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- (ABSTRACT) 

The performance of an optical fiber depends to a great extent on the conditions of the process 

being used to draw the fiber from a glass preform. To get fibers with higher strength and lower 

transmission loss, the parameters of the draw process must be optimized and the geometric uniformity of 

the fiber must be maintained with high precision. To increase the geometric uniformity of the fiber the on- 

line fiber diameter measuring accuracy must be improved. The coating concentricity and uniformity also 

play an important role in fabricating quality fiber. As the fiber drawing speed goes higher and higher, 

which is the trend of modern fiber fabrication processes, the uniformity of fiber diameter and coating 

concentricity becomes even tougher to maintain. The main objective of this research has been to 

understand and develop an optical fiber drawing process that produces fiber with improved dimensional 

uniformity, higher strength and lower transmission loss. Particular emphasis has been given to the accurate 

measurement of on-line fiber diameter, which is the first and most important step in obtaining uniform 

fiber.
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CHAPTER 1 

Introduction 

1.1 Background 

During the last couple of decades, optical fiber communication systems have enjoyed widespread 

applications, all over the world, mainly due to its low transmission loss and wide bandwidth, small size and 

weight, immunity to interference, signal security and low cost (Keiser, 1991]. All these advantages over 

conventional copper wire systems have been appreciated by using fiber not only in the long haul trunking 

application including undersea cable, but also in the local subscriber loop. Cable television companies 

have also recently started using optical fibers for analog video distribution as fiber has more information 

capacity than the coaxial cable. Optical fiber will also allow them to broadcast digital video channels in 

the future. The oncoming Information Super Highway will make optical fiber even more widespread, 

leading ultimately to connect every house with a fiber. Optical fiber is also being used more and more as a 

sensing and measuring instrument [Dakin and Culshaw, 1988]. 

All these applications of optical fiber have given a boost to the fiber fabrication industries. It is a 

challenging job to fabricate fiber that satisfies current stringent specifications. The fiber must have, 

a) low transmission loss (0.2 to 0.4 dB/km), 

b) high-strength (over 100 kps1), 

c) long length without any break (up to 40 km), 

d) minimum diameter variation (less than | ym from the nominal value), and



e) high reliability. 

Low transmission loss is necessary for high bit rate and long distance optical communications. 

Fibers must be of high-strength so that they can go through rough handling required in shipping, cabling 

and installing. Long lengths of fiber without any breaks reduce the need for lossy splices in long-haul 

optical communications. Minimum diameter variation is important to reduce coupling as well as 

transmission losses. And high reliability of optical fiber is essential to make a system economically viable. 

Even though the most of the equipment and facilities are available from commercial sources, the 

fiber fabrication process is not yet in complete maturity. To keep up with the competitive market, research 

and development have become an integrated part of the fiber fabrication process. Also the flexibility of 

adopting new processes is essential for fiber fabrication industries. 

1.2 Purpose of the Research 

The main objective of this research has been to understand and develop an optical fiber drawing 

process that produces fiber with improved dimensional uniformity, higher strength and lower transmission 

loss. Particular emphasis has been given to the accurate measurement of on-line fiber diameter, which is 

the first and most important step in obtaining uniform fiber. Among the factors responsible for inaccuracy 

of on-line fiber diameter measurement are: 

a) The inherent inaccuracies of the diameter measuring system: These inaccuracies are 

listed in the specifications manual of the particular system. Different companies make different 

types of diameter measuring systems having their own inherent inaccuracies which depend on the



particular technique and structure they have chosen. This inaccuracy is statistical in nature and 

can not be avoided during the fiber drawing process. It is out of the scope of our research to find 

out how to improve the inherent inaccuracy of a diameter measuring system. 

b) The proper calibration of the diameter measuring system: The quality and stability of 

the standard with which the system is calibrated affects the fiber diameter measuring accuracy. If 

the calibrating standard is made using metal, while the diameter we wish to measure is an optical 

fiber, there may be a significant amount of inaccuracy introduced in the measurement. 

c) The proper placement of the fiber, of which the diameter is being measured, with 

respect to the diameter measuring system: Proper positioning is necessary to improve the 

measurement accuracy of the fiber diameter. It has been observed, see Chapter 3, that the 

diameter measured by the diameter measuring system varies with lateral position shift of the fiber 

with respect to the system. Bends in the preform produce (all preforms have bends, at least 

microbends) produce lateral shifts causing the fiber to move with respect to the diameter 

measuring system. 

d) The mechanical vibration of the fiber while it is being drawn. Some mechanical 

vibrations of the optical fiber are inavoidable in the draw process. The nature of these vibrations 

depends on the characteristics of the motors being used in the drawing process as well as on the 

coating parameters such as the coating fluid mechanics, the shape of the coating applicator and 

also on the cooling process of the fiber. These vibrations vary with varying speeds of the motors 

and may have different effects on the fiber diameter measuring accuracy at different draw speeds. 

The actual amount of inaccuracies introduced by the vibrations depend on the _ particular 

technique used in the measuring system for the fiber diameter measurement. Our research does



not deal with the nature of vibrations of the fiber in the draw process or its effect on the 

measuring accuracy for any particular diameter measuring system at different speeds, but it 

analyses the techniges to achieve high-speed drawing with optimum transmission loss and 

uniform coating of the fiber. The drawing speed of the fiber is mainly limited by the coating 

parameters as the type of coating fluid, the coating applicator, the ultra-violet (UV) cure of 

coating, and also by the fiber cooling process. 

Usually the optical fiber fabrication industries use metallic standards to calibrate their diameter 

measuring systems, which introduce some inaccuracies, or an offset, to the measured diameter. In this 

research we develop a procedure to make glass standards using optical fiber itself, which gives a better 

measurement accuracy. We also demonstrate a novel discrete feedback system to the glass preform to keep 

the fiber always at a lateral fixed position with respect to the diameter measuring system. The feedback is 

discrete because a continuous feedback increases the vibration of the preform causing the fiber to be even 

more nonuniform in dimension. 

1.3 Overview of the Thesis 

The overall draw-process has been investigated in this thesis with particular emphasis on diameter 

control and measurement. The thesis has been arranged in five chapters. Chapter | gives the background 

and the purpose of the research. Chapter 2 outlines the draw process of the optical fiber including the 

melting process of the preform and the drawing dependent losses introduced during the melting process. It 

also describes different heating furnaces used in preform melting and the environment necessary tor low- 

loss high-strength fiber drawing. Chapter 3 discusses different diameter measuring techniques and the 

ways to improve diameter uniformity of optical fiber. It presents a detailed study of an on-line diameter



measuring system, Anritsu M551A, and develops a procedure of making glass standards for its calibration. 

It also develops a feedback procedure to place the fiber always at a lateral fixed position, with respect to 

diameter measuring system, to improve the measuring accuracy of the diameter. Chapter 4 deals with 

coating of optical fiber. It discusses coating fluids and applicators, UV cure, high-speed coating, and 

features associated with high-speed coating. It also discusses UV induced losses in optical fiber. Chapter 5 

contains the conclusion and suggestion for future research. References are given at the end of Chapter 5.



CHAPTER 2 

Drawing Optical Fiber From Preform 

2.1 Outline of a Draw System: 

The huge demand of low-loss high-strength optical fiber with greater dimensional uniformity has 

given way to the development of very high-speed draw facilities requiring very sophisticated and precise 

equipment. The essential components of such a draw facility are glass preform (most high quality optical 

fibers are drawn from glass preforms rather than from crucibles), preform feed system, melting furnace, 

fiber diameter measuring system, coating applicator system, coating curing system, a draw servo motor 

(which pulls the fiber), winding capstan, and a tall tower (7-12 m) which holds the preform at the top 

[DiMarcello et al., 1985]. Fig. 2.1 shows a schematic diagram of a draw facility. 

A modern draw process is highly automated with computerized control of the process parameters. 

An operator is rarely required except to start and stop drawing and when emergency situations arise. The 

operator's expertise is required to start the drawing process, which can be quite sophisticated.
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2.2 Heating Furnace 

A temperature of about 2000°C is required to melt a preform and draw fiber. Different types of 

furnaces have evolved and are being used for this purpose [Jaeger et al., 1979, book!]. Among these types 

are oxy-hydrogen burner, electrical resistance or induction furnace, and CO laser furnace [Cocito et al., 

1981]. 

Oxy-hydrogen burners, though cheap and easy to use, are not suitable to fabricate fibers having 

transmission loss lower than 2dB/km [Cocito et al., 1981], mainly because of introduction of hydroxyl 

groups during the melting process. Another disadvantage of oxy-hydrogen burners is the imprecise control 

of furnace temperature caused by the unstable flame which produces fiber with nonuniform diameter. 

Resistance furnaces are very popular due to the ability to better control of temperature and 

uniform heating profile. Usually the resistive material is a pure graphite element. Fig. 2.2(a) shows a 

schematic of such a furnace. The iris diaphragms obstruct the atmospheric oxygen from entering in the 

furnace, while a controlled flow of inert gas, such as Argon, is maintained inside the furnace which 

prevents any oxidation even at very high temperatures. It is also possible to control the fiber diameter by 

regulating the gas flow [Imoto et al., 1977]. Usually a huge amount of current is required (over 100 A) for 

these furnaces. The graphite resistance furnaces have very short response times to temperature variations 

and can reach the operating temperature from room temperature within 5-15 minutes. The contamination 

of the fiber caused by the graphite dust and the associated impurities can be greatly reduced by using 

ultrapure graphite, optimizing the gas flow, and cleaning the furnace thoroughly before starting each 

preform. The graphite needs to be replaced every 2-3 weeks of continuous use.



In induction furnaces the heater is formed by a susceptor heated by rf induction. Usually the 

susceptor is a cylindrical zirconia or graphite element. The zirconia induction furnaces have excellent 

control over the heating temperature which can be maintained within +1°C of the nominal value using a 

feedback control loop from an optical pyrometer to the rf generator [DiMarcello et al., 1985]. They also 

have longer life times than resistance furnaces; as long as 3-6 months of continuous usage. They can be 

operated up to 2500°C in an oxidizing atmosphere, with minimal contamination of the furnace atmosphere, 

using high-frequency (1-10 MHz) induction. Fig. 2.2(b) shows the schematic of such a zirconia induction 

furnace. The main disadvantage is that the susceptor can not be coupled directly to the induction field at 

the start, because the resistivity of zirconia susceptor is too high (over 104 ohm/cm) at low temperatures 

[Cocito et al., 1981]. It must be preheated, by coupling with a carbon rod, up to over 1400°C at which the 

electrical resistance of the zirconia susceptor becomes sufficiently low allowing the removal of the carbon 

rod without causing thermal shocks to the susceptor. Thus it takes about 30 minutes to reach the operating 

temperature. Rapid changes in temperature may cause fractures to the zirconia susceptors. To avoid these 

problems it is better to keep the furnace always on and at around 1600°C even when it is not being used. 

