental parameters into
which concrete is subsequently exposed. For these studies, continuous
measurement of these setting and curing characteristics of cement are very
important. Conventional methods do not provide continuous measurement of
setting characteristics. But with the present fiber optic sensor we can
continuously monitor setting and hardening pattern of different grades of

cement.

Optical fiber sensors are capable of playing an important role in the health
monitoring of civil structures such as bridges [7], dams,[8] buildings and so
on. The main features of the optical fiber sensor are its immunity from
electromagnetic noise, very good sensitivity and compactness [9]. Since
optical fibers are very sensitive to strain and bending losses, a variety of
intensity modulated sensors can be used to carry out insitu studies of civil
structures [10]. Studies have been carried out to determine the cracks in
concrete structures using displacement techniques [11}.Moreover, many
interferometric sensors based on Bragg gratings have been developed for
more sensitive measurements, such as vibrations and strain [12,13].
Distributed fiber optic sensors can also be used as smart sensors for the

determination of cracks in concrete structures {14, 15].
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The optical fiber sensor can be incorporated into such structures during their
construction or can be adhered to them after the completion of construction.
The sensitivity of the sensor largely depends on the bonding properties of the

construction materials [2)

The main advantage of the present method is that no mechanical parts are
involved in the measurements, and this reduces the instrumental error to a
great extent. Moreover, the experimental setup is very simple and
straightforward and this can be installed at the work site with no sophisticated
instruments for measurements. Commonly available high luminescent LEDs
and photodiodes can be employed for these studies, which make the sensor
very cost effective. The use of plastic optical fiber will further reduce the cost

considerably.

5.1.1 Setting and hardening of cement paste:

Setting is described as the stiffening of the cement paste, i.e. setting refers to
a transition from fluid to a rigid state. In current practice the terms ‘initial
setting’ and ‘final setting” are used to describe the stages of setting, which
take place within ten hours. The setting process is accompanied by
temperature changes in cement paste. Initial set corresponds to a rapid rise in
temperature and final set to a peak in temperature. The usual method for
finding the setting time of cement is by Vicat apparatus. Usually a measure of
the above said two seiting times, viz the initial and the final setting times
follow a definite procedure. The period elapsing between the time when
water is added to the cement and the time at which the Vicat needle fails to

pierce the test block by 5+ 0.5mm is taken as the initial setting time [2].

110
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The period elapsing between the time when water is added to the cement and

the time at which the needle makes an impression on the surface of the test
block while the attachment fails to do so is taken as final setting time[2].
Typically, the initial setting value for ordinary porcelain cement should be
higher than 30 minutes while final setting time should be less than 600

minutes [2].

This means that in the usual description, the setting of the cement will be
completed within 600 minutes. However, the dynamics of cement setting
continues for duration of more than 600 minutes, the characteristics of which
cannot be studied using the Vicat apparatus. This is one of the important
drawbacks of the Vicat-based measurements. Since the Vicat measurements
provide only the information about the setting times within 600 minutes, the
curing and rapidity with which cement achieves hardness with different
environmental conditions cannot be studied. Although, during the setting
process, the paste acquires some strength, for practical purposes, it is the
hardening, which indicates the gain of strength of set cement paste. The speed
of setting and rapidity of hardening are entirely independent of one another.
Using conventional techniques, the speed of setting and hardening cannot be
traced. The fiber optic based measurements will be helpful to study the

complete setting characteristics of the cement paste.

5.1.2 Principle
The basic principle underlying the sensor is that as the cement sets, it exerts a

stress on the sensing fiber, which is laid within the cement paste. This stress
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induces strain on the optical fiber, which can be thought of as a series of
aperiodic microbends on the surface of the fiber. This in turn changes the
characteristics of the light signal transmitted through the fiber and can be
viewed as stress induced modulation of light in the fiber. By monitoring the
intensity variation with time we can accurately determine the cement setting
rate. This can be used as an effective tool for quality testing of commercially

available cements of different grades.

Microbends on the fiber arise as the variable pressure exerted on it distorts
the fiber [16, 17, 18]. These bends are so small that the bend radii are of the
order of the diameter of the fiber. If the-mechanical perturbation is severe, a
major part of the light is coupled to the cladding and is lost as radiation

modes.