The CO> laser heat source can give a cleaner thermal environment. Among the main advantages 

of using CO> laser are [Oehrle, 1979]: (a) minimum contamination of the neck-down region which is 

essential for low-loss high-strength fibers (b) very easy to start-up and shut-down and (c) fibers can be 

drawn with elliptical cross sections. A sophisticated system is required to uniformly distribute the laser 

energy around the melt zone, shown in Fig. 2.3. As shown in the figure the heated zone can actually be 

very small, which makes it thermally very efficient. But one big problem with CO> laser heat source is 

that it can not be used in high-speed drawing and for large (>10 mm) size preforms. The energy of CO> 

laser is at ~10 um wavelength at which glass is opaque. So the incident energy remains essentially within
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a thin surface layer causing a high radial temperature gradient which prohibits high-speed drawing of fiber. 

Increased laser power does not result in an increased speed, but can cause surface vaporization. A lag in 

the surface-to-center temperature can be as big as 700 °C and with conventional lasers a draw speed greater 

than | m/s is difficult to achieve [Homsy and Walker, 1979]. 

2.3 The Neck-Down Region 

In most cases fiber is produced from a glass preform which is passed through a furnace where it is 

heated and then drawn along the axial direction. The diameter of the drawn fiber depends upon the 

diameter of the preform, the rate at which the preform is fed into the furnace, and the rate at which the fiber 

is pulled by the capstan. As the preform passes through the heating zone it experiences a change in 

temperature profiled by the furnace. This phenomena along with the drawing tension of the fiber gives 

way to a “neck-down" shape in the heating zone [ Paek and Runk, 1978]. Fig. 2.4 shows the schematic of 

such a neck-down region. The shape and the behavior of the neck-down region has a great impact on the 

diameter uniformity, the strength, and the transmission loss of the fiber. In the Fig. 2.4 the neck-down 

region starts at z=0 and ends at z=L. The boundary conditions for the axial velocity, V,, in the neck-down 

region are, 

V,=V; at z=0 , (2.1) 

V.=V at z=L , (2.2) 

where V7 is the preform feed rate and V> is the fiber drawing rate. The velocity in the radial direction, V,, 

in the neck-down region can be given as [ Paek and Runk, 1978], 

loc 
Vo =--—r—]I'. 2.5 r 5S (2.5) 
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It is obvious from Eq. (2.3) that there is no radial flow at the axis of the preform, at r=0, as 

expected. Also there is no radial flow beyond the neck-down region, as the axial velocities are independent 

of z at these regions. 

The axial velocity in the neck-down region can be found once the neck-down profile, a(z), is 

known. The neck-down profile is found by applying the mass conservation, 

a’ (zWV, =a,V,, (2.4) 

where a(z) and a, is as shown in Fig. 2.4. Eq. (2.4) is only true for simple one dimensional extensional 

flow which generally applies for fibers drawn from preforms as well as fibers drawn from crucibles 

[Geyling and Homsy, 1980]. 

The shape of the neck-down profile, a(z), is governed by the drawing speed V5, the drawing 

tension, and the profile of the temperature of the furnace. An empirical formula capable of fitting the neck- 

down profile of laser-drawn preforms has been given as [Homsy and Walker, 1979], 

  
a,t+a a,-a Z—Z 

a(z) = +? —--+ — tan"! Ve, (2.5) 
2 7 

where z; can be the distance of the point of maximum laser intensity, measured axially from the start of the 

neck-down region, and 6, is the profile thickness which depends on the width of laser focus. 

As the fiber comes out of the heating zone, it starts cooling by radiation and convection to the 

environment. Applying mass conservation, the final diameter of the fiber, a), can be found as, 

(i) ad, =a,| — . (2.6)



2.4 Drawing Induced Imperfections 

The conditions under which the fiber is drawn from a preform can greatly affect its performance. 

The interplay of temperature, tension and speed exerted on fiber during the draw process is very important 

and must be understood well to achieve better quality fiber. Imperfections are added to the fiber during the 

melting and necking process as it undergoes very high temperature, stress, strain and viscosity changes. 

Losses could be minimized if the mechanisms that cause them can be traced out. We discuss some 

imperfections introduced during the drawing process and try to identify the factors that are responsible for 

those imperfections. 

a) Drawing induced losses in pure silica fibers: A loss band has been observed in unclad 

fibers made from vitreous silica of low OH content having a peak around 630 nm and it has been 

shown that this loss is introduced into the fiber during the drawing process [Kaiser, 1974]. The 

reason of this loss band has been attributed to the rupture of silicon-oxygen bond (Si-O-Si) which 

occurs at high temperature when the glass structure experiences very high stresses and structural 

deformations. Besides the absorption peak, a resonance fluorescence was also observed at 630-nm 

contributing about 15-20% of the total excess loss peak at this wavelength. This loss is absent in 

‘fibers drawn from large preforms, while the intensity of the loss increases with decreasing fiber 

diameter. The 630-nm loss can also be observed as a coloration when the fibers are being drawn. 

This loss is of particular importance when a GaP light-emitting-diode is used as a light source for 

signal transmission, because it emits light in a band centered near 700 nm and the tail of the 630- 

m loss can affect it significantly. 

15



The 630-nm loss band of silica fiber can be reduced and even eliminated by annealing 

the drawn fiber at elevated temperatures or exposing it to the room temperature for weeks. But 

annealing the fiber can cause a higher OH content in the fiber, increasing the OH peak centered at 

945 nm. The high-OH-content silica fibers exhibit lower 630-nm losses after the drawing process 

[Kaiser, 1974]. 

b) Absorption losses in singlemode fibers with germanium doped cores: Absorption 

losses are introduced into fiber drawn from a preform with germanium doped core drawn at high 

temperatures [Ainslie et al., 1981]. This loss increases when either the fiber drawing temperature 

or the germanium concentration or both of them are increased. This phenomena is of particular 

importance for dispersion shifted fiber in which the wavelength of the minimum dispersion is 

shifted from 1.31 um to 1.55 um to take advantage of lower loss at 1.55 um. In order to achieve 

this dispersion shift in the fiber a smaller core diameter and a higher refractive index difference (A 

n) between core and cladding are necessary. But increasing the core germanium concentration, to 

get higher refractive index differences, can introduce a high amount of excess loss at high drawing 

temperatures. This loss is visible at all wavelengths, decreasing slowly with increasing 

wavelength. The reason for this loss has been attributed to the UV radiation of the furnace which 

introduces bonding defects. Even though it may seem that.the UV radiation in the furnace is too 

low for any significant effect on the fiber, the exposure time for the glass in the furnace is very 

long. 

The loss introduced in fibers from germanium doped core preforms can be reduced 

significantly by reducing the drawing temperature. The dispersion shift can also be achieved by 

depressing the cladding index with fluorine, as opposed to increasing the core germanium 

concentration.



c) Absorption losses in phosphorus-doped fibers: A coloration loss having a peak 

centered around 530 nm has been observed in phosphorus-doped low-OH-content optical fiber 

[Yamauchi et al., 1977]. The loss intensity is almost independent of the furnace temperature but 

varies with the amount of OH content. Fibers drawn from high-OH-content preforms have very 

reduced amount of Joss in the band. Fig. 2.5 shows the typical spectral losses of phosphorus- 

doped low-OH-content fibers. The loss has been attributed to the defects of P-O bonds occurring 

at the drawing temperature. 

The loss introduced in phosphorus-doped fibers can easily be reduced by annealing the 

fiber at elevated or room temperature as Fig. 2.5 indicates. Fibers with high-OH-content presents 

more rapid reduction of coloration under the annealing process than the fibers with low-QH- 

content. The coloration is also reduced during the cabling process, as it undergoes various heating 

processes in cabling. 

d) Drawing induced stresses in optical fiber: Because the core and the cladding of a 

preform are not made out of the exact same materials, they have different coefficients of thermal 

expansions. So, when the preform is heated in the furnace the core and the cladding experience 

different amounts of expansion per unit volume. At the neck-down region and after, the cladding 

starts to solidify first as it can radiate energy faster than the core. The applied tension, at the point 

when the core is still in flux, gives a tensile stress only at the outer part of the fiber which is under 

the transition temperature (Brehm et al., 1988]. This unequal tensile stress and different cooling 

environment and time for the core and the cladding of the fiber can give way to a highly stressed 

region at the core-cladding interface. This ring of high stress can generate some defects in the 

fiber which may absorb particular wavelength bands [Ainslie et al., 1982]. The larger the core-



cladding ratio, the more susceptible the fiber is to develop this residual stress during the drawing 

process. 

e) Effect of drawing tension on fiber properties: The tension applied during the drawing 

process has a very significant impact on fiber strength as well as its transmission loss. A lower 

drawing tension is favorable to achieve high-strength fibers, while a higher drawing tension is 

necessary to achieve low-loss transmission fibers [Oh et al., 1983]. At steady state, the drawing 

tension, F, is related to absolute temperature as, 

InF=[{A+B/T] , (2.7) 

where it is assumed that both temperature and velocity distributions are unidimensional and where 

A and B are constants for surface tension and viscous flow, respectively [Oh et al., 1983]. 

Fig. 2.6 shows relationship between drawing speed and drawing tension with furnace 

temperature as a parameter. The curves are shown for preform diameter of 7.5 mm and fiber 

diameter of 140 um having feedback control utilizing both gas-flow and drawing speed. To 

achieve the optimum transmission loss, the tension must be kept within a proper range to reduce 

the tension induced irregular variations in the core-cladding interface [[moto and Sumi, 1978]. 

2.5 Drawing Environment 

Fibers may be contaminated by dust particles in the furnace or on the way to the coating 

applicator when it is exposed to air. This kind of contamination can reduce the fiber strength and increase 

the optical transmission losses eventually causing the fiber fail to meet stringent specifications. Fig. 2.7
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Fig, 2.7 Fracture surface of a fiber that failed due to the contamination with a dust particle: (a) is 

a magnification of surface (b) [DiMarcello et al., 1985]. 
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shows the fracture surface of a fiber that failed due to contamination with a dust particle. The coating fluid 

may also be contaminated by dust particles causing a great reduction of the fiber strength. To avoid these 

problems a very clean filtered air, free of dust particles, is maintained in the drawing room. For example, 

a class 100 quality air has fewer than 100 particles per cubic foot of air that are 0.5 um and larger and not 

more than one particle that is 4.0 11m or larger. 
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CHAPTER 3 

Diameter Measurement and Control 

3.1 Controlling the Diameter of Optical Fiber 

High performance optical fiber communication systems require very uniform fiber, having 

diameter variations as small as possible. This requirement is due partly to very tight tolerances in current 

splice and connector technologies. Splicing may be very difficult for slow long-range variations of the 

fiber diameter, which is even more critical for singlemode fibers as compared to multimode fibers. In 

singlemode, the diameter of the core is very small, typically on the order of 10 um or less, and even a 

slight misalignment of fibers in a splice can cause a very high transmission loss. Also, it is essential to 

have very small variations in the fiber diameter to decrease the transmission loss and increase the. 

mechanical strength of the fiber. Rapid short-range variations of the fiber diameter can lead to scattering 

loss and unpredictable mode-coupling effects [Marcuse, 1974]. 

There are many factors that may cause fluctuations in diameter of a fiber, including, 

a) diameter variations in the preform, 

b) bubbles or dust in the preform, 

c) bends in the preform, 

d) preform feed velocity, 

e) gas flow rate of the furnace, 
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f) temperature stability of the heat source, 

g) draw speed of the fiber, and 

h) vibrations, both acoustic and mechanical. 

Slow varying factors such as bends in the preform cause the long-range fiber diameter variations while the 

rapidly varying factors such as vibrations of the preform cause the short-range diameter variations. 

To control the fiber diameter within a specified limit, typically within +1 jm of its nominal value, 

it is necessary to continuously monitor the on-line fiber diameter and apply proper feedback to control 

various parameters and keep the fiber diameter near the nominal value, as close as possible. There are 

several strategies in which the feedback system can be applied to control the fiber diameter. Some of the 

Strategies are: 

a) feedback to the preform feed rate: The diameter uniformity of an optical fiber can be 

controlled by applying a feedback to the preform feed rate. When the diameter of the fiber is less 

than the nominal value, the feed rate of the preform is increased and when the diameter of the 

fiber is greater than the nominal value, the feed rate of the preform is decreased. This method is 

very imprecise and usually not used in industries. The diameter of a preform is very large 

compared to a fiber diameter and a very small change in preform feed rate can cause very high 

fluctuations in the fiber diameter. 

b) feedback to gas flow rate of the furnace: A very quick response in controlling the 

fiber diameter can be achieved by controlling the gas flow rate of the furnace [Imoto et al., 1977]. 

In this method an additional flow rate of gas, AF, is either added or subtracted from the steady gas 

flow rate, F, depending on whether the monitored fiber diameter is below or over the nominal 
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value. AF must be kept in a specified range, as an excessively large AF generates unmanageable 

drawing conditions. 

c) feedback to fiber drawing speed: The most widely used feedback system applied in 

industry is feedback to the draw speed to control fiber diameter. In this method the diameter 

uniformity is maintained by varying the draw speed to compensate for diameter fluctuations while 

keeping the other factors constant. If the diameter measured is higher than the nominal value, the 

speed of the draw motor is increased to reduce the fiber diameter and bring it near to the nominal 

value. Similarly when the monitored diameter ts lower than the nominal value, the speed of the 

draw motor is reduced to increase the fiber diameter and bring it cccloser to the nominal value. 

In all the feedback systems, there is a delay between the time at which the fiber is measured and 

the time the fiber changes diameter in response to the feedback rate change. This delay is because the 

measurement system is physically positioned some distance below the heat source. By increasing the draw 

speed, the time-delay defect of measurement can be decreased. 

3.2 On-Line Fiber Diameter Measuring Techniques 

There are several noncontact techniques which can be applied to measure on-line fiber diameter. 

The mostly used techniques are discussed below: 

a) fiber diameter measurement using forward light scattering: The diameter of a clad 

fiber can be measured by illuminating it with a light beam perpendicular to the fiber axis and then 

applying some measurement characteristics to the forward light scattering pattern [Smithgall et al., 
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1977]. The pattern makes interference fringes of varying intensity in an angular range of +(5-90°) 

around the fiber in the plane perpendicular to its axis. As the diameter changes the number and 

the spacing of the fringes in a particular measuring angle range also changes. The diameter of the 

fiber, 2a, can be measured by counting the number of fringes, N, in the scattering angle range and 

applying the equation [Smithgall et al., 1977], 

j ] 9.\4 / 
N= 2a sin®2 + (or +1~2meos®*) - sin + +1-2meos*) ,G.1) 

xr 2 2 2 2 

where m is the fiber refractive index, A is the light wavelength and 0, and @, are the bounds of the 

scattering angle range. 

For unclad fibers ~3° is the smallest scattering angle for which the interference fringe 

pattern can be resolved. The largest scattering angle to get an interference fringe pattern is about 

93° [Smithgall et al., 1977]. Thus there is an angle range of about 90° over which the fringes can 

be counted. Fig 3.1 shows a schematic of a measuring arrangement of forward scattering pattern. 

If 8, =3° and 0, =90° and the refractive index m=1.456, then using equation (3.1), we 

get, 

(3.2) N= 1252 , 
Xr 

Eq. (3.2) indicates that there are 1.25 fringes for each A change tn fiber diameter and if A’ Is 

counted only as an integer, the maximum resolution that can be achieved is 0.84. Asa result we 

find that the resolution depends on the laser wavelength used and therefore the reduction of the 

wavelength of the laser increases the resolution of measurement. As shown in Fig. 3.1, the 
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scattered pattern is collected by a diode array detector. The received video signal can be serially 

clocked from the array at a rate of | KHz to analyze the fiber diameter. 

Eq. (3.1) can also be used for clad fibers, but an error may be introduced for fibers having a large 

core. 

The movement of the fiber causes a distortion in the received image as the image at 0, 

and 6, moves with the movement of the fiber. Increasing the window of fiber movement will 

increase the distortion of the received image which introduces increased error in fiber diameter 

measurements. Thus there is a trade-off between the size of the movement window and the 

amount of error that can be allowed in the fiber diameter measurement. 

b) fiber diameter measurement using backward light scattering: Fig. 3.2 shows the 

experimental arrangement of a diameter measurement system using backward light scattering. 

The system is also valuable in finding the geometric configuration of the fiber. This technique 

analyses the back-scattered fringe pattern in an angular range of around +20° about the incident 

direction. A CW He-Ne laser is incident on mirror MI which reflects it to oscillating mirror M2, 

which helps in observing an extended length of fiber (typically ~7 cm), the length being 

determined by the amplitude of oscillation and the length of slit through which light is guided to 

impinge on the fiber. 
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c) fiber diameter measurement by polarized light scattering: Fig. 3.3 shows the 

experimental setup of a system of polarized light scattering, which can measure on-line fiber 

diameter as well as draw tension. Two light-emitting diodes (LEDs) emit unpolarized light which 

is polarized before it illuminates the fiber laterally. The scattered light is then passed through a 

focusing lens, quarter wave plate, and polarizers and then collected by photodetectors, as shown in 

the Fig. 3.3. The sum of the detected voltages after the two polarizers is proportional to the fiber 

diameter while the difference of the voltages is proportional to the draw tension [Chu et al., 1989]. 

Two LEDs are used instead of one to improve the lateral uniformity. Monitoring on-line fiber 

tension is very important to reduce the residual tensile stress and drawing dependent transmission 

losses. The direction of polarization of the incident ray on the fiber is 45° to the fiber axis, so that 

the light split in perpendicular and parallel directions to the fiber axis are equal. The thermal 

stress and the applied drawing tension make the fiber anisotropic so that the two orthogonal 

components suffer a phase retardation between them when traversing through the fiber [Chu et al., 

1989]. 

The movement of the fiber in the field of view, introduces a considerable amount of 

inaccuracy in the fiber diameter measurement due to nonuniformity of the source, lens aberration, 

and the change in beam splitting ratio due to the change of angle of incidence [Chu et al., 1989]. 
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speed of the beam is known, the time during which the fiber intercepts the laser is proportional to 

its diameter. The intercepted time is the time required by the shadow of the fiber to eclipse a 

photo detector. This method is widely used in commercial applications to control fiber diameter. 

Obviously this method requires that the fiber axis maintain its position during measurements, to 

reduce the measuring error. The measuring error can also be reduced by increasing the scanning 

rate of the laser. 

3.3 Diameter Measuring Accuracy as a Function of Fiber Movement 

The first step in controlling diameter is to measure the on-line fiber diameter as accurately as 

possible. The accuracy of the fiber diameter measurement must be at least an order of magnitude higher 

than the precision with which the diameter needs to be controlled. For example, if the diameter of the fiber 

is to be controlled within +1 tm of the nominal value, the diameter measuring accuracy must be at least 

one tenth of a micrometer. 

As discussed in Section 3.2, the movement of the fiber is the major source of error in on-line fiber 

diameter measurements. The bends in the preform, asymmetric neck-down shape, mechanical and acoustic 

vibrations can cause the fiber to move laterally in its measuring window. The movements due to bends in 

the preform or asymmetric neck-down shape are slow in time while the movements due to vibrations are 

very fast. It is difficult to control very fast and short scale movements of vibrations, while it is possible to 

control or avoid slow and large scale movements. This control can be achieved by applying a feedback to 

the preform X-Y position from the diameter measuring system which can give an output of lateral position 

of the fiber with respect to its center of the measuring window. 
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3.4 A Detailed Experiment with a Diameter Measuring System 

We conducted experiments on a commercial on-line fiber diameter measuring system, Anritsu 

MS551A, to dtermine the variations in diameter measurement moving the fiber, laterally, at different 

positions within its measuring window. We found a wide variation in measured diameter of the same fiber 

when the fiber is moved laterally within the measuring window. Also an offset in the measurement has 

been observed when the diameter measuring system is calibrated with metalic standards. The following 

sections give a detailed discussion of the system and the experiments. 

3.4.1 Anritsu M551A 

Anritsu MS51A SLB DIA-MEASURING SYSTEM is a non contact diameter measuring system which 

uses the scanning beam technique described in Section 3.2. It consists of two units, the OPTICAL UNIT 

and the PROCESSING UNIT. The OPTICAL UNIT has an oscillating laser beam which scans the object 

of interest. The PROCESSING UNIT determines the diameter of the object by measuring the time taken 

by the shadow of the fiber to eclipse a photo detector. The instrument has the following features [Anritsu , 

1984]: 

) The non-contacting and reversible scanning method, using a vibrating mirror at 

the top of the tuning fork, allows stable measurement of moving objects. 

TD) The scanning rate of the laser beam ts 1000 scans/sec and the analog signal of the 

measured diameter is provided with maximum response of 2 milli seconds. 
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iii) |The accuracy is maintained within limit even if the object moves within the 

measuring area. 

iv) Diameters are digitally displayed and deviation from a nominal diameter is 

available in the form of analog voltage. 

v) The instrument can be calibrated by either Single Point Calibration or Double 

Point Calibration using a single standard wire or two standard wires respectively. 

For single point calibration the accuracy is guaranteed only near the standard wire 

diameter and for double point calibration the accuracy is maintained all through 

the range of the standard wires. 

vi) | The influences of ambient light and intensity variations of the laser are very small. 

Sufficient stabilization is provided to prevent the drift resulting from temperature 

changes. 

vii) The position of the object within the measuring area can be two-dimensionally 

monitored during the measurement of diameter. 

viii) The instrument can be controlled remotely by means of the General Purpose 

Interface Bus (GP-IB). 