Microbend formed as€————
a result of compressive
strain T

Light im—= - Light out

Compressive strain causing
microbends during cement setting

Figure 5.1: Stress induced microbends in an optical fiber

Essentially, a continuous succession of such small bends may cause a

cinnifirant anhancramant ~f attannatinn in tha filor fiagnre S 1) Tha cmall
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variations in the core diameter due to stress induced deformation on the fiber

during the setting of the cement mix, give rise to a scattering mechanism,
which accounts for part of the loss. The microbends formed cause the
coupling of energy between various guided modes and leaky modes (both
cladding and radiation modes), the latter giving rise to a loss during

transmission of light.

5.2 Experimental setup

The experimental set-up essentially consists of a super luminescent
LED source, a certain length of multimode plastic clad silica fiber
(200/230um) or a polymer optical fiber (PMMA) and a photo detector. The
epoxy lens of the commercially available LED (A=670 nm.) is removed and
the end face is thoroughly polished, so as to make a very efficient coupling

to the fiber. The experimental setup is as shown in figure 5.2.

High luminescent
LED

#/——— Sensing cell

Detector

Optical fiber - )
Micro bends on optical
fiber

LCD Detector

-

circuit

Figure 5.2: Experimental setup

Initially the sheath in the sensing region of the fiber is removed. This ensures
the development of micro-bends on the fiber due to local strain. The ends of

the fiher are nolished to obtain efficient coupling from the LED and to the
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power meter. The whole setup is aligned perfectly with one or two loops of

the fiber residing in the cement container (size 12cm X 9 cm) as shown in

figure 5.3.

Optical fiber laid
in loops

Output

Figure 5.3: Schematic of the sensing head

The total length of the fiber within the cement mix is around 15 cm. This
looping provides a greater surface area so as to enhance the sensitivity. The
fiber is placed in such a manner that its unsheathed sensing region is well
within the container. A cement mixture with a specific water cement ratio
(cement: water is 4:1) is made and it is poured into the container (50mm x
50mm x 20mm) such that it fully covers the sensing region. Only a small
quantity of the cement mix is required for this purpose. The output power
measurements are taken at regular intervals of time using a Newport 1815C

power meter. Data acquisition and processing are done using a Labview card
and a PC.
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5.3 Results and discussion

The output vaniations with time for cement mix prepared for three different
grades of cements are studied. Typical plots of power vs setting time are
shown in figures.5.4a, 5.4b &5.4c. As can be clearly seen from the figure, the
dynamics of the setting of cement mix involves three phases, viz., an initial

slow phase, the second rapid phase and the final slow setting phase [2].

During the initial phase, the cement loses its plasticity and becomes a thick
paste. Here, we can infer that the cement mix starts the process of setting.
During this phase, the cement passes through the initial and final setting
processes as described in literature {1, 2]. Then it enters the second phase,
which is the most important and the fastest process in the whole phenomenon
of setting of cement. For example the semi-log plot of transmitted power vs
the setting time in the second phase (figure.5.5) provides the following

information.

In the case of blended and 53 grade cements, a power law behavior can be
obtained as, viz. I (t) =C;t*® and 1 (1) =Ct*% respectively while in the case
of 43 grade the corresponding relation is I (¢) =Cst®'"%, where C;, C2, C; are
constants. The setting times for the 53 and the blended grades are lower than
that in the case of 43-grade sample. The commercial specifications also show

that 53-grade and blended grade cements have similar setting properties.
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Figure 5.4 a, b, ¢: A typical graph showing time vs. transmitted
intensity through a silica fiber laid in the cement paste.
As per commercial specification, the 43-grade cement is slow setting, which

is confirmed by our investigations [19].