Anritsu M551A specifications: 

Measuring range: 50 zm to | mm 

Measuring area: 2mm X3 mm 
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Repeatability: 

at definite position 

within measuring area 

Linearity: 

Measuring rate: 

Averaging rate: 

Nominal diameter : 

Higher and lower limiter: 

Outside diameter: 

Refreshing period: 

I/O interface: 

Analog output: 

Object position: 

Status monitor LED: 

35 

50 t0 300 um 0.3 tol mm 

+0.1 um +0.1 um 

+0.2 um +0.3 um 

+0.5 pm +0.5 um 

1000 times/sec 

2, 4, 8, 16, 32, 64, 128, 256 

4 digits (step of 0.1 xm) 

3 digits 

6 digits (step of 0.05 um) 

0.13 sec 

GP-IB (IEEE-488) 

Max. voltage: +10 V 

Max. current: £5 mA 

Output impedance: < 1 Q (DC) 

Deviational: 125 mV/um 

Absolute value: 5 mV/1.28 um 

Display: 5S X 5 LED's matrix 

Analog output accuracy: 

Transverse (Y) +2% 

Axial (X) +25% 

Along transverse direction: 

+1 mm/+10 V 

Along axial direction: 

+1 mm/+5V 

1) Laser intensity of transmitter



Alarm signal: 

Operating temperature: 

Warm-up time: 

Power requirement: 

Dimension and weight: 

2) Laser intensity of receiver 

3) Higher limiter 

4) Lower limiter 

5) Communication interface bus: REMOTE, 

SRQ, TALK, LISTEN 

6) Calibration 

1)Setup error (laserintensity/object position) 

2) Over the higher limit 

3) Under the lower limit 

0 to 40°C 

30 minutes maximum 

100, 115, 220, 240 V AC +10%, 50/60 HZ, 

150 VA 

Processing unit: 

426 x 351 x 133 mm, 8 kg 

Optical unit: 

340 x 190 x 90 mm, 6 kg 

Fig. 3.4 shows the processing unit and Fig. 3.5 shows the optical unit of Anritsu MSSIA. To 

calibrate the system the standard in mounted on the base plate, in which the standard can be moved in both 

X and Y directions, as shown in Fig. 3.5. 
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Fig. 3.4 Anritsu M551A Processing Unit [Anntsu, 1984]. 
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Fig. 3.5 Anritsu M551A Optical Unit [Anritsu, 1984]. 
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3.4.2 Experiments with M551A 

The Anritsu M551A uses the scanning beam technique to measure the fiber diameter, as described 

in Section 3.2. The beam scans the fiber at a rate of 1000 Hz. The fiber must be within the measuring 

window, which is 2 mm X 3 mm, to be scanned and measured by the system. It has been observed that the 

measured diameter is not independent of fiber location within the measuring window. The diameter 

measurement has considerable amount of variation with the change of fiber position within the measuring 

window. We tested Anritsu M551A units to find the variations of the measured diameter, by placing a 

standard fiber on the base plate and then moving the fiber either in X, or in Y, or in both axis, within the 

scanning area of the optical unit. Fig. 3.6 to Fig. 3.11 shows the results of the experiments. The positional 

signals, a dc analog voltage output proportional to the position of the fiber in X and Y axis, are also shown. 

There are two Separate analog outputs one for X axis position and the other for Y axis position. The zero 

analog output of an axis indicates that the fiber is at the center of that axis. 

It is obvious from Fig. 3.6 to Fig. 3.11 that for an accurate measurement of diameter, it is not 

sufficient that the fiber be within the measuring window. Rather it also requires that the fiber be always at 

the center of the measuring window. 
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Y axis position vs fiber dia (Anritsu unit 113008, two point calibration) 

Fig. 3.6 
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X axis position vs fiber dia (Anritsu unit 113008, two point calibration) 
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Fig. 3.7 Variation of measured diameter with the X axis positional change of fiber, Y axis 
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Y axis position vs fiber dia (Anritsu unit 113008, single point calibration) 
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X axis position vs fiber dia (Anritsu unit 113008, single point calibration) 
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Fig. 3.9 Variation of measured diameter with the X axis positional change of fiber, Y axis 

remaining fixed. Analog outputs corresponding to X axis positions are also shown. 
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Y axis position vs fiber dia (Anritsu unit 114141, single point calibration) 
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Fig. 3.10 Variation of measured diameter with the Y axis positional change of fiber, x axis 
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shown. 
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X axis position vs fiber dia (Anritsu unit 114141, single point calibration) 

Fig. 3.11 
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3.4.3 Glass standard versus metallic standard 

The Anritsu MSSI1A is usually calibrated with metallic standard wires (of known diameters), 

which introduces an offset in the measurement of glass fibers which are unlike metallic wires. The system 

shows a diameter for glass fiber which is smaller than its actual value, when calibrated with metallic 

standard wires. This variation has also been observed by Baines et al. [Baines et al., 1990]. Fiber with 

metallic coating showed no offset and was in good agreement with its actual diameter. So it is obvious that 

the offset in the diameter measurement of glass fiber can be avoided if glass standards are used for 

calibration. We have developed a procedure of making glass standards, out of optical fiber itself, which is 

discussed below. 

3.4.4 A procedure of making glass standards 

The following specifications describe a procedure to make glass standards for calibrating the 

Anritsu MS51A diameter measuring system. It uses PHOTON KINETICS 2400 to measure the end-face 

diameter of the fiber. It is more precise in diameter measurement compared to on-line measuring systems 

like Anritsu MSSIA. 

a) Selecting fiber pieces for making standards: 

i) Obtain samples of fiber, from spools which have little variation in their diameter, each 

approximately a meter in length (a minimum length of about two feet is required to 

measure the diameter using PHOTON KINETICS MODEL 2400). Measure the 

diameters of both the ends of the samples using the standard measuring procedure. 

Select several of samples which have both the ends very near to 125.00 um (e.g. 124.90 
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uum to 125.10 xm). We want to make a 125 pum standard as the on-line fiber has a 

nominal diameter of 125 um. 

ii) Measure an end of a particular sample at least four times, each time placing the fiber 

at a different orientation to the scanner (e.g. by rotating the fiber a little bit inside the 

holder). 

lii) Cut about two inches from the measured end of the fiber and preserve the cut piece 

on a white paper fixed with a bit of masking tape, as shown in Fig. 3.12. Measure the cut 

end of the fiber piece again, at least four times, while keeping the other end intact. 

Record all the measured diameters and their ovalities on the white paper to the 

corresponding end of the cut piece, as it might be selected as a standard later on. 

iv) Repeat step a(iii) several times and if the diameter of the fiber seems to not be 

varying considerably (e.g. not more than +0.lim) with length then a piece may be 

selected as a standard provided: 

1) all the end face measurements of the piece are very close to one another (e.g. 

the variation is within +0.1,m) and 

2) the ovality of each measurement is low (e.g. not more than 0.12) i.e. the 

maximum and the minimum diameter measured of each measurement are very 

close to each other (e.g. within 0.15pm). 

v) If the diameter of the fiber seems to vary considerably (e.g. more than 0.ipum) with 

length then discard that fiber and start from step a(il) taking another sample of fiber. 
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vi) Make many (about ten to twenty) pieces that may be used as standards. 

b) Comparing the selected pieces with each other using the Anritsu unit and fixing them to the 

standard holder: 

i) Take a sample of fiber and fix it temporarily on a standard holder, as shown in Fig. 

3.13. A piece can be fixed temporarily by blocking the lower side of the bottom hole of 

the standard holder with a bit of masking tape and then sliding the piece through both the 

holes such that it is blocked at the lower side of the bottom hole. As the fiber is light in 

weight it sticks to the masking tape at the bottom end and does not fall down even when 

the standard holder is flipped over. 

ii) After fixing the fiber temporarily, clean it very carefully with propanol solution, as it 

may gather some dust particles even while passing through the hole, and let it dry. 

tii) Calibrate the Anritsu unit with the fiber piece (taking the average of all the end face 

measurements as its diameter) using single point calibration. Anritsu can be calibrated 

with an accuracy of only one tenth of a micron. 

iv) Measure all other pieces, fixing temporarily on the standard holder, with the same 

calibration and compare the displayed diameter with the diameter measured from the 

measurements. Take several (e.g. four) measurements for each piece rotating the piece 

little bit (e.g. 90°) after each measurement. 
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v) There may be variations of the displayed diameter with the slight changes of the fiber 

position while the fiber position in the LED display still reads the center position. So, 

calibrate and take measurements only when the analog outputs of both pin 8 (which 

indicates the object position along transverse, X axis, direction with a voltage range of + 

10 volts) and pin H (which indicates the object position along axial, Y axis, direction 

with a voltage range of +5 volts) from the rear panel DATA OUT of the PROCESSING 

UNIT are zero volts (or very near to zero volts). Pin 12 and 13 of DATA OUT are the 

ground for the analog signal. 

vi) Step b(i) through b(iv) can be performed several times each time using a different 

standard fiber for calibrating the Anritsu unit. If the displayed diameter varies 

considerably (e.g. more than 0.15um) with its rotation or if the diameter displayed is 

inconsistent with its measured diameter and the displayed diameters of the other selected 

pieces then the corresponding piece should be discarded. 

vii) If a piece is consistent in all the measurements, it can be selected as a standard. To 

fix the piece permanently first fix it temporarily as described earlier and then put a small 

spot of epoxy in the bottom hole of the standard holder and let it cure. Cut the end of the 

piece which stands out of standard holder. It is better to fix only one side with epoxy and 

let other side be free, because then even if the standard holder is compressed or expanded 

the standard fiber will not experience any stress or tension. 

The biggest problem with glass standards is its fragility. It may develop microcracks or invisible 

scratches on the surface making it an unreliable standard. To avoid this problem the standard must be 

handled very carefully and be preserved in a dust free shock absorbent cushioned case. 
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3.4.5 Feedback to preform X-Y position to place the fiber at the center of the diameter measuring 

window 

As it has been shown earlier, the diameter measured by the Dia Measuring System 

depends on the position of the fiber within the measuring window. For accurate measurement of the on 

line fiber it is very important that the fiber be always kept at the center of the measuring window. The X 

and Y axis positional signals of the fiber within the window are available from the diameter measuring 

system. These signals can be used as a feedback to the preform X-Y unit to keep the fiber always at the 

center of the measuring window. 

Fig. 3.14 shows a feedback system, using a PLC, which tries to keep the fiber to the center of the 

measuring window. The feedback provided to the preform X-Y unit is not continuous and is controlled by 

a PLC. There are independent feedbacks for the X and the Y axis positions of the fiber within the 

measuring window. The feedback is provided only if the fiber is away from the center position of either 

axis by a predetermined distance. Once the feedback is started for a particular axis it is continued until the 

fiber is at the center position of that axis and then the feedback is stopped. A continuous feedback 

increases the vibration of the preform and increases diameter variation rather than reducing it. We 

implemented the feedback system as shown in Fig. 3.14, as a prototype, in a draw tower of Alcatel NA 

Cable System, Roanoke. The prototype system produced better results in controlling fiber diameter and a 

decision was made to implement the system to all the towers of Alcatel’s Roanoke plant. The type of PLC 

used for the system and also the software used to program the PLC has been given in the Appendix of this 

thesis. 
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CHAPTER 4 

COATING 

4.1 Purpose of Fiber Coating 

Silica fibers are inherently very strong, with tensile strengths of approximately 7 GN/m2 (10° psi) 

in air and 14 GN/m2 in liquid nitrogen [Paek, 1986], and is actually one of the strongest materials known. 

But the problem is that the surface of the fiber is very sensitive to external influences. By coming in 

contact with a foreign particle or matter, it can easily develop surface cracks or damages, which reduce its 

strength drastically. The main purpose of applying a coating on fiber is to protect its surface from surface 

damage and moisture so that it can preserve its intrinsic strength. The coating allows the fiber to retain its 

original strength and makes it more flexible to handle. 

Coatings may also be designed to reduce the microbending losses. Making random small radius 

bends in the fiber axis and measuring losses induced by the bends, it has been found that the fibers coated 

with polymer having low modulus of elasticity yield considerably less microbending losses compared to 

than uncoated fibers [Gardner, 1975]. 

The coating must be applied uniformly, and continuously. Lumps, voids, foreign particles in the 

coating can decrease the fiber strength and introduce losses. The coating must be applied to the fiber on- 

line, immediately after it is being drawn from the furnace, to decrease the exposure time of the fiber to 
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open environment. On-line coating appliccation also requires that the coating must be cured very rapidly 

before it reaches to the winding capstan. 

4.2 Coating Fluid 

The characteristics and purity of the coating fluid greatly influence the strength and transmission 

properties of optical fibers. Coating fluids can be of two types: (a) organic material, such as UV curable 

polymer or thermally curable resin and (b) inorganic material, such as metallic coating. Because of their 

low modulus of elasticity and rapid solidification at low energy, UV curable polymers are most extensively 

used for commercial production of optical fibers. 

To obtain high performance fiber, the coating fluid must meet specific criteria. Among them are 

{Dimarcello et al., 1985] [Cocito et al., 1981], 

i) low modulus of elasticity, 

ii) good abrasion resistance, 

lil) rapid solidification at low energy, 

iv) good bonding to glass, 

v) good moisture resistance, 

vi) proper index of refraction, 

vii) ease of coating removal for cutting and splicing operations, 

viii) high chemical stability, 

ix) proper viscosity, and 

x) free from bubbles or dust particles. 
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The coating fluid should also have very high critical shear rate for high-speed smooth coating. At 

the critical shear rate the shear fracture begins to occur and the maximum smooth coating speed 

corresponds to the coating speed at which the shear fracture begins to occur [Wagatsuma et al., 1982]. 

Above the maximum smooth coating speed, the coating thickness fluctuation begins to increase abruptly 

due to the fracture of the coating fluid caused by shear. 

4.3 Coating Applicator 

The coating thickness and uniformity are mainly governed by the geometry of the coating 

applicator. Fig. 4.1 shows the geometry of typical coating applicator. The motion of the fiber drags the 

coating fluid through the nozzle. For a plain cylindrical nozzle and steady incompressible flow along the 

axis of the cylinder, the coating thickness, t, is determined as [France et al., 1979], 

  
1 |b? -a ye 

t= ant y) ae nov —a, (4.1) 
n a 

where 2a is the fiber diameter and 26 is the nozzle diameter. Eq. (4.1) indicates that the coating thickness 

is independent of draw speed and fluid viscosity and it decreases slowly with increasing fiber diameter 

under typical operating conditions. 

In addition to a uniform coating diameter, the coating must also be concentric around the fiber to 

achieve its maximum performance. Fibers coated from a straight-sided cylindrical nozzle are often 

nonconcentric, as there are no centralizing forces acting on the fiber except the weak end effect forces 

which apply for Newtonian fluids. 
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Fig. 4.1 Geometry of a typical coating applicator [France et al., 1979]. 
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A conical nozzle is essential for obtaining a concentric.coating. The fluid flow in a conical nozzle 

induces a force which automatically centers the fiber and makes the coating concentric. The restoring 

force on the fiber, F, that tries to bring it to the center is given as {France et al., 1979], 

pu4 t [ (PcosB bap , (4.2) 

  

a 

where, 

p_ SHY, (H- XH Hy) | 43) 
oO (H, - H,)H 

and, 

H=(b? ~e? sin?/ BY’ +ecosB-a , (4.4) 

as shown in Fig. 4.2. H,, H2 are H evaluated at the die ends. 

Solving Eq. (4.2) and differentiating it with respect to a and then equating it to zero, the angle of 

taper of the conical nozzle for the maximum restoring force can be determined. Fig. 4.3 shows the 

restoring force as a function of angle of taper for the parameters shown, the maximum restoring force being 

at an angle of taper of 2°. 

The coating thickness, t, of a fiber drawn from a conical applicator can be found using [Paek, 

2 QO r= | . 4.5 = [a + a (4.5) 

where 2a is the fiber diameter, V is the coating speed and, 

1986] [Chida et al., 1982], 

Q=2n [urar ; (4.6) 
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where R is a function of z and describes the conical shape varying in the radial direction r along the axis. u 

is the velocity component of the fluid in the axial direction (z axis) and is given by [Paek and Schroeder, 

1979], 

(4.7) R? dp me I me -® 2 

Yan X dz In(a/R) dz 

where n is the viscosity of coating fluid and a is the pressure gradient. 
Z 

4.4 Cure of Coating 

The coating must be cured completely before the fiber reaches the winding capstan, otherwise 

fibers will stick to each other and can not be separated from the winding. There are usually two types of 

curing methods: (a) thermal curing and (b) UV radiation induced curing, the latter being mostly used in 

industries due to specific advantages. In thermal curing, a tubular oven supplies energy to thermoplastic 

resin type coating fluids to make it solidify before the fiber reaches the capstan. The UV radiation induced 

curing is actually a photopolymerization technique, which uses UV radiation to initiate a chain reaction and 

form cross linkage of preexisting monomer molecules. This system is very efficient and can be designed 

with a compact reflector which delivers high intensity radiation to the coating fluid. 

The UV induced photopolymerization process can be devided in three steps: initiation, 

propagation and termination. In the first step the iniator (S) absorbs the photon (hv) and if the absorption 

energy is sufficient enough it breaks the chemical bonds of molecules and makes free radicals. The 

absorption and breaking process can be expressed by [Walker et al., 1970], 
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Sthv 3S* > 

S* + 2Re , (4.8) 

where Av indicates the energy of the photon and Re indicates the free radical. 

These radicals and monomer M reacts rapidly and progressively grow a chain to crosslink into the 

polymer network, 

M+ Re — RM 

RM: + M->RMM-. (4.9) 

This propagation continues until it is terminated by a reaction with a hydrogen atom. 

The total UV power required to cure a coating of thickness f = h — a, ona fiber that is drawn at a 

speed V,, can be formulated as [Paek and Schroeder, 1981(April)], 

P=nAE[C\h’ -a’ V, (4.10) 

where AE is the activation energy of a photoinitiator and [C] is the concentration of photoinitiator in the 

fluid. 2h and 2a are the coated and bare fiber diameters, respectively. Usually the photoinitiator level in 

the fluid is about 3-5% and the choice of the optimum concentration depends on resin formulation and light 

sources. For a typical example, putting AE =70Kcal/mole, [C]=2X10~4mole/cm3 and h=225um, we get, 

P= 1.6V¢ , (4.11) 

where P is in watts and V, is in m/sec. Note that Eq. (4.11) gives the power absorbed in the coating fluid, 

not the power produced by the UV lamp. 
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4.5 High-speed Coating 

In modern processes the draw speed of optical fiber is very high, up to 20m/sec. The draw speed 

is kept high mainly due to two reasons: (1) better performance fibers are achieved if drawn at higher speed 

and (2) high-speed drawing reduces the overhead production cost. But high-speed drawing also implies 

high-speed coating. High-speed coating demands special considerations in designing the draw system. 

The main features of a high-speed coating process are: 

a) Cooling of optical fiber: In high-speed coating the time gap between when the fiber 

leaves the furnace and when the fiber reaches the coating cup is very small. So, it must be 

considered that a very hot fiber enters the coating cup. But, if the fiber temperature exceeds about 

300°C it may deteriorate or even char the coating fluid [Paek and Schroeder, 1979]. To avoid this 

problem either sufficient distance between the furnace and coating cup must be provided to self- 

- cool the fiber while it is being drawn or a forced cooling system must be provided between the 

furnace and the coating cup to keep the fiber temperature at a safe level when it enters the coating 

fluid. 

Fig. 4.4 shows the schematic of a high-speed coating process using a self-cooling 

technique. It also shows a coordinate system, used in calculating the fiber temperature at any 

distance along its axis. z is the distance along the axis of the fiber; z=0 at the end of the neck- 

down region where the fiber diameter is at its steady value and where the fiber temperature is at 

the lower softening point T, (~1600°C). The fiber temperature, T, at any distance z, can be 

calculated by using the relation [Oh, 1979], 
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Qhz 
T=T, +(T. + T, )exp}| -————_] , 4.12 0 (7. 0) p apC V, ( ) 

where T, is the ambient temperature, / is the heat transfer coefficient, 2@ is the fiber diameter, Dp 

is the density, C, is the specific heat and V, is the draw speed. 

Now, if 7. is the maximum fiber temperature that can be allowed to enter the coating 

fluid, the minimum distance, z=H , required for the fiber to self-cool can be easily obtained by 

using Eq. (4.12), 

  
C8 

H=Sy,, (4.13) 

where 

T. -T, 
pai{ EB) (4.14) 

T, -T, 

Eq. (4.13) indicates that the distance of the coating cup is directly proportional to the coating 

speed. Therefore, a tall draw tower is needed to incorporate a high-speed coating system. 

If a forced cooling system is implemented by blowing cool air across the fiber along its 

axis, it can be assumed as a superposition of two different fluid flows, namely axial and cross 

flow. The axial flow occurs due to the speed of the fiber along its axis, and the cross flow is due 

to the air blowing across the fiber. So, the effective heat transfer coefficient, h, can be assumed 

as a sum of two individual contributions [Paek and Schroeder, 1979], 

h=h+h, , (4.15) 
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where h is the coefficient of heat transfer due to the axial flow as given in Eq. (4.12), and h, is the 

heat transfer due to cross flow. h, can be found as [Paek and Schroeder, 1979], 

0.154 

h = Ke (7 (0.384 + 0.581R,°* , (4.16) 
“ 2a\f, 

where X,, is the thermal conductivity of the fluid, T, is the temperature of the air film surrounding 

the fiber and X, is the Reynolds number. 

Once h, is known, the blower length (L) along the axis of the fiber can be found by 

{Paek and Schroeder, 1979], 

p= 2800G 
h 

t 

(4.17) 

Eq. (4.17) indicates that the blower length is directly proportional to the coating speed but 

inversely proportional to , ( or equivalently to the air flow velocity). 