In summary, by evaluating the setting properties of the second stage one can
determine whether the sample in question is showing the properties of the
required grade. Thus for verifying the data provided by the manufactures, we
can determine the setting times and hence the quality of the cement samples.
Observation during the third and final setting phase réveals that the cement

mix attains its full strength in almost a month’s time.
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Figure 5.5: Time vs. log (I) plot showing the power law dependency

As mentioned before, the results from the Vicat experiment provides the
details of the initial and final setting times. However, the results from the
fiber optic smart sensor show not only the setting times given by Vicat
apparatus but also the setting characteristics extending upto a few weeks. The
so-called initial and final setting times are 160 and 420 minutes respectively
for 43-grade cement, which agrees with the Vicat test. The differences in
setting behavior of cement mix have far reaching implications in civil works

related to building constructions.
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A carefully incorporated fiber optic sensor during building construction will

be helpful in identifying proper phases of setting.
5.4 Modification of Porosity during cement setting

To study the modification of porosity in a concrete mix during the setting
period, water is added at different setting stages of the curing process. This
causes discontinuities in the curing curve. The amount of shift in the
discontinuity on the curing curve directly reflects the reduction in the number
of micropores in the cement paste as the setting progresses. To study the
setting process continuously the expenmental setup was interfaced to a

computer with the help of LabView software.

When water is added at specific times, the water percolates through the
micropores onto the fiber laid inside the cement paste. Due to the presence of
water instead of air, the cladding modes will be guided back into the fiber,
thus increasing the output optical power. Setting of cement mix involves
three phases, viz., an initial slow phase, the second rapid phase and the final
slow setting phase [2]. During the initial phase, the cement loses its plasticity
and becomes a thick paste. Here, we can infer that the cement mix starts the
process of setting. During this phase, the cement passes through the initial
and final setting processes as described in literature [1, 2]. Then it enters the
second phase, which is the most important and the fastest process in the
whole phenomenon of setting of cement. Conventional technique followed by
civil engineers provide information regarding the dynamics of cement setting

during first phase, where both initial and final set completes.
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Figure 5.6a, b: Plot showing the output optical intensity vs. time : 43
grade cement was used for the study.
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However, lack of knowledge regarding the setting dynamics after the first
phase will affect the stability and strength of the concrete structure .One of
the methods to monitor this is to study changes in porosity in the cement mix
during setting time. During the initial period, after the first phase the cement
has a large distribution of porosity, which can be identified by introducing

water into the mix.

Water will percolate into the mix through these pores, which will affect the
transmitted optical intensity through the fiber. This change in transmission
characteristics will appear as a peak in the output characteristics of the sensor
(fig5.6a, b). When this experiment is repeated at a later stage, it has been
found that variation in the output transmission is reduced due to the reduction
in the porosity of the mix. Thus complete disappearance of porosity can be
monitored unambiguously using this technique. Thus FOS can be used to
monitor the complete setting of cement mix and minimum degree of porosity.
This type of semsor will have considerable application in monitoring the

health of civil structures.
5.5 Results using POF

The same experiment is repeated by incorporating polymer optical fiber
which was fabricated by using the fabrication techniques described in the
previous chapter. A 43 grade ordinary Portland cement was used for the
study. The fiber was laid inside the cement mixture having a cement water
ratio of 4:1. As in the previous experiment the power transmitted through the
fiber was constantly monitored by using LabView interface and the plots

were obtained as shown in the figures5.7a & 5.7b. Two sets of experiments
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were carried out, one without hydrating and the other by hydrating at regular
intervals. It can be clearly seen from the graphs that by using polymer optical
fiber as the sensing element the sensitivity is increased to a greater extent.
Moreover, the initial setting region which had a very low sensitivity in the
first setting phase by using glass fibers has been enhanced to a greater extent
when polymer optical fibers were used. One can clearly see that the initial
setting phase also has a gradual setting pattern. But this was not evident from

the experiments based on glass fiber.

In the second set of experiments the cement mix was allowed to set and was

hydrated at regular intervals.
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Figure 5.7a: Setting characteristics of 43grade cement
monitored by using POF
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Figure 5.7b: Setting characteristics of cement monitored

by adding water at specific intervals of time

It can be clearly seen from the graph that there is a definite increase in the
output intensity as the cement is hydrated. Comparing the results with those
obtained with glass fiber, plastic fiber shows more sensitivity to moisture.
This shows that the polymer optical fiber based experimental results are

reliable and are more sensitive than the results involving glass fibers.