In a forced cooling system one must insure that the cooling is being applied below the 

origin (i.e. z=0), otherwise the neck-down shape would be disturbed affecting the fiber diameter 

control. 

b) Pressurized coating applicator: {n open cup coating if the speed is higher than a 

certain limit, the fiber starts to slip, because the adhesion of the coating fluid to the fiber can not 

be sustained at that high drag force. This slippage is due to the deviation from the Newtonian 

flow in the coating fluid at a high shear rate [Wagatasuma et al., 1982]. Pressurized coating 

method can be applied to avoid the slip at high-speed coating. Fig. 4.5 shows the schematic of a 
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Fig. 4.5 Schematic of a pressurized coating applicator [Sakaguchi et al., 1985]. 
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pressurized coating method. The speed component of the coating fluid along the z axis is 

designated by u and can be expressed by the equation [Paek and Schroeder, 1979], 

Ou leu 16P 
= t- = (4.18) 
Or’ roOr no 

where n is the viscosity of the coating fluid and P is the pressure as a function of the axial distance 

z. Eq. (4.18) can be solved under the boundary conditions: 

u= Vp at r=a, 

u=0, at r=R, (4.19) 

where 2a and 2R are the diameters of the fiber and die, respectively. The shear rate in pressurized 

coating is controlled by applying optimum pressure. The pressure is optimum when the absolute 

shear rate is the minimum, i.e., when, 

ou 0, at r=a (4.20) 
or 

The optimum pressure gradient is found by solving Eq. (4.18) under the boundary conditions of 

Eq. (4.19) and Eq. (4.20) and is found as [Sakaguchi and Kimura, 1985], 

oP _ 4nV, 

Oz a’ —R? -2a’ In 
R 

  (4.21) 

Eq. (4.21) gives the optimum conditions for pressurizing the coating fluid. Usually the gradient is 

represented by AP/L, where L is an effective die length. Eq. (4.21) indicates that the optimum 

pressure is proportional to fiber speed as well as the viscosity of the coating fluid. 

c) Draw tension: The draw tension increases with the increase of coating speed, because, 

the increase of the speed increases the shear rate acting on the fiber. The draw tension (F) of a 
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fiber can be calculated by integrating the shear stress T, acting on the surface that can be written 

as, 

tT. =HY (4.22) 

where p is the viscosity of the coating fluid and y is the shear rate expressed as [Paek and 

Schroeder], 

. Ou 
=— 4.23 Y ar|. (4.23) 

where u is the velocity component of the coating fluid along the z axis of a conical shape 

applicator, and r is the radial distance measured from the fiber center. 

If the conical shape applicator has an inlet diameter of 2R; and an exiting hole size 2R> 

the total tension acting on the fiber is calculated as [Paek and Schroeder, 1981 (December)], 

  
2nmapKLV R. — 

paces In “| (4.24) 

where K is a constant and L is the die length. Eq. (4.20) shows that there are several ways which 

can be utilized to decrease the fiber tension, e.g., shorter die length, smaller fiber diameter, lower 

viscosity of the coating fluid etc. Eq. (4.20) also shows that the tension ts directly proportional to 

coating speed. 

Fig. 4.6 shows measured drawing tension with and without coating with the change of 

coating speed. In the figure the tension increases linearly as the speed increases only up to a 

certain point and then decreases gradually. The increase of speed generates heating at the 

interface of fiber and coating fluid and can reduce the viscosity of the fluid resulting a reduced 

tension. 
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d) photopolymerization power: The photopolymerization power to cure a particular 

coating increases linearly with the increase of coating speed, as can be seen from Eq. (4.11). 

Remember that Eq. (4.11) gives the power absorbed in the coating fluid, not the power produced 

by the UV lamp. In a real system there are losses involved depending on spectral power 

conversion of the lamp, efficiency of the reflector and absorptivity of the coating fluid. All these 

losses must be considered in calculating the required total power output of the UV lamp. 

High pressure mercury arc lamps are often used in high-speed cure of coating fluid by 

photochemical reactions. Only the power which is in a spectral range (usually 300-400 nm ) for 

which the coating fluid has significant absorptivity will be of use in producing the free radicals, 

while the rest of the power will be wasted. The lamp efficiency (€;) can be expressed as the ratio 

of the power in the effective range to the rated power of the lamp. 

The reflector efficiency (€>) depends on the shape of the reflector. Fig. 4.7 shows the 

schematic of a cylindroid reflector, several of which centered around the fiber axis can be used to 

provide energy to the coating polymer. As shown in Fig. 4.7, the energy radiated within the angle 

B is diverging and provides little contribution to photopolymerization. Also the radiant flux 

within the angle 5 behind the lamp is blocked by its own body, and can not contribute to the 

polymerization process at all. Only the rays emanating from an angle range of [27-(B+5)] are 

focused by the cylindroid and can contribute significantly in the photochemical reactions. All 

these factors can be included in reflector efficiency €5. 

70



~ &-& &-& — Tension with Coating 

— 0-0-0 Tensi9e witnont Coating 

oo 
oo 

_—o— 0 - 

9a : _ 
  

120 

109 

| 
“~ 

* sof 
c 

° : 
“ ' 
« oF 

¢ £ 
r 

g gto 

a 4 

9 f 

vol 

Fig. 4.6 

! 2 3 4 5 

Ve. Coating Soeed (m/sec) 

Drawing tension versus coating speed [Paek and Schroeder, 1981 (Dec.)]. 

71



    

   

   

  

   

REFLECTING 

SURFACE 

~ 

  

. COATED FISER 
7 (OT AMET ER 9 

a... 

FSCAL PLANE   
Fig. 4.7 Cylindroid reflector and arc lamp [Paek and Schroeder, 1981(Apnl)]. 

72



thickness. The radiation incident on an absorbing substance decreases exponentially when 

passing through its thickness [Paek and Schroeder, 1981 (April)]. 

The total efficiency (€) of the UV system can be given as, 

€ = €,£,€,., (4.25) 

and the total output power required by the UV lamp can be found from Eq. (4.11) as, 

OV, 
E 

(4.26) total 

For a typical high-speed coating system, for example, €;= 0.15, €2 = 0.01, €3 = 0.5 and V¢ = 10 

m/sec, we get a total power required in excess of 20 KW. 

4.6 UV Radiation Induced Losses in Optical Fibers 

Intense UV radiation used in crosslinking prepolymer liquids to form coatings around the optical 

fiber has been observed to induce wavelength. dependent transmission losses especially in fibers having 

germanium or phosphorous doped cores [Blyer et al., 1980]. The losses observed are insignificant for 

fibers having borosilicate core. It is assumed that UV exposure to germanium or phosphorous doped fibers 

produces energetic electrons or holes which can become trapped inside the glass network at some defected 

site and can produce optical absorption bands, or color centers, which increase the attenuation of the fiber. 

The losses would have been enormous, up to several hundred dB/Km in the near infrared region, if 

uncoated fibers were given the same level of UV exposure encountered during ceating operations. 
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It has been observed that UV wavelengths less than 300 nm are completely opaque to usual 

coating fluid thickness and are entirely absorbed by the coating fluid before reaching the fiber core. 

However, wavelengths greater than 300 nm are quite transparent for typical coating materials and 

thicknesses. It is therefore essential to limit the penetration of wavelength greater than 300 nm through the 

coating. Note, however, that limiting the penetration must be done without disturbing the action of the 

photoinitiator which usually absorbs in the range 300 to 400 nm to produce free radicals which initiate the 

crosslinking reaction. One way to limit the penetration is to use an external filter to selectively screen UV 

wavelengths from reaching the coated fiber. Another way is to add selective UV absorber to prepolymer 

coating fluid so that it can absorb the unwanted wavelengths before reaching the fiber [Blyer et al., 1980]. 
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CHAPTER 5 

Conclusion and Suggestions for Future Research 

5.1 Conclusion 

In this thesis we have shown that an optical fiber must be kept always at the center of the 

measuring window of the diameter measuring system to measure the on-line fiber diameter accurately. 

The fiber tends to move easily from the center of the measuring window, due to bends in the preform, 

nonuniform neck-down shape, or vibrations. We implemented a feedback system to the preform X-Y 

position, using a PLC, to control the drift of the fiber due to bends in the preform or nonuniform neck. 

down shape, to insure that the fiber is always at the center of the measuring window. The implemented 

feedback was discrete in nature, it returns the fiber to the measuring center only when the fiber moves 

away a predetermined distance from the center, to prevent the introduction of any unwanted vibration of 

the fiber due to the feedback itself. 

In this thesis, we have also developed a procedure to make glass standards for calibration of the on- 

line fiber diameter measuring systems. Calibrating diameter measuring systems with conventional 

metallic standards introduce an offset in the measurement of the diameter of glass fiber, the offset can be 

avoided by using glass standards for the calibration of the diameter measuring systems. 

We investigated the overall draw process and found that the shape and behavior of the neck-down 

region of the melting preform is very important in making the fiber high in tensile strength and uniform in 

75



geometry. The neck-down shape is mainly controlled by the heating profile and temperature of the 

furnace, the drawing tension of the fiber, the drawing speed of the fiber, and of course the diameter of the 

preform. As we have seen in Chapter 2, drawing may induce losses in the fiber, especially in germanium 

and phosphorus doped fibers, the amount of loss depending on the doping concentration. Drawing can also 

induce residual stress at the core-cladding interface, which may reduce the fiber strength and increase the 

transmission loss. Coating is very important to protect the fiber and must be applied and cured on-line 

before any damage can occur on to the fiber surface. The thickness and concentricity of coating mainly 

depends on the geometric shape of the coating applicator. It is interesting to note that the coating thickness 

does not depend on drawing speed of the fiber. The modern fiber fabrication processes are heading more 

and more towards high-speed drawing to reduce the overhead costs and also to improve the fiber 

performance such as low transmission losses. As a result, high-speed coating is of great importance. 

Special techniques such as: (a) on-line cooling of the fiber, (b) pressurized coating applicator, (c) high 

draw tension, and (d) high power UV light source may be applied for high-speed coating. 

5.2 Suggestions for Future Research 

In drawing fiber from a glass preform, one of the most challenging jobs is to determine the 

optimum drawing condition and to maintain that condition throughout the draw process. The interrelations 

among furnace temperature, draw speed, tension, optical loss and strength of the fiber are still not properly 

realized. Relations have been found in the literature which oppose each other [Imoto et al., 1978] [Oh et 

al., 1983][DiMarcello et al., 1985]. Further research in this area is required to establish a better 

understanding of these relationships. 
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In measuring on-line fiber diameter, the vibration of the fiber poses a real threat to increasing the 

level of measurement accuracy. In the scanning beam diameter measuring technique, the scanning rate of 

the laser is usually at a range of | KHz. If the vibrating frequencies of the fiber is comparable to 1 KHz, 

the accuracy of the measurement can not be maintained. Preform vibrations during the drawing process 

are unavoidable, but attempts may be made to reduce the amplitude of these vibrations. Until now, as far 

as we know, no research has been conducted in this area. Knowledge of resonant frequencies of vibration, 

amplitudes of vibration and the minimum required scanning rate of the laser for a particular type of 

vibration is essential to improve the fiber diameter measuring accuracy. 
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APPENDIX 

The Series 90-30 PLC is a product of GE Fanuc. It offers advanced programming features and 

provides easier system integration. Fig.1 shows a GE Fanuc Series 90-30 PLC with Model 31] CPU. The 

PLC can include the following components: 

e 5-slot CPU Baseplate 

¢ 30 watt power supply (120/240 VAC or 125 VDC, and 24/48 VDC input) 

e Discrete Input and Output modules 

_ ¢ Analog Input and Analog Output modules 

e Programmable Coprocessor modules 

e Alphanumeric Display Coprocessor module 

¢ Communications Control module 

¢ High-Speed Counter module 

e I/O Link Interface module 

e Axis Positioning module 

e Hand-Held Programmer 

e State Logic Processor module 
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Fig. A GE Fanuc Series 90-30 PLC with Model 311 CPU [GE Fanuc Automation, 1993]. 

GE Fanuc Series 90-30 PLC can be programmed as well as configured by using Logicmaster 90 

programming software [GE Fanuc Automation, 1990]. Logicmaster 90 uses ladder logic to control the 

PLC. The ladder logic program developed to control the X-Y position of the fiber inside the window of 

the Dia Measuring System is given below. 
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SERIES 90-30 MODULE IN RACK 0 SLOT 0 
4~----~------------ SOFTWARE CONFIGURATION ~-~-----~------------~--~---~- 

Catalog #: ICG693PWRI21 POWER SUPPLY 120/240 VAC 30 W 

+ 

SERTES 90-30 MODULE IN RACK O SIOT 0 

$------------------ SOFTWARE CONFIGURATION -----~---~------~--~--~-------- 
BASE 5-SLOT WITH CPU 311 Catalog #: IC693CPU311 

IoScan-Steop: NO Baud Rate 

Pwr Up Mode: LAST . Parity 
Logic From : RAM Stop Rits 
Registers +: RAM Modem TT 
Passwords .: ENABLED Tdle Time 

Chksum Wrds: 8 Sweep Node 

Sweep Tr .   
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SERLES 90-30 MODULE IN RACK O SLOT 1 

we SOFTWARE CONTIGURATION ------------------~--------- 
Catalog #2: ICGO3MDILG5A4 INPUT 5/12 VDC 32PT POS/NEG 

Ref Addr : *TaQ001 Size : 32 

SERIES 90-30 MOMULE IN RACK 0 SLOT 2 
-+---------------- SOFTWARE CONFIGURATION ----------~---~~--~---~----- 

Catalog #: ICGS3ALG220 INPUT ANALOG 4PT VOLTAGE 

Ref Addr : SATOOO]1 Size 3: 4 

C:\LM90\XYCONT Slot 
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SERIES 90-30 MODULE IN RACK © SLOT 3 

toe Horr srt errr enn SOFTWARE CONFIGURATION ----- mtr errr crt rt ert rrr 

SLOT Catalog #: ICG93AFU300 HIGH SPEED COUNTER MODULE 

3 

APUS OO | mr nr rr rr rr an 

Counter Typ: B Cnt Filt 1 : HIFREQ 
HSC Ctril/Status: %QI0033 Cnt Filt 2 : NIFREQ 

HSC Data : SAI0033 Pld Filt1&2: HIFREQ 

Failure Mde: HOLDLAST Disbl Filti: HIFREQ 
Osc Input : OFF Disbl Filt2: HIFREQ 
Osc Divider: 660 

    
SERIES 90-30 MODULE IN RACK O SLOT 3 

    

tonne sleet healendenieestenneteennmnenadaneiand SOFTWARE CONFIGURATION ~----3~---- 3-3-3 eee 

SLOT Catalog #: IC693AFU300 HIGH SPEED COUNTER MODULE 

3 

APU OO | mr rr rr rere 

meter een TYFE B COUNTER 1 ween 

HSC Count Mode : SINGSHOT On Preset 1: +0008388607 

Cnt Sig : AQUADB off Presetl: 490000000000 

Time Base : 1000 On Preset 2: 40008388607 
Strobel Edg: FOS Off Preset2: +0000000000 
Strobe2 Edg: fos 
Hi Limit : 40000999999 

Lo Limit : -0000010000 

Pld Value : 40Qq0q00000000 

4~----~ + 
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tren nr en re een SOFTWARE CONFIGURATION -----3r rrr rr rrr rr cr ror rr rrr 

Catalog #: ICK&93APU300 HIGH SPEED COUNTER MONULE 

cotati TYPE B COUNTER 2 cect tre 

Count Mode : CONTINU On Preset 1: +¢0008388607 

Cnt Sig : PULS/DIR Off Presetl: +0000000000 
Time Base : 1000 On Preset 2: +0008388607 
Strobel Edg: PdOS Off Preset2: +000000000N 

Strobe2 Edg: Pos 
Hi Limit : 40008388607 

Lo Limit : 400000009000 

Pld Value : +0000000000 

+ 

SERIES 90-30 MODULE IN RACK 0 SLOT 4 

  

$------------------ SOFTWARE CONFIGURATION --------~-------------------- 
Catalog #: IC693MDL930 OUTPUT RELAY 4A 8PT ISOLATED 
Ref Addr : *Q0001 Size : 8 

+ 
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REFERENCE PHYSTCAL 
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DISCRETE INPUTS 

IO MODULF 

TYPE TYPE 

90-30 I pc. 

90-30 HSC 

86 

DOCUMENTATION (v4.01) 

13,1993 

($1) 0 -------------~----- 
HIGHEST REF CONFIGURED: 48 

DESCRIFTION 

INPUT 5/12 VDC 32PT POS/NEG 

HIGH SPEED COUNTER MODULE 

Ref View
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Hane ne +--+ =~ - =~ -- DISCRETE OUTPUTS (%Q) 0 ~--~---~--~------~- 
TOTAL TI1tQ: 72 HWIGHEST REF CONFIGURED: 4a. 

REFERENCE PHYSICAL IO MODULE 

START - END ADDRESS TYPE TYPE DESCRIPTION 

00001-00008 0.4 90-30 Q RLYS OUTPUT RELAY 4A 8PT ISOLATED 
00033-00048 0.3 90-390 HSC HIGH SPEED COUNTER MODULE 

Folder: C:\LM90\XYCONT Ref View 
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(8AL) --------~--------- 
HIGHEST REF CONFIGURED: 47 

DESCRIPTION 

INPUT ANALOG 4PT VOLTAGE 

HIGH SPFEN COUNTER MODULE 

Ref View
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CFU MEMORY CONFIGURATTON FOR Model 311 CPU: 

Discrete Input (%1) 
Discrete Output (%Q) 
Internal Discrete (%M) 
System Use (tS) 
Temporary Status (%T) 
GENIUS Global. (3G) 

TOTAL DISCRETE MEMORY: 

Analog Input (3AT) 
Analog Output {¢AQ) 
Register Memory (%R) 

TOTAL LOGIC MEMORY 

CPU MEMORY TOTAL 

POINT FAULT REFERENCE 

Loss of or Missing IOC 
Loss of or Missing I/O Module 

512 Toints 
§12 Foints 

1024 Points 
128 Foints 
256 Points 

1280 Points 

3712 Points 

64 Words 

32 Words 
§12 Words 

4928 Rytes 

6144 Bytes 

DISABLED 

FAULT CATEGORY CONFIGURATION: 

Loss of or Missing Rack 

Loss of or Missing Option Mcdule 
System Bus Failure 
Toc Fault (1/0 Bus Fault) 
System Config Mismatch 
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SETS DEFEATS 
AUTO HOLDING 
x-¥ OF AUTO 
CONTROL SWITCH 
AUTOXY NOTAUTO 
%10003 %Q0101 

INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
%Q01200   

REFERENCE NICKNAME 
%so007 ALW_ON 
%Q0100 AUTOSET 
#10003 AUTOXY 
%Q0008 AXYLAMP 
%Q0101 NOTAUTO 
+ROOO1 TRIGGER 

Program: XYCONT 

ALW_ON 
%$S0007  +----- + 

+--] (---+NOVE_+- 
INT 

CONST -4+IN Q+-%R0001 
+00001 | LEN 

00001 

<< RUNG 5 STEP #0002 >> 

TRIGGER 

<< RUNG 6 STEP #0004 >> 

REFERENCE DESCRIPTION 

INTERNAL RELAY OPERATION 
SETS AUTO X-Y¥ CONTROL 
AUTO X~¥ CONTROL LAMP 
DEFEATS HOLDING OF AUTO SWITCH 

C: \IEM9O\XYCONT 

kkkk 

{ START OF ILD TROGRAM XYCONT ] (* X-¥/SSC PROGRAM KRE 7-12-93 0.0 *) 

( VARIABLE DECLARATIONS J 

( BLOCK DECI.ARATIONS J 

[ START OF PROGRAM LOGIC J 

(FRR RI IRI IIR TR ITT TIT RIT TTI TT TTI RT TTR IT TAR KIRK RIK K th KE HY 

(* X-¥ POSITION CONTROL LOGIC *) 
* 

(BRR RRR RE KK E RETR RRR ERIE RIK IKK EKER EERE HER KEE KEKE REEEEREKEEEEKKEEK) 

INTERNA 

L RELAY 
OPERATI 
ON 
AUTOSET 
$Q0100 

t--] [e777 VL rr er en er nm ee ene (S)-- 

<< RUNG 7 STEP #0007 >> 

AUTO 
X-Y¥ 
CONTROL 

Block: - MAIN
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<< RUNG 

SETS 
MANUAL 
X-¥ 
CONTROL 
NANKXY 
10004 

X-Y¥ 

NOTION 

LIMIT 

X-¥LIM 

tI0002 

t--}/[--+ 

SHUTS 
OFF PLC 

PROGRAM 

E-STOP 
$I10001 

4--]/{--+ 
FIBER 
Is OUT 
OF 
WINDOW 
FIBWIN 
*I0005 

+t--) (--+ 
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8 STEP #0009 >> 

INTERHA 
L RELAY 
OPERATI 
ON 
AUTOSET 
%$Q0100 

#--] [--4+---------~---------~------------------- +22 2 ne nen ne nnn (R) -- 

DEFEATS 
HOLDING 
OF AUTO 
SWITCH 
_NOTAUTO 
200101 

ne ee a eee ae ee a ee ee ee ee a a a i ee ee we ew ee ee ee ( )-- 

FORWARD 
X AXIS 
MOTION 
XAXIS+ 
%Q0004 

won ne $+ 5 ee ono none nen ene nnn === (R) ~- 

REVERSE 
X AXIS 
MOTION 
XAXIS-— 
%00003 

anna nnn no-one nn nnn en nn ene nnn nen nnn nn nnn nee nnn (R)-- 

REFERENCE NICKNAME 
$Q0100 
$I0001 
%10005 

$I10004 
$Q0101 
10002 

Program: 

AUTOSET 
E-STOP 
FIBWIN 
MANXY 
NOTAUTO 
X-YLIM 

XYCONT 

REFERENCE DESCRIPTION 
INTERNAL RELAY OPERATION 
SHUTS OFF PLC PROGRAM 
FIBER IS OUT OF WINDOW 

SETS MANUAL X-Y CONTROL 
DEFEATS HOLDING OF AUTO SWITCH 
X~-Y MOTION LIMIT 

C:\LM90\XYCONT 
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FORWARD 
¥ AXIS 
MOTION 
YAXIS+ 
390006 