5.6 Conclusion

In conclusion, we have described an optical fiber smart sensor that can be
used to monitor the setting characteristics of cement mix during civil
construction activities. The optical fiber sensor described here is inexpensive
and simple to implement. The sensor can be incorporated during the

construction process and it has the advantage of being nonobtrusive while
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providing the possibility for continuous measurement during the entire
lifetime of the civil structure. Detailed analysis of the results with special
reference to civil construction is in progress. Continuous monitoring of the
civil structures using the embedded fiber optic sensor as described in this
paper will be helpful in the deterioration measurements of the concrete

structures as well.
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General conclusion and

future prospects

General conclusions and future prospects are discussed in .
this concluding chapter.



Conclusion and future prospects

Conclusion

Polymer optical fiber based systems are strongly being considered as a potential
replacement for silica fiber based systems. This is due to the various advantages
of polymer optical fiber over silica optical fiber such as low weight, low
processing temperature, economical viability, ease of fabrication and so on. The
five chapters of this thesis presented the fabrication and characterisation of

polymer optical fibers in their applications as optical amplifier and smart sensors.

Optical polymers such as PMMA are found to be a very good host material due
to their ability to incorporate very high concentration of optical gain media like
fluorescent dyes and rare earth compounds. High power and high gain optical
amplification in organic dye-doped polymer optical fibers is possible due to
extremely large emission cross sections of dyes. Dye doped (Rhodamine 6G)
optical fibers were fabricated by using indigenously developed polymer optical
fiber drawing tower. Loss characterization of drawn dye doped fibers was carried
out using side illumination technique. The advantage of the above technique is
that it is a nondestructive method and can also be used for studying the
uniformity in fiber diameter and doping. Sensitivity of the undoped polymer
fibers to temperature and microbending were also studied in its application in

smart sensors.

Optical amplification studies using the dye doped polymer optical fibers were
carried out and found that an amplification of 18dB could be achieved using a
very short fiber of length 10cm. Studies were carried out in fibers with different
dye concentrations and diameter and it was observed that gain stability was

achieved at relatively high dye concentrations irrespective of the fiber diameter.
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Due to their large diameter, large numerical aperture, flexibility and geometrical
versatility of polymer optical fibers it has a wide range of applications in the field
of optical sensing. Just as in the case of conventional silica based fiber optic
sensors, sensing techniques like evanescent wave, grating and other intensity
modulation schemes can also be efficiently utilized in the case of POF based
sensors. Since polymer optical fibers have very low Young’s modulus when
compared to glass fibers, it can be utilized for sensing mechanical stress and
strain efficiently in comparison with its counterpart. Fiber optic sensors have
proved themselves as efficient and reliable devices to sense various parameters
like aging, crack formation, weathering in civil structures. A similar type of study
was carried out to find the setting characteristics of cement paste used for
constructing civil structures. It was found that the measurements made by using
fiber optic sensors are far more superior than that carried out by conventional
methods. More over,POF based sensors were found to have more sensitivity as

well.
Future prospects

Polymers like PMMA are good host material for various amplifying media such
as organic laser dyes and rare earths. Since the doping concentration can be
increased to a greater degree than in the case of inorganic glass, amplifiers using
polymers as the host medium is short in length and thereby reducing the overall
system size. Studies can be extended to different stable laser dyes and rare earth
elements by doping these materials at very high concentration to the polymer
matrix. This enables light amplification studies on all possible visible
wavelengths and even communication wavelengths. Prospect of using dye
mixtures in tunable fiber amplifiers is also very good. Polymer optical fiber
lasers at both visible and IR communication regime can also be envisaged.

v
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Fiber nonlinearity is very high in POF when compared to glass fibers and the
nonlinearity can be controlled by adding appropriate materials to the polymer.
Nanoparticle can be doped in polymer fibers to tailor the nonlinear properties of

the fiber for studies using ultra short pulses.

Both polymer fiber Bragg and long period gratings can be fabricated to realise
more sensitive fiber optic sensors. Fiber optic active devices like optical diodes

and computational elements can also be investigated.

Another interesting area which has a bright prospect is the fabrication of
speciality fibers like microstructured and photonic band gap fibers. Its operations

in the ultrashort regime are also worth investigating.
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