REVERSE 
¥ AXIS 
MOTION 
YAXIS-~ 
390005 

Block: MAIN



REFERENCE NICKNAME 
$Q0004 XAXIS+ 
%Q0003 XAXIS-—- 
%Q0006 YAXIS+ 
%Q0005 YAXIS- 

Program: XYCONT 
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DESCRIPTION 
AXIS MOTION 
AXIS MOTION 
AXIS MOTION 
AXIS MOTION 

Cz \IM90\XYCONT 
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Block: MAIN
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<< RUNG 9 STREP #0019 >> 

DEFEATS 
HOLDING 
OF AUTO 
SWITCH 
NOTAUTO MSGRST 
*Q0101 +~---- 4 M0001 

4--) [~--4+MOVE_+--~-------------------------------------------------------- ( )--" 
INT ~ 

TRIGGER 
CONST -+IN Q+-%ROOOL 
+00003 | LEN 

90001 

+----~ + 

<< RUNG 10 STEP #0022 >> 

FUTURE 
CUT 
ALERT 
OUTPUT 

NSGRST CUTWARN 
¥MO0001 +~---- + %Q0002 

t-~] (~--4#MOVE_+--~---~-----~------------------------------------------------ ( )-- 
INT 

TRIGGER 
CONST -+IN Q+-%ROOO1 
400000 | LEN 

90001 

+----- + 

REFERENCE NICKNAME REFERENCE DESCRIPTION 
%$Q0002 CUTWARN FUTURE CUT ALERT OUTPUT 
%M0001 MSGRST 
%Q0101 NOTAUTO DEFEATS HOLDING OF AUTO SWITCH 
$ROOO1l TRIGGER 

Program: XYCONT C:\LM90\XYCONT Block: _MAIU 
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INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
$Q0100 +----- + 

INT 

ANALOG 
VALUE O 
F X AXI 
S POSIT 
XAXPOS 
SAIOOL ~-4I1 Qt+t 

CONST -+12 
+00000 +----- + 

INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
$Q0100 +4----- + 

INT 

ANALOG 

VALUE O 

VX AXL 

S POSIT 

XAXTOS 

cCATOOL ~-4T1 Ore 

CONST -+I2 
+00000 +----- +   

REFERENCE NICKNAME 
%Q0100 AUTOSET 
%Q0004 XAXIS+ 
tAIOOL XAXPOS 

Program: XYCONT 

kkkk 

<< RUNG 11 STEP #0025 >> 

<< RUNG 12 STEP #0028 >> 

REFERENCE DESCRIFTION 
INTERNAL RELAY OPERATION 
FORWARD X AXIS MOTION 
ANALOG VALUE OF X AXIS FOSITION 

C: \LN90\XYCONT Block: 

94 

FORWARD 
X AXIS 
MOTION 
XAXIS+ 
$Q0004 

t--] [---+ LT |4-----------~-----~----------------------------------------- (S)-- 

FORWARD 
X AXIS 
MOTION 
XAX1S+ 
200004 

4--} [---4 GE_ | t----------------------+------------------------------------ (R)-- 

_MAIN
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<< RUNG 13 STEP 

INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
%Q0100 +---~- + 

INT 

ANALOG 
VALUE 0O 

FX AXI 
S POSIT 
XAXPOS 
SATOOL -4I1 Qtt 

CONST -+12 
+00000 +---~- + 

INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
$Q0100 +---~- + 

INT 

ANALOG 
VALUE © 
F X AXI 
S FOSIT 
XAXPOS 
ZAIOOL -+I1 Qt+ 

CONST -+1I2 

400000 4---~-- +   
REFERENCE NICKNAME 

$Q0100 AUTOSET 
%Q0003 XAXIS~ 
tAIOO1 XAXPOS 

Program: XYCONT 

kkik 

>> 

<< RUNG 14 STEP #0034 >> 

REFERENCE DESCRIPTION 
INTERNAL RELAY OPERATION 
REVERSE X AXIS MOTION 
ANALOG VALUE OF X AXIS POSITION 

C:\LM90\XYCONT Block: 

95 

REVERSE 
X AXIS 
MOTION 
XAXIS- 
%Q9003 

t--] (+--+ GT_ | +-------------------------------- enn nnn nnn nn nnn nnn (S)-- 

REVERSE 
X AXIS 
MOTION 
XAXIS- 
%Q0003 

t--) (~--+ LE_ |[4-------------------- 2-2 2 nnn ener ncn nee (R)-- 

_MAIN
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INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
%Q0100 +~---- + 

INT 

ANALOG 
VALUE 0 
F ¥ AXI 
S FOSIT 
YAXPOS 
tAIOO2Z ~+I1l Q++ 

CONST ~-+12 

INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
%Q0100 +----- + 

INT 

ANALOG 
VALUE O 
F Y¥ AXI 
S POSIT 
YAXPOS 
tAIOO2 -4+I1l Qt+ 

CONST -+12 
#00000 +----- +   

REFERENCE NICKNAME 
%$Q0100 AUTOSET 
%Q0006 YAXIS+ 
%AI002 YAXPOS 

Program: XYCONT 

kkkk 

<< RUNG 15 STEP #0037 >> 

<< RUNG 16 STEP #0040 >> 

REFERENCE DESCRIFTION 
INTERNAL RELAY OfERATION 

FORWARD Y AXIS MOTION , 
ANALOG VALUE OF Y AXIS POSITION 

C:\LM90\XYCONT Block: 

FORWARD 
¥ AXIS 
NOTION 
YAXIS+t 
%Q0006 

t--] (---+ LT |4-----------~------------+---------- +--+ ---- +--+ (S)-- 

FORWARD 
Y AXIS 
NOTION 
YAXIS+ 

290006 

t--] (---+ GE_ | t----------- 2-2-2 on nen nnn nn ren nnn nnn nn renee ne (R)-- 

_MAIN
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<< RUNG 17 STP #0043 >> 

INTERNA 
L RELAY 
OPrERATI 
ON 
AUTOSET 
$Q0100 +----- + 

INT 

ANALOG 
VALUE O 
F Y¥ AXI 
S POSIT 
YAXPOS 
tAIOO2 ~4I1 Qt+t 

| 
CONST ~+12 
+00000 +---~- + 

<< RUNG 18 STEP #0046 >> 

INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
%Q0100 +----- + 

ANALOG 
VALUE O 
F Y¥ AXI 
S posit 
YAXPOS 
SALOO2 -+I1 Qt+ 

CONST -+I2 
+00000 +-~~-- + 

(* window boundaries 
&   

REFERENCE NICKNAME REFERENCE DESCRIPTION 
%Q0100 AUTOSET INTERNAL RELAY OPCRATION 
$Q0005 YAXIS- REVERSE Y AXIS MOTTON 
*ALO002 YAXPOS ANALOG VALUE OF Y AXIS POSITION 

Program: XYCONT Cz \TMIO\XVYCONT Block: 

97 

+--) {---+ GT }--------~------~ -+-+-~----+-~+- +--+ +--+ - + +--+ +--+ - +--+ = 

REVERSE 
¥Y AXIS 
MOTION 
YAXIS- 
00005 

REVERSE 
Y AXIS 
MOTION 
YAXIS~ 
%90005 

(RE RHR I RIKI KEIR HERI KERRI EHR K RRR KEE KEKE EERE EER ER ERR ERD AE KRKK) 

*) 
*) 

CB III IIR IIH I RIK RAAT TI RAT RTH REE ETT EKER RIK KEKE RE HEKKEEREKEKEEEREEHEERY 

_MAIN
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INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
%Q0100 4---~-- + 

INT 

ANALOG 
VALUE O 
F X AXI 
S POSIT 
XAXPOS 
$AIOO1L ~4Ii Qit 

CONST ~4+12 
+25600 +----- t 

INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET 
%$Q0100 +----- + 

INT 

ANALOG 

VALUE O 

F X AXI 
S POSIT 

XAXPOS 
ZAIOO1 -+I1 Qtt 

CONST -+12 
~25600 +----- +   

REFERENCE NICKNAME 
%Q0100 AUTOSET 
%Q0102 OR1 
$Q0103 OR2 
$AIOOL | XAXPOS 

Frogram: XYCONT 

t--J (---+ GE_ {+----~- 

+~-] (---+ LE_ [+---- 

kkhkk 

<< RUNG 20 STEP #0050 >> 

<< RUNG 21 STEP £0053 >> 

OR1 
%00102 

cee ee we i a ee ea a ee ee ee ew ee en ee ( )-- 

OR2 
%Q0103 

Hoe ee ee ee ee + ()-- 

REFERENCE DESCRIFTION 
INTERNAT, RELAY OPFRATION 

ANALOG VALUE OF X AXIS POSITION 

C:\LM90\XYCONT Block: (MAIN 
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khkhk 

<< RUNG 22 STEP #0056 >> 

INTERNA 
L RELAY 
OPERATI 

ON 
AUTOSET Lo OR3 
%$Q0100 +----- + 90104 

4--) [---+ GE_ | +-----------------------~-----+-------~--------+---~-------- ( )-- 
INT 

ANALOG 
VALUE O 
F ¥ AXI 
S POSIT 
YAXPOS 
SAIOO2 -4+1I1 Qt+ 

CONST -+I2 
+25600 +----- + 

<< RUNG 23 STEP #0059 >> 

INTERNA 
L RELAY 
OPERATI 
ON 
AUTOSET OR4 
%Q0100 +--~-- + %Q0105 

t--] (---t LE_ | ¢-------- 2-2-2222 - nn nnn nnn nnn nnn nnn nner screen (pan 
INT 

ANALOG 
VALUE O 
FY AXI 
S POSIT 
YAXPOS 
SAIOO2 -4I1 Q+t+ 

CONST ~+I2 
~25600 +----- + .   

REFERENCE NICKNAME REFERENCE DESCRIPTION 

%Q0100 AUTOSET INTERNAL RELAY OPERATION 
$Q0104 OR3 
%90105 OR4 
%AI002 YAXPOS ANALOG VALUE OF ¥ AXIS POSITION 

Program: XYCONT C: \LM9SO\XYCONT Block: _MAIN 
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<< RUNG 

  
(*   

09:08 GE FANUC SERIES 90-120/90-70 DOCUMENTATION (v3.50) 
Kkkk 

24 STEP #0062 >> 

REFERENCE NICKNANE 
%Qo0001 
*10005 
%Q0102 
%Q0103 
%Q0104 
%Q0105 

Program: 

CUT 
FIBWIN 
OR1 
OR2 
OR3 

_OR4 

XYCONT 

REFERENCE DESCRIPTION 
FIBER CUT OUTPUT 
FIBER IS OUT OF WINDOW 

C: \LM90\XYCONT 

100 

FIBER 
CUT 
OUTPUT 

cuT 
ZQ0001 

(FERRER EERE REE HR E ETRE TK HAI IK tH ERRATA RHEK EK HE KEKE KEKRERKKKR EY 

(* SSC PROGRAM LOGIC *) 
*) 

LR ERIM ERE RHEE EHR ERE EE EIR R IKKE IRE KK ERIK REEEEKEEEKEEKKKEKE KEK) 

Block: MAIN
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